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a  b  s  t  r  a  c  t

Cedar  leaf  blight  (Didymascella  thujina)  is  considered  to be  the  most  important  disease  of  western  redcedar
in British  Columbia.  The  disease  is most  prevalent  in warm-moist  coastal  low-elevation  environments
causing  mortality  among  seedlings  and  significant  loss  of  incremental  growth  and  branch  death  among
mature  trees.  In  this  study  we  used  a principle  component  regression  model  to  spatially  project  the
disease  risk  under  observed  climate  (2003–2008)  and  multiple  future  climate  scenarios  for  the  2020s,
2050s,  and  2080s.  We  found  that  while  the  majority  of  future  climate  scenarios  predicted  coastal  envi-
ronments  will  continue  to favor  occurrence  of  the disease,  intensity  is predicted  to  decrease  toward  the
2080s.  Projected  reductions  of  available  summer  climate  moisture  (cumulative  precipitation  – potential
limate change
estern redcedar

orest health

evapotranspiration),  corresponding  to  the  time  of ascospore  discharge  and  germination,  contribute  sig-
nificantly  to  this  finding.  Disease  intensity  is  however,  projected  to  increase  under  moderate  temperature
and  precipitation  increases  for  the  2020s.  We  therefore  recommend  current  reforestation  efforts  deploy
disease  resistant  western  redcedar  seedlots  in high  risk  environments  common  to hypermaritime  coastal
regions  such  as  Haida  Gwaii  and  northern  maritime,  to  avoid  significant  mortality  and  growth  reduction.
. Introduction

Increased severity of forest disease outbreaks due to climate
hange has become one of the most significant obstacles to effec-
ively managing commercial forests for the future (Sturrock et al.,
011). It is clear that changes in temperature and precipitation
xert strong direct effects on host susceptibility, as well as the
urvival, reproduction and dispersal of pathogens responsible for
isease outbreaks (Ayers and Lombardero, 2000).

For endemic forest pathogens, which are already well estab-
ished throughout their host distributions, the effect that climate
hange will have on their range expansion is probably secondary
o the changes expected on disease intensity (Dukes et al., 2009).
limate envelope models offer the ability to distinguish the abi-
tic niche requirements which control endemic pathogens, as well

s the ability to project how the frequency and intensity of for-
st diseases might shift under new climates, based on current
bservations. Climate envelope models have been used to study

∗ Corresponding author. Tel.: +1 780 492 2540.
E-mail addresses: lkgray@gmail.com (L.K. Gray), John.Russell@gov.bc.ca (J.H.

ussell), Alvin.Yanchuk@gov.bc.ca (A.D. Yanchuk), bhawkins@uvic.ca (B.J. Hawkins).
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© 2013 Elsevier B.V. All rights reserved.

climate-forest pathogen interactions for agricultural crops (e.g.
Bourgeois et al., 2004), however examples relevant to forest ecosys-
tems are limited. Meentemeyer et al. (2008) used climate envelope
models to determine which climate factors and associated species
could be used for early detection of sudden oak death caused by the
pathogen Phytophthora ramorum. Similar studies have expanded
this approach to illustrate the vulnerability of Quercus dominated
ecosystems to P. ramorum in the United States (Venette and Cohen,
2006; Kelly et al., 2007; Venette, 2009), and Phytophthora cin-
namomi in Europe (Bergot et al., 2004) under current and future
climate. For a conifer species, Watt et al. (2010) developed a non-
linear model to predict infection severity and foliage retention for
Swiss needle cast on Douglas-fir under current and future climate
in New Zealand.

Predicting how climate change will affect pathogen–host inter-
actions in forest ecosystems is arguably more complex than in
agricultural settings due in part to the long-lived nature of trees
and the relatively short lifespan of most pathogens. Further, cli-
mate envelope models need to be independently generated for

infectious agents as pathogen-host interactions are difficult to
generalize over multiple organisms. Despite the challenges, it is
prudent to continue projecting disease risk in forest ecosystems,
especially in locations where both temperature and precipitation

dx.doi.org/10.1016/j.agrformet.2013.04.023
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
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re expected to increase. In the absence of water stress, warmer
emperatures increase pathogen metabolism, reproductive rates,
nd survival, leading to disease outbreaks (Boland et al., 2004;
esprez-Loustau et al., 2006; Dukes et al., 2009). In northern
ritish Columbia, severe defoliation and unprecedented mortal-

ty of mature native lodgepole pine (Pinus contorta var. latifolia
ougl. ex Loud.) from epidemic levels of dothistroma needle blight
ave been related to an increase in summer precipitation for the
egion which favors the pathogen’s development (Woods, 2003;
radshaw, 2004; Woods et al.,  2005). While climate is not antic-

pated to shift uniformly across British Columbia, mean annual
emperature and precipitation are projected to increase on aver-
ge by as much as 4 ◦C, and 16%, respectively for the province by
he 2050s, with the largest temperature and precipitation increases
xpected for coastal environments (Murdock and Spittlehouse,
011). Thus in the future, outbreaks similar to Dothistroma, could
e observed for other forest diseases in areas throughout the
rovince.

Given western redcedar (Thuja plicata Donn ex D. Don) is pro-
ected to favor well under future climate change (Gray and Hamann,
013), it may  be important to consider the risk of Didymascella
hujina (E.J. Durand) Marie (formally Keithia thujina E.J. Durand),
ommonly known as cedar leaf blight on these forest ecosystems.
lthough the disease is most prevalent in warm-moist environ-
ents typical of coastal low elevations of the Pacific Northwest

Russell et al.,  2007), the pathogen is endemic to North America and
ound throughout the natural range of western redcedar (Pawsey,
960; Sinclair et al., 1987; Kope and Sutherland, 1994).

In natural stands, the cedar leaf blight disease cycle occurs
ver two growing seasons, with seedlings and young trees being
he most susceptible (Pawsey, 1960). In the first growing season,
nfection of individual leaflets occurs, with disease expression and
pread occurring the following year (Trotter et al.,  1994). Mature
scospores are discharged from wetted apothecia in the spring and
nfect leaves of the current growing season. A second ascospore
elease can potentially occur in the early fall if conditions are wet,
nd temperatures are above 10 ◦C (Moore and Green, 1976; Frankel,
990; Trotter et al., 1994). Mortality of seedlings can be high if the
ungus is not treated (Trotter et al., 1994; Kope and Trotter, 1998a;
urdekin and Phillips, 2008) and can significantly impact growth of
rees up to 10 years old (Russell et al., 2007). While there is agree-

ent that mortality is rare, infected mature individuals may  exhibit
ignificant loss of incremental growth and branch death (Kope et
l., 1996). More importantly, cedar leaf blight may  be a pioneer-
ng fungal pathogen that induces stress on a host tree, allowing
nfections by secondary pathogens to occur (Russell et al.,  2007).

In this study we adopt a climate envelope modeling approach
sing multivariate regression to investigate the interaction
etween climate and cedar leaf blight in British Columbia. Although
ur model is similar to Watt et al.  (2010), we use a principal com-
onent analysis to remove the collinearity among our selected
limate variables while maintaining the environmental space. Fur-
her, unlike previous studies (e.g. Meentemeyer et al., 2008; Watt et
l., 2010), we do not pre-select or add climate variables to our model
ased on biological significance, but rather we allow a branch-and
ound algorithm to select the set of climate variables which best
redicts disease intensity, which we define as the total amount of
isease present (Seem, 1984). Often observations of forest disease
re collected from performance trials which were not established
o investigate forest health issues. Our objective, therefore, is to
stablish a procedure where this kind of data on any forest disease
an be utilized to identify climatic factors that contribute to dis-

ase outbreak as well as model disease risk under novel climate
onditions. Here, we define risk as the probability of an undesir-
ble outcome (e.g. reduced growth or mortality) due to increased
isease levels (Madden et al., 2007).
eteorology 180 (2013) 152– 163 153

Cedar leaf blight represents the first forest disease to be modeled
and projected under future climate change for British Columbia,
and as far as we know, the first using a conifer host and pathogen,
both occurring in their native environment. Studies have shown
significant variation in cedar leaf blight severity among popula-
tions and this variation is related to seed origin such that trees
from milder and wetter ecosystems are observed to be more resis-
tant to the disease than other populations planted at the same site
(Soegaard, 1956; Porter, 1957; Lines, 1988; Russell et al., 2007;
Russell and Krakowski, 2010). The widespread climatic distribu-
tion of the host coupled with the clear evidence of strong adaptive
variation for resistance to cedar leaf blight among western redcedar
natural populations, make this fungal pathogen an informative test
case from which to build a modeling procedure.

2. Materials and methods

2.1. Field sites and climate characterization

Six western redcedar populations, each comprised of two to four
natural stand seedlots based on similar geographic location, were
established as one-year-old seedlings across 36 field sites as part of
a larger genetics study (Fig. 1). Each population was represented by
32 seedlings planted in a randomized incomplete block design with
one tree per replication. The 36 field sites were established over six
years between 1998 and 2004 with four to six sites per year. Sever-
ity of leaf blight at ages seven and 10 years was  scored on individual
trees using a 1–6 scale based on percentage of foliage infected,
where 1 = no visual cedar leaf blight and 6 = more than 90% dam-
age. Individual site analyses was  undertaken using a linear mixed
model, and population mean seven and 10 year scores at each site
and for each population were estimated from best linear unbiased
estimates (BLUE). The three populations with consistently highest
cedar leaf blight scores across all sites were used for all subse-
quent regression analyses; this was  done to avoid underestimating
future disease risk. All linear model analyses were performed using
ASREML v.3.0 (Gilmour et al., 2009). Geographic and climate char-
acteristics of sites where cedar leaf blight was absent (score = 1) and
present (score > 1) are provided in Table 1.

For climatic characterization of the field sites, spatially
interpolated climate data was generated using CLIMATE-WNA ver-
sion 4.62 (http://www.genetics.forestry.ubc.ca/cfcg/ClimateWNA/
ClimateWNA.html), which includes a bilinear interpolation of the
PRISM (Parameter Regression of Independent Slopes Model) (Daly
et al., 2008), along with adjustments in temperature for mountain-
ous terrain (see Hamann and Wang, 2005 for details). Monthly
temperature and precipitation surfaces for each field site from
2000 to 2008 were generated using historic climate data observed
at Canadian weather stations interpolated as anomalies from the
1961–1990 climate normals (for details see Wang et al., 2012b).
Observations have shown that disease incidence is low during the
first growing season after infection (Kope and Sutherland, 1994),
but becomes conspicuous during the following year as apothecia
develop on either the juvenile, needle-like leaves on the stem, or
the mature, scale-like leaves on the branches (Kope, 1998). There-
fore, climatic factors which initiate or increase measurable blight
occurrence are not necessarily reflected in the measurement year.
Thus for each field site, climate variables were averaged for the year
in which cedar leaf blight measurements were collected, as well as
the two  previous years. For example, if data collection occurred in
2003 then site climate was averaged for 2001, 2002, and 2003.
Latitude, longitude, elevation, and approximately 75 monthly,
seasonal and annual climate variables were considered for model
parameterization. Temperature variables included: mean annual
temperature, mean warmest month temperature, mean coldest

http://www.genetics.forestry.ubc.ca/cfcg/ClimateWNA/ClimateWNA.html
http://www.genetics.forestry.ubc.ca/cfcg/ClimateWNA/ClimateWNA.html
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ig. 1. Cedar leaf blight (CLB) intensity projected under 2003–2008 averaged climat
easurement indicated.

onth temperature, continentality (difference between mean
anuary and mean July temperature), number of frost-free days,
rost free period, the number of growing degree days above 0 ◦C
nd 5 ◦C, as well as average, minimum and maximum values for
ach month and season. Similarly, precipitation variables included:

ean annual precipitation, mean growing season precipitation

May–September), annual heat moisture index, summer heat
oisture index (May–September), and cumulative precipitation

or each month and season. All of these variables are described in

able 1
ean (±standard deviation), maximum and minimum geographic location, climate and 

eaf  blight (CLB), and phenotypic correlations between geographic and climatic variable a
veraged over the 2003–2008 period when disease observations were collected.

Variable CLB absent sites 

Mean Min

Location Latitude (◦) 50.11 ± 1.24 4
Longitude(◦) −123.23 ± 2.29 −12
Elevation (m)  528 ± 291 10

Climate-general Mean annual temperature (◦C) 6.9 ± 1.9 

Min  winter temperature (◦C)a −4.0 ± 3.5 −
Mean annual precipitation (mm)  1699 ± 385 66

Climate- in analysis Mean summer temperature (◦C) 15.2 ± 1.5 1
Max  July temperature (◦C) 22.7 ± 1.9 1
Max  August temperature (◦C) 21.9 ± 1.6 1
Summer climate moisture index (cm) −6.9 ± 4.3 −1
Spring precipitation (mm)b 335 ± 88 10
Summer precipitation (mm)  181 ± 38 11
May  precipitation (mm)  94 ± 29 4
July  precipitation (mm)  52 ± 14 2

Disease intensity Cedar leaf blight score (BLUE)c 1 ± 0 

a Winter temperatures were averaged over December, and January and February of the
b Spring (March, April, May), summer (June, July, August), May and July precipitation v
c BLUE: best linear unbiased estimate.
 locations of western redcedar field progeny test sites are included with year of CLB

detail by Wang et al. (2012b). The fungus requires 80–100% relative
humidity for at least 12 h for ascospore discharge and germination
(Porter, 1957; Kope, 2004). Since humidity measurements were
unavailable and cannot be generated for the province under cur-
rent and future climate scenarios, climate-moisture indices were

estimated based on potential evapotranspiration. The four climate-
moisture indices (Hogg, 1997) included in variable selection were:
annual, spring (April, May, June), summer (June, July, August),
and autumn (August, September, October). These indices indicate

cedar leaf blight intensity for western redcedar field sites with and without cedar
nd cedar leaf blight intensity across all sites. The values in this table reflect climate

CLB present sites Correlation with
CLB (r2)

 Max Mean Min  Max

8.94 54.52 50.16 ± 1.81 48.4 55.07 0.19
8.32 −117.85 −126 ± 2.03 −128.78 −121.98 −0.64
0 1000 294 ± 243 70 960 −0.44

2.9 9.5 7.9 ±1.7 2.8 9.4 0.23
9.1 0.4 −1.1 ±2.9 −9.5 1.6 0.42
3 2353 2772 ±764 1303 3995 0.55

1.4 17.1 14.5 ±1.2 11.4 16.5 −0.31
8.3 27.1 20.2 ±1.9 17.6 23.2 −0.69
8.3 25.5 20.1 ±1.5 17.6 22.4 −0.65
5.6 0.6 4.8 ±11.3 −13 27.2 0.75
5 498 620 ±212 187 915 0.5
0 235 250 ±93 110 433 0.63
8 93 200 ±69 49 191 0.51
9 77 78 ±32 31 143 0.6

1 1 2.8 ±0.8 1.4 4.5

 following year.
ariables are cumulative values.
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verall humidity of sites and generally correspond to cedar
eaf blight ascospore discharge and germination for spring and
utumn inoculation events, as well as fungal growth during the
ummer months (with larger values indicative of humid coastal
nvironments).

.2. Climate scenarios for British Columbia

Similar to the climate surfaces for the field sites, annual
rovince-wide climate surfaces were generated using observed
eather station data interpolated as anomalies from the

961–1990 climate normals using the CLIMATE-WNA software (for
etails see Wang et al., 2012b).

This database was enhanced with lapse-rate based down-
ampling to1 km resolution to avoid over-estimating climate
hange effects in mountainous areas (Hamann and Wang, 2005),
nd increase site specificity appropriate for forecasting plant dis-
ase (Seem, 2004). Given disease observations were collected at
eld sites from 2003 to 2008, annual climate surfaces for this period
ere averaged to provide a province-wide estimate of disease risk

o compare against future projections.
Climate surfaces for the 2020s, 2050s, and 2080s were gen-

rated by overlaying projections from general circulation models
xpressed as the difference from the 1961 to 1990 normal period.
or each future period, we focused on 13 climate projections pre-
ared for the AR4 IPCC assessment (Solomon et al., 2007) from
he third Coupled Model Inter-comparison Project (Meehl et al.,
007), which incorporate the A1B, A2, and B1 SRES greenhouse
as emissions scenarios (Nakicenovic et al., 2000; Carter, 2007).
he modeling groups included: BCCR-BCM2.0 (Norway), CCCMA-
GCM3.1 (Canada), CSIRO-Mk3.0 (Australia), GFDL-CM2.1 (United
tates), GISS-eh (United States), MIROC3.2 (hires and MEDRES)
Japan), MRI-CGCM2.3.2 (Japan), MPI-ECHAM5 (Germany), NCAR-
CSM3 (United States), UKMO-HadCM3 (United Kingdom), and
KMO-HadGEM1 (United Kingdom). All modeling groups and SRES

cenarios combinations are listed in Fig. 2. These 13 models are
ecommended for use in British Columbia, and encompass a wide
pan of potential climate shifts with mean annual temperature
ncreases ranging between 1 ◦C and 4 ◦C, and mean annual pre-
ipitation changes ranging between −5% and +15% by the 2050s,
ompared to the 1961–1990 period (Murdock and Spittlehouse,
011).

.3. Climate variable selection

Variable selection was carried out with an all-subsets regression
mplemented with the regsubsets( ) function within leaps package
Lumley and Miller, 2009) for the R programming environment (R
evelopment Core Team, 2008). This method employs a branch-
nd-bound algorithum to perform an exhaustive search for the best
ubsets of input variables for predicting the response variable in
ultiple linear regression (Goodenough et al., 2012). Here the best

inear unbiased estimate (BLUE) of disease intensity for each sus-
eptible population at seven and 10 year site measurements was
sed as the response variable, and the geographic and climate vari-
bles represented the independent variables. The leaps algorithum
s parameterized to output the best model at each level, where a
evel is defined as the number of variables considered in the model
t any one time. This step prevents the results from relying on a
enalty model to determine model size. The best model at each
evel is determined by comparing the R2 values of the candidate
odels, and selecting the model with the highest R2. Among the

est models at each level, we compared the adjusted coefficients
f determination (R2

adj) and the root mean square error (RMSE)
eteorology 180 (2013) 152– 163 155

values to decide which set of climate variables best accounted for
the variation in the field site dataset.

2.4. Model development and validation

Principle component analysis (PCA) was performed on the
selected climate variables to maintain full environmental space,
but remove collinearity. Variable selection with the leaps algorithm
was then repeated to determine a final principal component regres-
sion model. In this final model, the best linear unbiased estimate of
disease intensity of each susceptible population at each test site and
measurement year represented the response variable, and the PCA
components represented the independent variables. At each stage
of variable selection, the Shapiro–Wilk test was used to determine if
the model residuals were normally distributed (P = 0.05). Residuals
from the principal component regression were also plotted against
both the independent variables and predicted values to determine
model bias.

The principle component analysis and regression were carried
out with the functions princomp( ) with option cor = T and glm( )
respectively for the R programming environment (R Development
Core Team, 2008). Principal component axis scores were used
to generate province-wide risk maps under the aggregated
2003–2008 climate and each of the future climate projections.

The relative importance of each PCA component predictor in
the overall model performance was  determined by the lmg method
(Lindeman et al., 1980) where R2 is decomposed into non-negative
contributions that automatically sum to the total R2. Lmg  parti-
tions R2 on orders of regressors using a simple unweighted average,
which is considered to be an advantage over other methods
(Gromping, 2007). Relative importance lmg  statistic was calculated
with the relaimpo package (Gromping, 2006) for the R program-
ming environment (R Development Core Team, 2008).

The widely accepted 10-fold application (Harrell, 2001) of the
K-fold cross-validation analysis was  performed on the final model
with the cvFit function within the cvTools package (Alfons, 2012)
for the R programming environment (R Development Core Team,
2008). Here the seven and 10 year field site dataset was partitioned
into 10 equal sized, stratified subsamples, where each single sub-
sample was used as validation dataset for testing the model trained
with the remaining nine subsamples. This process was  repeated
so that each subsample was used exactly once as the validation
dataset. The aim of cross-validation is to estimate the expected level
of fit of a model to a data set that is independent of the data that
were used to train the model. Goodness-of-fit for the final model
was calibrated with the mean square error (MSEcv) averaged over
the 10-folds. Further, the 10-fold cross validation was repeated 100
times to produce a more robust estimate as well as confidence inter-
vals for the mean square error. The resulting mean square error
over the repreated 10-fold cross validation indicates the measure
of under- or overestimation of cedar leaf blight intensity from the
final model on the observed dataset.

2.5. Western redcedar habitat and regional classes

Projected province-wide cedar leaf blight under current and
future climate was  reduced to areas of western redcedar habitat
using the species-suitable habitat projections previously gener-
ated by Gray and Hamann (2013). For the current period, the
2003–2008 cedar leaf blight projection was overlaid with the
1961–1990 climate normals western redcedar map  which closely
represents the current species distribution for the province. For

future climate scenarios, Gray and Hamann (2013) illustrate
increased disagreement on species habitat suitability toward the
2080s, by comparing suitable habitat projections for western
redcedar across 18 different climate scenarios from the AR3
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Fig. 2. Variation in projected mean annual temperature and precipitation shifts for the 2050s from current climate (2003–2008 average) among 13 climate scenarios for
10  regions of western redcedar habitat: (a) Haida Gwaii; (b) Nass-Skeena; (c) Maritime-north; (d) Maritime-south; (e) Submaritime-north-low; (f) Submaritime-south-low;
(g)  Submaritime-north-high; (h) Submaritime-south-high; (i) Interior-north; (j) Interior-south. Northern regions are represented in the left column of plots and each has
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een  paired with the corresponding southern region in the right column or the low
raphically small and difficult to view).

PCC assessment (IPCC, 2007). Therefore to bound our disease
rojections with resonable confidence, we only considered areas
here at least 70% of the models used in Gray and Hamann’s

tudy agreed habitat would be suitable for western redcedar in
ach future period. Although our study employed different future
limate models (AR3 scenarios vs. AR4 scenarios), the differences
etween actual climate values from each set of models for British
olumbia is minimal (Murdock and Spittlehouse, 2011). For details
n the methodology and further results of the western redcedar
uitable habitat model refer to Gray and Hamann (2013).

To compare model results among areas with characteristi-
ally high and low disease intensity, we divided current and
rojected suitable western redcedar habitat into 10 geographic
egions (Fig. 2). All coastal north-south divisions were made at
1.05◦ latitude. Martime and Submaritime regions followed the
urrent British Columbia western redcedar seed planning zones
Woods, 2011), with the Georgia Lowlands and Maritime seed
lanning zones combined. For the Maritime regions, Haida Gwaii
as considered one region, and Vancouver Island north of 51.15◦
atitude and east of 127.58◦ longitude was considered north, result-
ng in three Maritime regions: Haida Gwaii, Maritime-north, and

aritime south. Submaritime regions were further divided by an
levation band set at 600 m,  resulting in four Submaritime regions:
ation equivalent. (Submaritime elevation divisions are not depicted since they are

Submaritime-north-high, Submaritime-north-low, Submaritime-
south-high, and Submaritime-south-low. The elevation threshold
was chosen to reflect that cedar leaf blight is rarely observed
above 600 meters in these environments (J. Russell, unpubl. data).
The interior western redcedar habitat was  similarly divided into
two regions at 51.05◦ latitude: Interior-north, and Interior-south.
Finally, we included the Nass-Skeena, which occurs northeast of
the Submaritime region, but is geographically too far west to be
considered climatically similar to the Interior-north region. Size,
climatic details, and a map  of these regions are provided in Table 2
and Fig. 2.

3. Results

3.1. Climate trends associated with cedar leaf blight

Comparisons between field sites with cedar leaf bight present
(score > 1) and absent (score = 1) show trends of warmer and wetter
sites favoring increased disease (Table 1). On average, sites where

the disease occurs are approximately 3 ◦C warmer in the winter,
1 ◦C warmer annually and receive 1000 mm more annual precip-
itation than sites where the disease is absent. Similar trends are
found in the Maritime-north (M-N) and Haida Gwaii (HG) regions,
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which characteristically have high disease occurrence, compared
to regions where cedar leaf blight is rare, such as Interior-south
(Int-S) (Table 2).

3.2. Projected climate shifts for western redcedar regions

The range of projected changes in mean annual temperature and
precipitation for each of the 10 regions across the 13 projected cli-
mate models for the 2050s are illustrated in Fig. 2. In this figure,
northern regions are represented in the left column of plots and
each has been paired with the corresponding southern region in the
right column or the low elevation equivalent. Among all regions the
CCCMA CGCM3.1 A2-run5 and UKMO-HadGEM1 A1B-run1 mod-
els project the greatest increases in mean annual precipitation and
temperature, respectively (Fig. 2). The ranges of projected climate
shifts are fairly consistent among all regions with the exception of
the Submaritime-high regions (Fig. 2g and h). For the Submaritime-
north-high region, projected precipitation increase is greater than
any other region, ranging between +32 and +57% (Fig. 2g). Based on
model scenarios, this region could experience annual precipitation
between approximately 1740 and 2070 mm by the 2050s, which is
well within a standard deviation of the current mean annual pre-
cipitation of Haida Gwaii and Martime-north regions where cedar
leaf blight is currently prevalent (Table 2). The Submaritime-high
regions are the only two  areas where mean annual temperature is
projected to increase under all general circulation models (Fig. 2e
and g).

3.3. Climatic variable selection and disease risk projections under
current climate

The inital variable selection revealed eight climate variables that
best describe the relationship between cedar leaf blight intensity
and field site environments (R2

adj = 0.78; Table 1, climate in analy-
sis), including the most highly correlated variable, summer climate
moisture index (cmiJJA, r2 = 0.75). The second variable selection of
PCA components reduced the number of explanatory variables to
five described by:

CLBBLUE = 2.13 + 0.35 × PC1 − 0.81

× PC4 − 0.93 × PC6 + 0.56 × PC7 − 8.31 × PC8 (1)

with predicted values constrained to ≥1. The amount of vari-
ation in the observed disease intensity accounted for in the
initial model was maintained in the principal component regres-
sion (R2

adj = 0.78). Additionally, the final model had a RSME of
0.5 and all variable coefficients were found to be significant
(P < 0.001). Model residuals were found to be normally distributed
(Shapiro–Wilk = 0.15) and exhibited little apparent bias with either
predicted or independent values (data not shown). The repeated
10-fold cross validation analysis produced a MSEcv = 0.526 with a
confidence interval CIMSE = (0.517, 0.534), indicating on average our
model under- or overestimates cedar leaf blight intensity by half a
measured score level.

Relative importance (lmg) values indicate model accuracy is
overwhelmingly driven by PC1, which is approximately equally
weighted among the climate variables chosen in the initial variable
selection (Table 3). PC4 and PC8, which are the second and third
drivers, are weighted toward temperature and climate moisture
index variables, respectively (Table 3). The remaining two  princi-
ple components (PC6 and PC7) reflect significant weighting toward
either precipitation or temperature values (Table 3).
Projected disease intensity under 2003–2008 average climate is
shown in Fig. 1. Cedar leaf blight intensity scores indicate degree
of climatic suitability for a disease outbreak, where green and
red indicate low- and high-risk environments, respectively. Higher
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Table 3
Analysis loadings and variable importance of the components (PC) selected for the final principle component regression model for the cedar leaf blight study.

Climate variables in analysis PC1 PC4 PC6 PC7 PC8

Average summer temperature (◦C) −0.25 −0.76 −0.03 0.08 −0.20
Maximum July temperature (◦C) −0.35 0.45 −0.12 0.66 0.21
Maximum August temperature (◦C) −0.33 0.31 −0.02 −0.74 0.19
Summer climate moisture index (cm) 0.43 −0.22 −0.33 −0.02 0.72
Cumulative spring precipitation (mm)  0.30 0.04 −0.42 0.06 −0.05
Cumulative summer precipitation (mm)  0.40 0.25 −0.33 −0.06 −0.60
Cumulative May  precipitation (mm)  0.33 0.07 0.72 0.09 0.05
Cumulative July precipitation (mm) 0.39 0.06 0.26 −0.01 0.04
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a Variable importance in multiple-linear regression measured by averaging over 

rojected intensity along the west coast of Haida Gwaii, along the
entral mainland coast, and on the northern tip of Vancouver Island
eflect observed responses from field trials with susceptible popu-
ations in these environments.

.4. Projected disease risk under future climate change

Agreement among the climate projections for disease presence
nd absence is high for the majority of the climatically suitable
estern redcedar habitat for all periods (Fig. 3a). Uncertainty
hether habitat will be suitable for cedar leaf blight increases

lightly toward the 2080s, but only appears to occur in transi-
ion zones between areas of presence and absence confidence, for
xample central Vancouver Island (Fig. 3a). Decreases in the extent
f species’ habitat reflect increased uncertainty in western red-
edar habitat projections toward the 2080s (Gray and Hamann,
013), not absences in cedar leaf blight projections. All models
gree that climate will be suitable for disease occurrence in coastal
cosystems along the mainland, Haida Gwaii and western Van-
ouver Island, however the disease intensity or risk of outbreak
ppears to decrease toward the end of the century (Fig. 3). Dis-
ase intensity is a good indication of the risk of cedar leaf blight
nfection. Projected disease risk was consistently highest under the

IROC3.2 MEDRES A2-run2 climate model for the majority of suit-
ble western redcedar habitat in each future period. Under this
worst-case-scenario”, cedar leaf blight is projected to continue
o cause damage in coastal areas into the 2020s (Fig. 3c) as well
s appearing in northern, low elevation interior cedar-hemlock
cosystems where it is currently projected as absent (Fig. 1). This
esult is repeated for coastal ecosystems in the 2050s, but intensity
f cedar leaf blight drastically decreases in all areas by the 2080s
Fig. 3c).

Fig. 4 illustrates the range of projected disease intensity from the
3 future climate scenarios for all regions of western redcedar habi-
at in the 2020s, 2050s and 2080s compared to 2003–2008 averaged
limate (�) (again projected intensity values constrained to ≥1).
his image (Fig. 4) better illustrates the increase risk projected
or the Submaritime-north-high and both the Submaritime-south-
igh and low regions, compared to Fig. 2. The current disease

ntensity in environments above 600 meters elevation is roughly
quivalent to the 25th percentile of future projections by the 2050s
Fig. 4). A similar trend was found in both the interior regions
y the 2020s and the Nass-Skeena region by the 2080s. How-
ver, while projections suggest increased disease intensity in these
egions, the increase is small and will likely only be relevant if the
utlying climate scenario occurs. The outlier projection for most
egions is generated by the MIROC3.2 MEDRES A2-run2 climate
odel (Fig. 3c), but for both Submaritime-north regions, disease
rojections are most severe under the UKMO-HadGEM1 A1B-
un1climate model. More importantly, current disease intensity
n the highly disease-affected environments, Maritime-north and
aida Gwaii, is equivalent to the 75th percentile of the range of
0.17 0.03 0.01 0.11

ngs as proposed by Lindeman et al. (1980).

projected values by the 2020s and the outliers by the 2080s (Fig. 4).
Overall these results suggest the majority of coastal western red-
cedar habitat will be climatically suitable for cedar leaf blight in
the future (Fig. 3a), however, if we  consider the complete range
of climate scenarios we  used, disease intensity may  potentially be
low to moderate in most areas particularly over the next 70 years
(Figs. 3 and 4).

4. Discussion

4.1. Variable selection illustrates how climate is strongly related
to cedar leaf blight occurrence

The legitimacy of forest disease models depends on whether
the variables added to the model are biologically meaningful. In
this study, the branch-and-bound algorithm successfully selected
climate variables that are biologically relevant for cedar leaf
blight disease cycle (Table 1). Cumulative precipitation in the
spring and summer as well as mean summer temperatures were
shown to be important contributors to the overall model (Table 2)
and are directly related to ascospore discharge and germination.
Ascospores are produced from July to October, peaking between
late August and early November (Sinclair et al., 1987). Sufficient
moisture is required to wet  apothecia initiating the discharge
of matured ascospores into the environment during the produc-
tion months (Kope, 2000). Germination by ascospores that have
overwintered on green foliage from the previous year commonly
starts when temperatures begin to rise in the spring and continues
through the fall (Frankel, 1990). The branch-and-bound algorithm
also selected the climate-moisture index for June through August,
representing a proxy for summer humidity, for model parameteri-
zation. This is significant because the most important stage related
to a disease outbreak is fungal growth, which requires a warm and
moist environment to occur (Kope, 2004).

An important caveat is that our model does not consider cold
temperature limits of the cedar leaf blight. Potential precipitation
limitations during critical stages of the fungal life cycle and grow-
ing season limitations on reproduction could explain the rarity of
disease observations in the interior and high elevation Submar-
itime regions; however these regions characteristically have colder
winter temperatures which we suspect is a limiting factor. The
pathogen has the ability to over-winter below −5 ◦C and continue
its growth cycle the following year (Kope, 2004), but little is known
about the pathogen’s minimum temperature threshold. Given that
warming trends are expected to be greatest in the winter months
(Mbogga et al., 2009), cold thresholds that currently control disease

outbreaks may  no longer be effective in the future. Further research
to identify the minimum cold threshold of cedar leaf blight could
inform our future projections, and should be addressed to make
conservative management strategies.
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Fig. 3. Projections of cedar leaf blight (CLB) suitability under climate scenarios for the 2020s, 2050s and 2080s. (a) The degree of consensus among projections based on
multiple climate change scenarios, (b) average expected disease intensity based on multiple climate change scenarios, and (c) maximum projected disease intensity under a
s  of GM

4
o

c

ingle  model which represents the “worst-case scenario”. See text for a description

.2. Future decline of disease risk could reflect climate thresholds

f cedar leaf blight

Primary concerns surrounding endemic pathogens and climate
hange stem from the theory that “warmer and wet  is better”
C  model MIROC3.2-MEDRES A2-run2.

for these infectious agents. The majority of climate scenarios we

considered project both increased temperatures and precipitation
for future western redcedar habitat in the province (Fig. 2). How-
ever, in most areas projected disease risk unexpectedly decreases
significantly toward the 2080s (Fig. 3), compared to current
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Fig. 4. Range of projected cedar leaf blight disease intensity for 10 regions of west-
ern redcedar habitat in British Columbia for the 2020s, 2050s and 2080s. For each
region and period, disease intensity under the 2003–2008 averaged climates is rep-
resented as a solid triangle (�), the projection median is represented by a solid line,
and the lower and upper box edges represent the 25th and 75th percentiles for each
region, respectively. Lower and upper whiskers represent the minimum and max-
i
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p
fi
t
s
n
i
a
m
i

C
b
W

will decrease in the future, adopting overly optimistic reforesta-
mum projected intensity values constrained to ≥1, and upper outlier projections
re  indicated by an open circle (©).

rojected levels (Fig. 1). Three reasons could account for this
nding. First, our model could be underestimating disease risk due
o poor model fit. Both the repeated 10-fold cross-validation mean
quare error MSEcv = 0.526 and the adjusted coefficient of determi-
ation Radj = 0.78 suggest the inclusion of additional variables may

mprove the model performance. However these values do suggest
 good approximation of disease observations and out-perform
ultivariate regression models explaining climate-disease

nteractions previously reported (Watt et al., 2010).
Second, we have not considered field sites outside British
olumbia, and we could therefore be excluding crucial cedar leaf
light occurrences in warmer, wetter environments in coastal
ashington, Oregon, and California that may  be similar to future
eteorology 180 (2013) 152– 163

projections. While cedar leaf blight is present in these environ-
ments (Kope, 2000) it has been rarely documented and it is
considered a minor problem (USDA, 1983). We  can therefore
presume that the inclusion of environments external to British
Columbia may  adjust the presence-absence disease projections
(Fig. 3a), but would have little effect on the disease intensity results
(Fig. 3b and c).

Finally, the decline of disease risk under future climate change
could reflect incongruities between projected climate shifts and the
optimal climate thresholds for the pathogen. Kope (2004) found
the temperature range for cedar leaf blight ascospore discharge
and germination to be between 5 and 28 ◦C, with 15 ◦C represent-
ing the optimum. In addition, the temperature range for fungal
growth within infected western redcedar was found to be between
13 and 25 ◦C, with 20 ◦C initiating accelerated growth (Pawsey,
1960). Interestingly, projected temperature increases for the 2050s
support amplified ascospore discharge and germination, averag-
ing approximately 7.5 ◦C in the spring, 15 ◦C in the summer, and
10 ◦C in the fall in the current high risk Maritime-north and Haida
Gwaii regions (Fig. 5). Moreover, projected maximum summer tem-
peratures range between 18 and 20 ◦C in current high disease risk
regions for the 2050s further supporting accelerated fungal growth.
However, on average, summer climate-moisture indices for all
regions in the 2050s decrease by 49% with some values shifting
from positive to negative (Fig. 6) indicating potential evapotrans-
piration will increase in all regions and, in some areas, exceed
cumulative precipitation. A similar trend of reduced moisture avail-
ability can be inferred for the spring and fall seasons as summer
climate moisture values are highly correlated with the values for
spring and fall (spring r2 = 0.84, fall r2 = 0.76).

The Submaritime regions above 600 m are the only regions
where projected climate moisture indices are greater than cur-
rent values (Fig. 6). Correspondingly, we see the most pronounced
increases in disease intensity in these regions with current mea-
surement falling less than or equal to the 25th percentile of
future projections (Fig. 4). Reduced leaf wetness can slow germi-
nation and fungal growth and eventually cause the fungus to die
if persistent (Kope, 2004). Potential evapotranspiration is derived
from elevation, a monthly cold temperature reduction factor, and
monthly vapor pressure deficit, and is highly correlated to the max-
imum temperature for the period of measurement (Hogg, 1997).
Projected climate shifts suggest that precipitation increases may
not keep pace with expected temperature increases resulting in
higher potential evapotranspiration and greater water-stress for
the pathogen possibly leading to decreased disease intensity in the
future.

4.3. Range of model results should guide population selection for
western redcedar reforestation

To aid seed transfer strategies for reforestation in British
Columbia, emphasis has been placed on projecting where climat-
ically suitable habitat for the province’s commercially important
tree species is expected to occur under future climate change
(Hamann and Wang, 2006; Gray and Hamann, 2013; Wang et al.,
2012a). Projecting disease risk from climate change may refine
management strategies for commercial tree species that are antici-
pated to maintain or expand their climatically suitable habitat; one
of the most significant being western redcedar (Gray and Hamann,
2013).

Even though our model projections suggest the risk of signif-
icant damage from cedar leaf blight in western redcedar habitat
tion strategies may not be prudent for a number of reasons. First,
while disease intensity varies among the wide range of climate
scenarios, model agreement on the future climatic suitability for
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ig. 5. Projected average spring, summer and fall temperatures for 10 regions of 

limate  scenarios for the 2020s (©), 2050s (�) and 2080s(♦).

edar leaf blight is high for the majority of western redcedar habi-

at across the province (Fig. 3a). We  have strong confidence that
oastal ecosystems will be suitable for the disease to occur, and
f the “worst-case scenario” transpires (Fig. 3c), there is consid-
rable risk that cedar leaf blight will cause significant damage to

ig. 6. Projected summer climate moisture index for 10 regions of western redcedar hab
or  the 2020s (©), 2050s (�) and 2080s(♦).
rn redcedar habitat under 2003–2008 averaged climate (�), and a wide range of

trees in these ecosystems as well as in interior regions where cedar

leaf blight currently does not occur (Fig. 4). Climate under our
“worst-case scenario”, MIROC3.2 Hires B1-run2, signifies a mod-
erate 1–1.5 ◦C mean annual temperature rise and a 2–10% mean
annual precipitation increase by the 2050s (Fig. 2). Comparable

itat under 2003–2008 averaged climate (�), and a wide range of climate scenarios
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ncreases of approximately 2 ◦C mean annual temperature and 12%
ean annual precipitation have been observed in British Columbia

rom approximately 1975–2000 (Mbogga et al., 2009), suggesting
hat “worst-case” climate shifts could very likely materialize. More-
ver, if temperature slightly exceeds past shifts and follows the
–3.5 ◦C mean annual temperature rise projected by the UKMO-
adGEM1 A1B-run1 climate model, the northern Submaritime

egions may  also experience higher disease intensity (Fig. 4).
Second, due to the long-lived nature of forest trees, little is

nown about the selective and evolutionary forces that determine
he balance between the predictability of infection and selective
ntensity in forest ecosystems (Burdon et al., 2012). Climate change

ill affect how temperature and precipitation favor the pathogen,
he tree species, or both. For example, forest pathogens may  over-
helm ecosystems as their ability to adapt to new climates is far

reater than their long-lived hosts (Sturrock et al., 2011). In con-
rast, elevated CO2 may  increase host resistance to disease as was
bserved with loblolly pine (Pinus taeda) and northern red oak
eedlings (Quercus rubra) to fusiform rust fungus (Cronartium quer-
uum f. sp. fusiforme) and pitch canker fungus (Fusarium circinatum)
n the southern United States (Runion et al., 2010). Unforeseen
nvironmental shifts that favor cedar leaf blight could therefore
esult in elevated levels of disease and significant maladaptation
nd mortality not represented in the model projections.

Third, influxes in disease outbreaks may  be driven by daily,
mall scale or accumulated climate events which are difficult to
ccurately measure and predict at a provincial level. For example,
eighboring trees may  experience vastly different water availabil-

ty, depending on overstory cover, which could greatly affect their
nfection rate and the potential for ascospore germination.

Fourth, climate is not homogenous across some of the broader
egions we defined in this study. Disease outbreaks in key
icrosites could therefore have been outweighed when consid-

ring the regional average. For example, in the Maritime-south
egion, the eastern coast of Vancouver Island is categorized as very
ry or moist Maritime habitat, but the western coast is categorized
s very wet Montane and Submontane environments. Correspond-
ngly, cedar leaf blight occurs at very low levels or is absent on the
astern coast and higher elevations, but is prevalent at moderate to
igh levels on the western coast as evidence by our Maritime south
egion test sites. Projections suggest cedar leaf blight intensity in
he Maritime-south region will range between 1 (CLB absent) and

 (CLB moderate-high intensity) in the future, however we would
xpect there will be key microsites where disease intensity will be
otably higher than the regional average.

Finally, cedar leaf blight is most damaging to young seedlings
Frankel, 1990; Kope, 2004). Under the worst case scenario, aver-
ged disease intensity projections for the 2020s and 2050s show a
evel 3 or greater for the majority of the west coast of Haida Gwaii
nd the northern tip of Vancouver Island (Fig. 3c). At these inten-
ities, cedar leaf blight can cause up to 40% reduction in growth on
even to 10 year-old trees (data not shown). This was also shown by
he negative correlation between CLB breeding values and height
n Russell and Yanchuk (2012).

All of the above suggests that deployment strategies for coastal
ow elevation areas should consider disease resistant populations.
urrent geographically-based seed transfer for wildstand west-
rn redcedar in the Maritime seed planning zone allows seedlots
o be moved 600 m upwards and 400 m downwards in elevation,
nd 3◦ latitude north and south from point of origin (Snetsinger,
005). These relatively relaxed transfer guidelines are a result of
revious studies that have indicated minimal population variation

elated to seed origin in growth and physiological traits (Cherry
nd Lester, 1992; Rehfeldt, 1994; Grossnickle et al., 2005; Russell
nd Krakowski, 2010). However, population variation in cedar leaf
light resistance appears more adaptive than for general growth
eteorology 180 (2013) 152– 163

traits, such that trees from milder and wetter ecosystems were
more resistant to the disease (Russell et al., 2007; Russell and
Krakowski, 2010). This, in conjunction with our results, would sug-
gest that current transfer guidelines may  not be appropriate when
considering cedar leaf blight infection. Movement of wildstand
southern populations northward and of populations over 500 m
elevation downward should be avoided. For reforestation in sus-
ceptible environments, the use of resistant wildstand populations
may  be an efficient management strategy to minimize the probabil-
ity of cedar leaf blight outbreaks. However, in the southern portion
of coastal British Columbia, the majority of western redcedar stock
used in reforestation originates from seed orchard lots that include
parents tested for volume. These seedlots can be transferred freely
within the Maritime seed planning zone (SPZ) up to 700 m eleva-
tion and between 48◦ and 52◦ N latitude. Cedar leaf blight severity
has an on-significant genetic correlation with growth (Russell and
Yanchuk, 2012), resulting in current orchard seedlots not having
any substantive improvements in cedar leaf blight resistance.

For all disease risk assessments, resilience to negative surprises
should be the most important policy aim (Shaw, 2009). There-
fore, results of model projections from this study can be used as
a guide to making reforestation investments with cedar leaf blight-
resistant stock while considering a wide range of potential climate
shifts for the province. In addition, disease intensity projections
under current climate could be used to identify areas that have
most likely historically been under significant disease pressure
where new resistant western redcedar populations could be found
to enhance breeding programs. As more incident data on cedar leaf
blight is accumulated, and as climate models and global circula-
tion model predictions improve, these models can be refined over
time to provide a very dynamic tool to further evaluate and adjust
deployment decisions for western redcedar.
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