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Abstract

Climate change is likely to have major impacts on the distribution of planted and natural forests. Herein, we demon-
strate how a process-based niche model (CLIMEX) can be extended to globally project the potential habitat suitable
for Douglas-fir. Within this distribution, we use CLIMEX to predict abundance of the pathogen Phaeocryptopus gaeu-
mannii and severity of its associated foliage disease, Swiss needle cast. The distribution and severity of the disease,
which can strongly reduce growth rate of Douglas-fir, is closely correlated with seasonal temperatures and precipita-
tion. This model is used to project how climate change during the 2080s may alter the area suitable for Douglas-fir
plantations within New Zealand. The climate change scenarios used indicate that the land area suitable for Douglas-
fir production in the North Island will be reduced markedly from near 100% under current climate to 36-64% of the
total land area by 2080s. Within areas shown to be suitable for the host in the North Island, four of the six climate
change scenarios predict substantial increases in disease severity that will make these regions at best marginal for
Douglas-fir by the 2080s. In contrast, most regions in the South Island are projected to sustain relatively low levels of
disease, and remain suitable for Douglas-fir under climate change over the course of this century.
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Introduction

Climate has long been recognized as an important envi-
ronmental determinant in the distribution of pathogens
and development of disease (Wallin & Waggoner, 1950;
De Wolf & Isard, 2007). This is particularly the case for
plant pathogens, where air temperature has been
shown to influence their growth and cold season sur-
vival, whereas rainfall can strongly affect their ability
to disperse and infect their hosts (Coakley et al., 1999;
De Wolf & Isard, 2007). Process-based niche models,
such as CLIMEX, have utilized the relationship
between climate and disease presence to project poten-
tial distribution of a wide range of invasive plant patho-
gens and disease (Brasier & Scott, 1994; Lanoiselet et al.,
2002; Yonow et al., 2004; Paul et al., 2005; Venette & Co-
hen, 2006; Desprez-Loustau et al., 2007, Ganley et al.,
2009; Watt et al., 2009). However, to date, process-based
niche models have not been used to predict spatial and
temporal variation in disease severity, and impacts on
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the host within areas delineated as suitable for both
host and disease.

Developing models that can account for the effects of
climate on disease severity is particularly important for
ecosystems encompassing wide variation in host and
pathogen lifecycles, as occuring in both natural and
plantation forests. Microbial pathogens have shorter
generation times than trees, and so their populations
can be expected to respond more rapidly to climate
change. Consequently, forests at low risk at the time of
establishment may be susceptible to greater risk after
several decades, if rapidly changing climate renders the
environment more favourable for pathogen growth and
reproduction.

Development of process-based models that can pre-
dict disease severity and host impacts within a frame-
work that constrains the spatial extent of host and
disease distribution would represent a major advance.
This type of model would allow the impact of climate
change to be partitioned into the direct impacts on the
host and indirect effects on the host via the disease.
Herein, we used the Douglas-fir — Swiss needle cast
pathosystem to illustrate how such a process-based
model could be developed.
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Swiss needle cast is a foliage disease caused by the
ascomycete Phaeocryptopus gaeumannii (Rohde) Petrak,
which occurs naturally in indigenous Pseudotsuga men-
ziesii (Mirb.) Franco (Douglas-fir) in western North
America (Boyce, 1940). The fungus was initially discov-
ered and described from diseased Douglas-fir planta-
tions in Switzerland in 1925, and soon afterward
reported from other locations in Europe (Boyce, 1940).
Infection by this fungus frequently results in chlorotic
foliage, defoliation and growth reduction (Boyce, 1940).
Outbreaks of Swiss needle cast have occurred in both
native and plantation grown P. menziesii in the Pacific
Northwest (Hansen et al., 2000; Manter et al., 2005;
Stone et al., 2008b) and forest plantations in Europe and
the United Kingdom (Boyce, 1940; Peace, 1962), the
northeastern United States (Morton & Patton, 1970),
Turkey (Temel et al., 2003), Australia (Marks et al.,
1989) and New Zealand (Hood et al., 1990).

As there is a physiological basis linking pathogen
abundance to disease severity, the P. menziesii/P. gaeu-
mannii association provides a useful case study for
development of an integrated model system. Fruiting
bodies (pseudothecia) of P. gauemannii physically
occlude the stomata of Douglas-fir needles, thereby
impairing gas exchange and photosynthesis (Manter
et al., 2003). The physical obstruction of stomata is con-
sidered the mechanism of pathogenicity, as cellular dis-
ruption or toxins typical of some plant diseases are
absent from this pathosystem (Manter et al., 2003; Stone
et al., 2008a). The premature loss of foliage and result-
ing growth reductions in P. menziesii are thus directly
related to reduction in CO, assimilation that in turn is
directly related to the abundance of the pathogen (Man-
ter et al., 2003). Pathogen abundance and disease sever-
ity can be quantified, respectively, from pathogen
pseudothecial frequency and host needle retention;
both have been shown to increase under warm winter
air temperatures and prolonged periods of spring leaf
wetness (Manter ef al., 2005; Stone ef al., 2007). This
relationship between pathogen abundance and host
needle retention has been convincingly demonstrated
in both Oregon and New Zealand (Hood & Kimberley,
2005; Stone et al., 2007, 2008a; Watt et al., 2010).

Given the responsiveness of the pathogen to air tem-
perature, climate change is likely to have a marked
effect on disease severity and host productivity. Both
the disease and host co-occur over large contiguous
temperate regions, and there is potential for the distri-
bution of the host and severity of the disease to differ-
entially expand or recede under climate change. Under
environmental conditions favourable to the pathogen,
the disease has been shown to result in volume reduc-
tions in P. menziesii of up to 50% (Maguire et al., 2002),
with losses of ca. 30% typically reported in both native
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forests (Maguire et al., 2002; Black et al., 2010) and exo-
tic stands (Kimberley et al., 2011). Severe disease in
Douglas-fir forest plantations in western Oregon has
commonly resulted in replacement of the normally fas-
ter growing Douglas-fir by natural regeneration of com-
peting species such as western hemlock [Tsuga
heterophylla (Raf.) Sarg.] that is not susceptible to the
disease (Hansen et al., 2000).

Herein, we parameterize the process-based distribu-
tion model CLIMEX to project the potential distribution
of P. menziesii and Swiss needle cast. Using detailed
measurements collected across a broad environmental
gradient within New Zealand, we fit a set of functions
within CLIMEX to describe spatial variation in P. gau-
emannii abundance and P. menziesii foliage retention
within this potential distribution. The parameterized
model is then used to project potential distribution of
Douglas-fir, pathogen abundance and disease severity
under current and future climate within New Zealand.
We discuss the utility of this case study as a generic
approach for identifying impacts of diseases on the
future distribution of key tree species.

Methods

Disease and pathogen records

Reported observations of Swiss needle cast or P. gauemannii
were compiled using individual point, county or state loca-
tions. A full description of countries in which the disease or
pathogen has been found are given in Supplementary material
1, and references used to compile these locations are given in
Supplementary material 2. In summary, disease and pathogen
locations were obtained for the following countries in Europe
and Eurasia: Austria, Belgium, Bulgaria, Czech Republic, Den-
mark, England, Germany, Finland, Hungary, Ireland, Italy, Lat-
via, Netherlands, Portugal, Romania, Scotland, Slovenia,
Sweden, Switzerland, Turkey and Wales. Within the Americas,
the disease and pathogen has been found in Canada, United
States, Mexico and Chile, while in Australasia, records were
obtained from Australia and New Zealand.

The CLIMEX model

CLIMEX is a dynamic model that integrates modelled weekly
responses of a population to climate to create a series of
annual indices (Sutherst ef al., 2007). CLIMEX uses an annual
growth index (GIa) to describe the potential for population
growth as a function of soil moisture and temperature during
favourable conditions, and up to eight stress indices (SI) to
simulate the ability of the population to survive unfavourable
conditions. The following two sections describe the generic fit-
ting of CLIMEX and underlying theory behind indices. For
more details on theory and mathematics of functions within
CLIMEX, readers are referred to Sutherst & Maywald (1985)
and Sutherst et al. (2007).
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Growth index

Growth index of the pathogen is determined from the temper-
ature and moisture indices. For both indices, cardinal values
(see Table 1 for parameters) are specified for a three-segment
linear approximation of a Stinner or Pradhan equation (Prad-
han, 1946; Stinner et al., 1974). This function uses parameter
values to describe the minimum value suitable for any growth
(DVO for temperature and SMO for soil moisture), the mini-
mum (DV1 or SM1) and maximum value (DV2 or SM2) for
optimal growth rates and the maximum value for any growth
(DV3 or SM3). The product of the temperature index and
moisture index (TI,, and MI,,) are then calculated to evaluate
the climatic suitability of each week. These weekly values are
then integrated to describe the Gl,, as,

100 &

Gla =+, Z TLyMIL,, (1)
w=1

which ranges from 0 for sites with no growth to 100 for sites

that are optimal for growth.

Ecoclimatic index

The SI and stress interaction index (SX) predominantly define
the potential climatically suitable spatial range of a species
and scale from 0 to infinity, with 0 describing no stress and
values exceeding 100 describing lethal conditions. The SI are
defined by up to four stresses that include cold stress (CS),
heat stress (HS), dry stress (DS) and wet stress (WS). The four

interactions between these define the SX that can include cold
dry stress (CDX), cold wet stress (CWX), hot-dry stress (HDX)
and hot-wet stress (HWX). Each of the eight SI is described by
a function with parameters that define the starting threshold
soil moisture or temperature (or both in the case of stress
interactions) and a rate of linear accumulation, for the stress,
either above or below the threshold starting point. Usually,
not all of the eight SI and SX are required to describe the spe-
cies distribution. The SI (Eqn 2) and SX (Eqn 3) are determined
weekly and expressed over an annual period, respectively,
from,

1= () (30) ()|

= (=) () () (o )|
®)

Ecoclimatic index, EI, is defined as EI = SI x SX x GI, and
ranges from 0 for locations at which the species is not able to
persist to 100 for locations that are optimal for the species.

CLIMEX model fitting to Douglas-fir — Swiss needle cast
pathosystem

Using distribution records for P. gaeumannii, we found that
the pathogen is capable of occurring under virtually all envi-
ronmental conditions found throughout the host range. Specif-
ically, the disease is found at the coldest (most northern) and

Table 1 CLIMEX parameters for Swiss needle cast. For the moisture indices field capacity occurs at a value of 1.0

Index Parameter Values’
Temperature DVO0 = lower threshold 10.0 °C

DV1 = lower optimum temperature 20.0 °C

DV2 = upper optimum temperature 21.0 °C

DV3 = upper threshold 28 °C
Moisture SMO = lower soil moisture threshold 0.11

SM1 = lower optimum soil moisture 0.8

SM2 = upper optimum soil moisture 15

SM3 = upper soil moisture threshold 1.7
Cold stress TTCS = temperature threshold —16.0 °C

THCS = stress accumulation rate —0.01 week ™!

DTCS = degree-day threshold 1.0 °C days

DHCS = degree-day stress accumulation rate —0.00005 week !
Heat stress TTHS = temperature threshold 28.0 °C

THHS = stress accumulation rate 0.003 week '
Dry stress SMDS = soil moisture dry stress threshold 0.11

HDS = stress accumulation rate —0.01 week™!
Hot-dry stress TTHD = hot-dry temperature threshold 20 °C

MTHD = hot-dry soil moisture threshold 0.11

PHD = stress accumulation rate 0.04 week ™!
Hot-wet stress TTHW = hot-wet temperature threshold 23 °C

MTHW = hot-wet soil moisture threshold 0.9

PHW = stress accumulation rate 0.05 week !

*, . . . . . .
Values without units are dimensionless indices.
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hottest (most southern) natural range of the host (Fig. 1). A
single CLIMEX model was deemed to be suitable for model-
ling the two species, as GI and SI could be partitioned between
the two species to describe the most limiting parts of the sys-
tem. SI were used to describe the distribution of the host,
whereas GI were used to describe the abundance of the patho-
gen and severity of the disease. SI are not limiting for the dis-
ease distribution, as the disease was found to occur across the
host range. As disease severity strongly affects both growth
rate and distribution of the host, it makes more sense to link
GI directly to disease severity, rather than host development.
The following categorization was used to describe host
presence, pathogen abundance and disease severity as a func-
tion of EI and GI: (i) at EI = 0 climatic conditions are not suit-
able for the host, so neither the pathogen or disease will occur,
(ii) at EI > 0 and low values of GI (GI < 6 in this study) the
host will occur, and consequently the pathogen will be pres-
ent, but little disease expression will occur, and (iii) at EI > 0
and higher values of GI (GI > 6), both host and pathogen will
be present and the disease will be expressed, with disease
severity scaling positively with GI. The climate dataset used
for the parameter fitting was a 0.5° of arc dataset generated by
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Kriticos et al. (2006) from the 1961 to 1990 climate normals
provided by the climate research unit (Mitchell et al., 2004).

Fitting SI to model host distribution

An iterative approach was used to fit the SI to the known dis-
tribution of the host in the native range of North America. The
accuracy of the resulting model was tested against indepen-
dent observations from the known exotic pathogen and dis-
ease range in Europe, South America, Australia and New
Zealand.

Examination of the pathogen and disease records in North
America showed that these largely encompassed the very
wide native distribution of the two subspecies (ssp. menziesii
and ssp. glauca) of Douglas-fir (Fig. 1). CS (Table 1) was used
to limit the projected distribution of the host in northern and
eastern British Columbia to observed limits (Fig. 1). Similarly,
DS, HS and HDX were set to physiologically reasonable val-
ues (Table 1) that limited the potential southern distribution
of the host to known locations in New Mexico, Arizona and
Mexico. These three stresses were used to largely exclude the
potential distribution from central and southern California

\Growth index
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4 Swiss needle cast administralive unit records

Fig. 1 Map of North America showing the distribution of growth index, Gl,, for regions with ecoclimatic index, EI, >0. Areas shown
as white are unsuitable (EI = 0) for the disease and host. Also shown is the distribution of Swiss needle cast, shown as point locations
(solid triangles) and provincial records (cross-hatched areas), in which at least one observation has been recorded.
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(Fig. 1), where P. menziesii is limited to the northern Sierra and
Coast Range. Native stands of the less widely distributed, but
susceptible, host bigcone Douglas-fir (P. macrocarpa) occur in
southern California. Although planted bigcone Douglas-fir
has been found infected in British Columbia (Pennycook,
1989), neither the pathogen nor the disease have been noted
on this species within California (I. Hood, J. Stone, personal
observation). We inferred from this observation that environ-
mental limits of the disease are reached around the range of
Douglas-fir in California. Following previous research (Whar-

ton & Kriticos, 2004), HWX was used to limit the planted dis-
tribution of the coniferous host from warm humid regions in
the south-eastern United States. As the host occurs in cool wet
environments in the coastal Pacific Northwest (rainfall of
3400 mm yr’l), no WS was used in the model.

The resulting model predicted all but four observations of
the pathogen to have a suitable climate (EI > 1) for persis-
tence (Fig. 1). Exceptions where suitable climate was not pre-
dicted were located at range margins in New Mexico, with
low rainfall, and in eastern British Columbia, with very low

Ak Sampla points
A Swiss neadle cas! distribution

Growth index
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Fig. 2 Map of New Zealand showing the distribution of growth index, Gl,, for regions with ecoclimatic index, EI, >0. Areas shown as
white are unsuitable (EI = 0) for the disease and host. Also shown is the distribution of Swiss needle cast, shown as point locations
(solid triangles), and sites from which intensive measurements of pathogen abundance and foliage retention were made (red triangles).
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winter temperature. All of these locations occurred in dis-
sected terrain, and therefore it is likely that these misfits were
attributable to microclimatic variation not captured by the rel-
atively coarse resolution dataset used. All of the records of
disease or pathogen, apart from one, in the validation dataset
were correctly predicted as occurring in a climate suitable for
the pathogen (Fig. S1 for world; Fig. 2 for New Zealand Fig. 3
for Europe). This misfit also occurred in mountainous terrain
in eastern Portugal, and as a result the misclassification is
likely to be attributable to variation in local climate, from that
predicted at a 0.5° resolution (Fig. 3). Notably, the model cor-
rectly predicted the distribution of the disease within Austra-
lia (see Supplementary information text 1) and Chile within
South America (see Fig. S1).

Fitting GI to model pathogen abundance and disease
severity

Experimental data. Measurements of pathogen abundance
and host needle retention of infected stands were used to iter-
atively parameterize the functions describing GI. These mea-
surements were taken from mature stands of Douglas-fir
across 34 sites covering a wide environmental gradient in
New Zealand (see Fig. 2). The sampling methodology used to
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collect these data is fully described in Stone et al. (2007) and
briefly outlined below.

At each site, at least 10 trees were randomly selected to rep-
resent conditions typical of the site. Healthy P. menziesii ssp.
menziesii (coastal form Douglas-fir) typically retain needles on
the internodes produced during the past 4 years, whereas dis-
eased trees lose needles primarily in the older needle cohorts
(Hood et al., 1990; Hansen et al., 2000). Per cent foliage reten-
tion was visually estimated on secondary branches from the
fifth whorl below the apical shoot. The per cent foliage reten-
tion of each of the four internodes below the terminal bud,
that is, foliage aged from 1 to 4 years at the time of sampling
(current-year, newly emerged shoots were excluded), was esti-
mated and averaged for two branches per tree. All foliage
retention estimates were made by the same observer. Average
per cent foliage retention for the four foliage age classes were
summed by tree and then rescaled as a total percentage foliage
retention, Fye, for analyses.

Foliage samples were returned to the laboratory where the
2-year-old and 1-year-old internodes were separated, needles
removed from branchlets and pooled by age class. Following
detailed methods described previously (Stone ef al., 2007), a
colonization index (CI), was determined as the product of the
per cent of needles with visible pseudothecia (incidence,

A Swiss needle cast distribution
@ Swiss neadle cast provincial records
Growth index

1-5=

16-20
6-10 M-21-30 by vl
-5 31-40 P

Fig. 3 Map of Europe showing the distribution of growth index, Gl,, for regions with ecoclimatic index, EI, >0. Areas shown as white
are unsuitable (EI = 0) for the disease and host. Also shown is the distribution of Swiss needle cast, shown as point locations (solid tri-
angles) and provincial records (cross-hatched areas), in which at least one observation has been recorded.
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n = 50) and the average proportion of stomata occluded (pseu-
dothecial density, n = 10). CI was normalized (range from 0 to
1) by needle age, and mean normalized values for each site
were determined. These mean normalized values, referred to
hereafter as Clorm, Were used in all analyses.

Parameter fitting. Parameter values describing TI and MI
(Table 1) were iteratively adjusted, within biologically reason-
able limits, to most closely match predictions to measurements
(described in section above). After, each iteration predictions
of GI5 were extracted from CLIMEX and regressed against
observations of Cl,orm and Fr. Analyses were undertaken
using sas (SAS-Institute-Inc., 2000, Cary, NC, USA) using a lin-
ear model, with an intercept. GI were repeatedly changed
until the coefficient of determination between predictions and
observed values was maximized (R?).

Fitted GI from CLIMEX were significantly (P < 0.001)
related to both pathogen abundance and foliage retention in
New Zealand (Fig. 4). These relationships were linear,
accounting for 49% and 61%, respectively, of the variance in
Clhorm and Fye. Foliage retention was described as a function
of Cl,orm using the following equation:

Frer = 108.8 — 1.66GI,, (4)

where values of F, were constrained to between 0% and
100%.

This relationship shows that for GI, of between 1 and 5, the
pathogen will be present, but Cl,,o;m Will be sufficiently low
that there will be negligible foliage loss (i.e. disease) (Fig. 4).
As Gl, increases above 5, increases in Clnom (Fig. 4a) are
accompanied by concomitant reductions in F (Fig. 4b) that
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Fig. 4 Relationship between growth index, Gl,, extracted from
CLIMEX, and (a) normalized colonization index, Cl,orm, and (b)
foliage retention, Fy:. Lines shown fitted to the data include (a)
Cluorm = 0.087 + 0.0196 GI, (R®>=0.49; P <0.001) and (b)
Fret = 108.8-1.66 Gl (R? = 0.61; P < 0.001).

linearly decline from modelled values of 99% to 51%, across a
respective range in Gl of 6-35.

The GI parameters fitted to Clyorm and Fre (see Table 1)
indicate that pathogen growth sufficient to initiate disease
development starts at an interpolated weekly maximum air
temperature of 10 °C, increasing to a maximum between 20
and 21 °C, before declining and ceasing at 28 °C. Similarly,
development is sensitive to water availability (see Discussion
for explanation), with pathogen growth and disease develop-
ment starting at 11% and increasing to 80% of field capacity.
Maximum pathogen growth and disease development is opti-
mal from 80% to 150% of field capacity, before declining, and
ceasing at 170% of field capacity (Table 1).

Climate change scenarios. Using the parameterized model,
six climate scenarios were used to project potential distribu-
tion of Douglas-fir, pathogen abundance and disease severity
to the 2080s. These scenarios included the global climate mod-
els (GCMs), CSIRO Mark 3.0 (CSIRO, Australia), MIROC-H
(Centre for Climate Research, Japan) and NCAR-CCSM
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Fig. 5 Variation in the regional percentage area with (a) ecocli-
matic index (EI) > 0 and (b) predicted foliage retention (Fyet)

> 60%, under current (solid line, with crosses), and future
climate (symbols). As they represent the extremes, the NCAR
and MIROC models forced using the A2 emission scenarios, are
shown as filled green triangles, whereas the four other scenarios
are shown as filled red circles. Regions are sorted left to right in
order of increasing latitude. The dotted line represents the tran-
sition point from North Island regions (left) to South Island
regions (right).
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(National Centre for Atmospheric Research, USA) that were
forced using medium (A1B) and high (A2) greenhouse gas
emissions. Previous research has shown that CSIRO and MI-
ROC represent the lower and upper extremes in climate
change within New Zealand among a broader set of 12 GCMs
(Kirschbaum et al., 2010). These three GCMs were also
selected as they have relatively small horizontal grid spacing
and the requisite climatic variables at the monthly resolution
required by CLIMEX. The GCM data employed in this project
were drawn from the World Climate Research Programmes
Coupled Model Intercomparison Project phase 3 multi-model
dataset (Meehl ef al., 2007). Data from these GCMs were pat-
tern-scaled to develop individual change scenarios relative to
the base climatology (Whetton ef al., 2005). The three models
cover a range of climate sensitivity, defined as the amount of
global warming for a doubling of the atmospheric CO, con-
centration compared with 1990 levels. The respective sensitivi-
ties are: CSIRO Mark 3.0 (3.07 °C), NCAR-CCSM (2.70 °C)
and MIROC-H (4.30 °C).

Data analysis and model projections

Using the parameterized model, F,.; was projected within
New Zealand under both current climate and the six climate
change scenarios. Projections were constrained to areas where
the EI exceeded 0, as these regions are suitable for both host
and disease. Areas with a suitable climate (i.e. EI > 0) for the
host and disease under both current and future climate were
estimated using Regional Council administrative areas with
ArcGIS (Redlands, CA, USA).

The displayed projections of F.; under future climate were
limited to the three GCMs forced using the A1B emission sce-
nario, because there was less spatial variation between emis-
sion scenarios than between GCMs. Differences in Fpe
between current climate and each of the six climate change
scenarios were determined. These differences were spatially
displayed for the three A1B scenarios.

Approximately 90% of the current Douglas-fir plantations
in New Zealand occurred in areas where predicted F,e; under
current climate exceeds 60%. Consequently, we used a Fet of
60% as a threshold that demarcates areas suitable (F.o; > 60%)
and unsuitable (Fe¢ < 60%) for commercial plantings. Areas
with Fret > 60% were determined by region under both cur-
rent and future climate.

Results

Under current climate, the entire North Island was pro-
jected to be suitable for Douglas-fir and the pathogen.
With the exception of extremely high rainfall areas on
the West Coast of the South Island, all of the South
Island was projected to be suitable for the host and
pathogen (Figs 2 and 5a). All areas on the West Coast
in which Douglas-fir is grown, were projected to be
suitable (Fig. 2).

Although most of New Zealand was projected to be
suitable for the host and pathogen under current

© 2011 Blackwell Publishing Ltd, Global Change Biology, 17, 3608-3619
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climate, there was wide variability in disease impacts
as measured by foliage retention (Fig. 6a). Predictions
of mean F,; by region show an increase in foliage reten-
tion with increasing latitude (North to South), and
clearly highlighted the dichotomy between F in the
North and South Islands (Fig. 6a). In the North Island,
regional mean F,; ranged from 37% for Northland to
67% for Wellington, whereas in the South Island, mean
regional F. ranged from 68% for Nelson to 92% for
Otago. Regions with greater foliage retention in the
North Island were confined to high elevation regions in
either central or southern regions (Fig. 6a).

Areas with F,et > 60% increased with region latitude
from nil for Northland and Auckland to 100% in many
South Island regions (Fig. 5b). Approximately 90% of
current Douglas-fir plantations are located in areas
where F,; exceeds 60%, with the majority in the South
Island (76%) and a smaller area of plantations in the
central North Island (14%).

Effects of climate change on disease distribution and
foliage retention

Although the potential distribution of Douglas-fir
declines under all future climate scenarios (Fig. 6),
these reductions exhibit marked regional variability
within New Zealand. Changes in unsuitable area (as
described on Fig. 6 by white regions where EI = 0),
were most substantial in the North Island. When aver-
aged across all scenarios, proportional reductions in
suitable area declined with increasing region latitude,
from 93% in Northland to nil in Wellington (Figs 5a
and 6b-d). In the South Island, regional changes in
areas that were suitable were negligible and <4% for all
regions, apart from the West Coast, where average
reductions of 26% were predicted (Fig. 5a).

Regional mean changes in suitable areas mask con-
siderable variation between the six climate change sce-
narios. Variation between the underlying GCMs was
greater than that between the emission scenarios. Over
the North Island predicted reductions in suitable area
for CSIRO were 36% using the A2 (data not shown) and
37% using the AIB emission scenario (Fig. 6b); for
NCAR reductions were 47% using the A1B (Fig. 6d)
and 57% using the A2 emission scenario (data not
shown), whereas for MIROC, reductions were most
marked at 57% under the A1B (Fig. 6¢) and 64% under
the A2 emission scenario (data not shown).

Similarly, projected F,e; exhibited considerable varia-
tion between regions and climate change scenarios.
Compared with current climate, reductions in Fe
across all scenarios were greater in the North Island
than the South Island, with mean respective reductions
in Fret of 11.9% and 9.8% (Fig. 6f~h). Within the North
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Fig. 6 Spatial variation in foliage retention, Fy, for areas with ecoclimatic index (EI) > 0 under current (a, e) and future climate using
the CSIRO (b), MIROC (c) and NCAR (d) GCMs forced using the A1B emissions scenario. Areas shown as white are unsuitable (EI = 0)
for the disease or host. Also shown is spatial variation in differences in F,; between current climate and future climate for the CSIRO

(), MIROC (g) and NCAR (h) models. Areas shown as white are unsuitable for the disease or host.

Island, F,e reductions >15% were projected in coastal
areas in both the south and west, under NCAR and
MIROC (Fig. 5g and h). Losses in F, of <6% were
mainly projected at high altitude in the South Island
under all scenarios (Fig. 6f-h).

Most of the variation in F,.; between scenarios was
attributable to the GCM used. Compared with current
climate, losses in F,.; were least under the CSIRO model
(6.0% North Island; 7.5% South Island), intermediate
for MIROC (13.6% North Island; 10.8% South Island)
and highest for the NCAR model (16.1% North Island;
11.1% South Island). Less of the variation was attribut-
able to the emission scenario used, with the mean pro-
jected losses in F,; greater under the A2 than the A1B
emission scenarios within both the North (12.2% vs.
11.6%) and South Island (10.3% vs. 9.4%).

These variations in F,e also reflected changes in area
with Fe > 60%. Within the South Island, areas with
Fret > 60% changed very little from current climate,

with reductions in area ranging from 7% to 11%
between scenarios (Fig. 5b). However, in the North
Island there was substantial reduction in area with
Fret > 60% and a wide range in the magnitude of this
reduction between scenarios (Fig. 5b). Projected reduc-
tions in land area with F.. > 60% were lowest under
CSIRO at 40% using both the A1B (Fig. 6b) and A2
emission scenarios, intermediate for MIROC with
reductions of 74% under the A1B emission scenario
(Fig. 6d) and 82% under the A2 emission scenario, and
most marked for NCAR with projected reductions of
83% using the A1B emission scenario (Fig. 6¢c) and 87%
using the A2 emission scenario.

Discussion

The presented model demonstrates an integrated
method for predicting the effects of climate change on
an important natural and planted forest tree species.
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This approach has considerable utility as a method of
partitioning the direct and indirect effects (e.g. medi-
ated by diseases and insects) of climate change on the
potential distributions of dominant forest trees. Our
research shows that the indirect influences of climate
change mediated through disease are an important con-
sideration for planning location of future plantations.
For the example shown, direct impacts of climate
change on temperature and soil moisture markedly
reduce the biological range of Douglas-fir in the North
Island. The commercial range of Douglas-fir (as defined
here as areas with F,. > 60%) is then further limited,
within this delineated area, by the indirect impacts of
increasing disease severity. Under the least conserva-
tive climate change scenario (NCAR under the A2
emission scenario), projected reductions in the commer-
cial range of Douglas-fir suggest the North Island will
be largely unsuitable for the species by the end of this
century.

The strong relationship found here between the CLI-
MEX GI and both pathogen abundance and disease
severity accords broadly with previous research. Previ-
ous approaches have demonstrated CI to be most
strongly related to winter air temperature, spring rain-
fall and duration of leaf wetness over summer (Manter
et al., 2005; Stone et al., 2007). Needle retention has been
found to be strongly and negatively related to CI (Stone
et al., 2007). This relationship reflects the sensitivity of
foliage retention to these environmental drivers, with
foliage retention declining under warmer wet condi-
tions, as the CI increases (Manter et al., 2005; Stone
et al., 2007).

Growth index in CLIMEX includes similar explana-
tory variables, as it is derived from the combination of
air temperature and water balance. Within CLIMEX
neither precipitation nor leaf wetness are available as
direct outputs. Some researchers consider use of water
balance as a surrogate for leaf wetness a weakness, par-
ticularly for pathogens that require leaf wetness for
infection (e.g. Pivonia & Yang, 2004). However, it is
worth noting that satisfactory CLIMEX models for
foliar pathogens, in which leaf wetness is critical for
infection, have been previously developed (e.g. Yonow
et al., 2004). Leaves can be wetted by rain or dew,
which forms under high (>90%) relative humidity (Wal-
lin, 1963). At coarser temporal and spatial scales, suffi-
cient to describe the general climatic suitability for
establishment of a pathogen, relative humidity and pre-
cipitation are correlated (Chtioui et al., 1999; Thornton
et al., 2000).

Although environmental drivers of disease are simi-
lar to those used for modelling other pathosystems, the
underlying climatology and functions used for estimat-
ing foliage retention differs between CLIMEX and
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previous approaches. The CLIMEX model is formu-
lated using principles that accord with little known, but
powerful, longstanding ecological tenets: the Sprengel—-
Liebig Law of the Minimum (reviewed in van der Ploeg
et al., 1999) and Shelford’s Law of Tolerance (reviewed
in Shelford, 1963). This approach is more mechanistic
than previous methods that use multiple regression
models, and lends itself not only to properly portraying
potential geographical range but also to phenological
growth pattern. One limitation of the CLIMEX
approach is that the functions assume disease develop-
ment to be sensitive to meteorology over the entire
year, when in practice, often development is most con-
strained by meteorology over a defined seasonal time
period. Severity of Swiss needle cast has been previ-
ously shown to be most sensitive to winter air tempera-
ture and spring or summer rainfall. However, in
support of our approach, a comparison using the data-
set described here, shows the CLIMEX GI accounts for
more of the variance in foliage retention than empirical
models with these seasonally based monthly averages
(R?> = 0.61 vs. 0.47, data not shown). Although coeffi-
cient of determination should not be viewed as the ulti-
mate arbitrator of model performance, this comparison
does at least suggest the CLIMEX approach to be rea-
sonably robust for Swiss needle cast.

Estimation of foliage retention and pathogen abun-
dance from the same independent variables has a
sound basis for the pathogen studied here. Fruiting
bodies (pseudothecia) of P. gaeumannii physically
occlude the stomata of Douglas-fir needles, thereby
impairing gas exchange and photosynthesis (Manter
et al., 2003). The premature loss of foliage and resulting
growth reduction in Douglas-fir are thus directly
related to a decrease in CO, assimilation that in turn is
directly linked to the abundance of the pathogen (Man-
ter et al., 2003). This relationship has been convincingly
demonstrated in both Oregon and New Zealand using
the proportion of occluded stomata as a measure of
pathogen abundance and host needle retention to quan-
tify foliage loss (Hood & Kimberley, 2005; Stone et al.,
2007, 2008a). Given the strong relationship between
pathogen abundance and needle retention, it follows
that these variables will be sensitive to the same envi-
ronmental drivers.

As well as being correlated to pathogen abundance,
needle retention has been found to be the most impor-
tant determinant of reductions in tree volume (Maguire
et al., 2002). Consequently, our projections of foliage
retention under current climate broadly agree with pre-
vious research describing how the disease spatially
reduces Douglas-fir volume within New Zealand. Kim-
berley et al. (2011) demonstrated volume losses, attrib-
utable to increasing disease, increase with air
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temperature with average reductions of 34.6% in the
North Island and 22.9% in the South Island.

Given the relationship between foliage retention and
tree volume, it is not surprising that areas with foliage
retention >60% closely correspond to the commercial
range of Douglas-fir plantations in New Zealand. The
majority of Douglas-fir plantations (76%, 82 799 ha) are
located in the South Island, where all locations are pro-
jected to have Fi¢ > 60%. Similarly, the majority (57%)
of the North Island resource (26 682 ha), occurs at high
altitude, where F,; ranges from 60% to 90% under cur-
rent climate. In Auckland and Northland, where F,, is
<60%, stands cover only 32 ha or 0.029% of the total
New Zealand estate. Similarly, very little of the Doug-
las-fir resource is located in coastal areas in Gisborne,
Bay of Plenty and Waikato, in which F,e < 60.

Our results suggest that climate change is likely to
have the greatest impact on foliage retention and pro-
ductivity of Douglas-fir in the North Island. These
results agree with previous research that has projected
future disease severity using a more empirical model
(Watt et al., 2010). By 2090, reductions in F, are very
marked, and particularly within the North Island using
projections from the NCAR and MIROC models. Under
all six scenarios, areas with F. > 60% in the North
Island reduce by an average of 68% (range 40-87%).
Assuming the worst case scenario is good practice in
risk planning, and reasonably likely given recent
recorded global warming (Rahmstorf et al., 2007) and
the lack of political progress towards limitation of
greenhouse gases. Under this worse case scenario
(NCAR A2) most of the North Island is likely to be
unsuitable or at best marginal, for Douglas-fir by the
end of this century. Within the South Island, reductions
in F. attributable to increasing air temperature are
dampened, as the proportion of high elevation sites
with air temperature below the threshold for foliage
loss is greater than in the North Island. Apart from
coastal and low lying regions, large areas within the
South Island are projected to sustain relatively low lev-
els of disease, and remain suitable for Douglas-fir
under all scenarios. Global warming may also provide
some opportunity to extend the species range into
higher altitude South Island areas that were previously
unsuitable for Douglas-fir.

This case study illustrates the importance that high
impact pests could have on the future composition of
both planted and native forests. For tree species suited
to a particular climatic zone, the direct effects of chang-
ing climate (e.g. temperature and CO,) might be
expected to similarly influence growth of different tree
species. However, as insects and diseases are often host
specific, they are likely to differentially affect species
growth rates, and could thus have a major bearing on

future species composition. Our results show changes
in disease severity could markedly impact the suitabil-
ity of areas for plantation grown Douglas-fir. Similarly,
in native forests, the effects of climate change on popu-
lations of host-specific pathogens or insect pests could
affect interspecific competition and result in changes in
dominance and distribution. Thus, assuming sufficient
biological knowledge, the impact of pest and diseases
on forests under changing environmental conditions
should be an integral feature of climate change predic-
tion models.

The approach taken here has considerable potential
as a generic method of predicting pest impacts on long
lived, high value crop species under both current and
future climate. The method is particularly applicable to
diseases of plantation species that show sensitivity to
environment. Dothistroma needle blight, one of the
most damaging diseases of Pinus spp., may provide a
useful further case study. Severity of this disease has
been successfully modelled at broad scales across New
Zealand using air temperature, rainfall and relative
humidity (Watt et al. 2011). As with Swiss needle cast,
needle loss resulting from Dothistroma needle blight is
strongly related to reduction in volume growth (van
der Pas, 1981).

The key advance of the approach outlined here is that
spatial variation in disease impacts are constrained to
areas that are modelled as being suitable for both the
host and pest. Using this method, there is a require-
ment for high quality data describing a symptom of dis-
ease severity that directly impacts the host and is
sensitive to climate. Although this requirement is rela-
tively demanding, results shown here demonstrate the
importance of integrating biotic factors into models that
describe the impacts of climate change on plantation
species distribution. Failure to do so could result in pre-
dictions that do not adequately represent future planta-
tion growth and distribution.
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disease or host. Also shown is the distribution of Swiss nee-
dle cast, shown as point locations (red circles) and provin-
cial records (cross-hatched areas), in which at least one
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