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Abstract. Phaeocryptopus gaeumannii, the causal agent of Swiss needle cast disease, is widely distributed throughout
New Zealand, where the disease may cause significant growth losses in Douglas-fir (Pseudotsuga menziesii) plantations.
In western Oregon, where the pathogen is native, pathogen abundance and disease severity are correlated with mean
daily winter temperatures and spring moisture, enabling the development of climate-based disease prediction models. The
distribution of P. gaeumannii and severity of Swiss needle cast was surveyed in 16 Douglas-fir plantations throughout
New Zealand in 2005. Retention of foliage was assessed in the field and samples of 1- and 2-year-old needles were collected
for assessment of P. gaeumannii abundance. Foliage retention and abundance of P. gaeumannii varied across sites. Less
colonisation by P. gaeumannii and greater needle retention was found in the South Island. Abundance of P. gaeumannii was
found to be positively correlated with August minimum temperature and June average temperature, and showed a similar
relationship to winter temperature as observed in western Oregon. These data will be used to derive a disease prediction
model for Swiss needle cast in New Zealand that can be used to guide further research and provide short- and long-term
disease risk predictions and cost/benefit analyses.

Additional keywords: Mycosphaerella, Pseudotsuga menziesii.

Introduction

Phaeocryptopus gaeumannii is a foliage-infecting ascomycete
that occurs naturally in indigenous Douglas-fir (Pseudotsuga
menziesii) in western North America. However, the fungus was
initially discovered and described from diseased Douglas-fir
plantations 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, a condition known as Swiss needle cast
(Boyce 1940). Molecular phylogenetic studies have shown that
the fungus that causes Swiss needle cast is unrelated to the type
of the genus Phaeocryptopus and should instead be classified
in the genus Mycosphaerella (Winton et al. 2007). Although
a nomenclatural change based on these findings is anticipated,
in the present paper the name P. gaeumannii, which is well
established in the literature, will be used for the causal agent
of Swiss needle cast.

Since the discovery of the fungus in Europe, it has been
subsequently reported from many parts of the world, and Swiss
needle cast has been a serious concern wherever Douglas-fir
is cultivated as a forestry species outside of its native range in
western North America. Over the past 60 years, outbreaks of
Swiss needle cast in forest plantations have occurred in Europe

and the British Isles (Boyce 1940; Peace 1962), the north-eastern
USA (Morton and Patton 1970), Turkey (Temel et al. 2003),
Australia (Marks et al. 1982) and New Zealand (Beekhuis 1978;
Hood et al. 1990). The fungus does not sporulate on dead
needles, is not seedborne, and Douglas-fir, including ‘bigcone’
Douglas-fir (P. macrocarpa) in New Zealand (Gadgil 2005),
is its only host (Stone et al. 2007). However, it can occur as
inconspicuous or endophytic infections in living foliage (Hood
1982). Because P. gaeumannii does not persist or sporulate
saprophytically, it may have become distributed worldwide
through movement of infected Douglas-fir nursery stock.

P. gaeumannii was first found in stands of Douglas-fir in
New Zealand near Taupo in 1959 (Gilmour 1966), and is
now considered established throughout the country. The present
distribution of P. gaeumannii in New Zealand is thought to have
originated from a single initial introduction in the central North
Island, from which it gradually spread throughout the country
(Hood et al. 1990). The fungus was first detected in the northern
South Island in 1969 (Hood and Kershaw 1975), and in the
southern South Island by the mid 1980s (Hood et al. 1990).
Subsequent impacts of the disease have been estimated as an
overall reduction in stand volume growth of ∼20% (Knowles
et al. 2001).
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Greater local abundance of P. gaeumannii in Europe (Merkle
1951; Durrieu 1957) and western North America (Hood 1982;
Hansen et al. 2000) has been associated with areas having
higher rainfall, particularly during late spring, and the high
incidence of infection observed in North Island Douglas-fir
plantations was attributed to the comparatively high spring
rainfall in New Zealand (Hood 1982). However, knowledge
remains limited on the spatial distribution of the disease in
relation to regional climate, altitude, site variation and latitude.
Observation suggests that in some parts of New Zealand,
Douglas-fir may still be grown with minimal disease impact and
acceptable growth rates.

The pathogen has long been present at endemic levels in
western North America, where, until recently, it has been
considered an insignificant threat to forest health (Boyce 1940;
Peace 1962; Hood 1982). However, an unusually severe and
persistent outbreak of Swiss needle cast has been affecting
Douglas-fir plantations in western Oregon since the mid 1990s
(Hansen et al. 2000). The disease currently affects ∼150 000 ha
of Douglas-fir plantations along the western flank of the Oregon
Coast Range (Kanaskie et al. 2005) resulting in volume growth
losses of 15–50%, depending on disease severity (Maguire et al.
2002). The relatively abrupt appearance of Swiss needle cast
in Oregon has puzzled pathologists because P. gaeumannii had
not previously been associated with severe disease in forest
plantations. Research carried out in the Oregon Coast Range to
investigate factors influencing disease distribution demonstrated
that ∼80% of the spatial variation in disease severity in 1-
and 2-year-old foliage, as measured by the proportion of
stomata occluded by pseudothecia, could be explained by two
climate variables, winter mean daily temperature and spring
cumulative leaf wetness (Manter et al. 2005). This work led
to the development of a disease prediction model based on

winter temperature alone. Subsequent research has supported
the conclusion that winter temperature and spring moisture are
useful factors for predicting both annual and longer term trends
in spatial distribution of Swiss needle cast in western Oregon
(Stone and Coop 2006).

In 2005, research was initiated to develop a climate-
based disease prediction model for New Zealand Douglas-fir
plantations in order to identify regions where the disease is less
severe and where Douglas-fir may become a preferred forestry
crop. The potential effect of host genetic variation was controlled
by limiting the sampling to three seedlots included in two 1996-
planted New Zealand Douglas-fir Research Cooperative trials
situated at eight South Island and two North Island locations.
However, it was necessary to supplement these with additional
stands to ensure a full range of latitudinal and altitudinal
variation. Defoliation was assessed in the field on a sample of
trees at each site and foliage samples were collected for later
estimation of colonisation by P. gaeumannii in the laboratory.
The objectives of this study were to characterise the spatial
variation in disease severity and P. gaeumannii abundance in
New Zealand, and to determine whether the same climate factors
that are correlated with spatial variation in disease severity
in western North America are also correlated with disease
distribution in New Zealand.

Methods
Study sites
Sampling was undertaken over 7 weeks between 20 October
and 20 December 2005 during the peak sporulation period of
P. gaeumannii (Hood and Kershaw 1975). Foliage retention and
P. gaeumannii colonisation assessments were made at a total of
16 Douglas-fir plantations selected to represent a wide range
in mean annual temperature and annual rainfall (Table 1). Ten

Table 1. Site level description of location, altitude, annual rainfall and average June temperature
determined both from long-term averages, and data for June 2004

SiteA Latitude Longitude Altitude Annual Average June temp.B

(◦S) (◦E) (m) rainfall Long-term 2004
(mm) (◦C) (◦C)

Manuka Awa 46.1 169.8 225 819 4.5 5.7
Beaumont 45.9 169.5 495 1005 3.7 5.1
Gowan Hills-SS 45.9 168.0 570 1811 2.9 3.8
Gowan Hills-P 45.9 168.1 300 1084 4.1 5.1
Waipori 45.9 169.9 435 905 3.7 6.8
Hanmer 42.6 172.9 420 1179 4.2 7.1
Golden Downs-SS 41.5 172.7 390 1719 4.8 6.3
Golden Downs-P 41.5 172.8 390 1441 4.9 6.8
Karioi 39.4 175.6 795 1388 4.7 5.5
Puketitiri 39.3 176.5 810 2045 5.4 7.6
Te Waka 39.2 176.6 780 2128 5.6 7.1
Putorino 39.1 176.9 285 1501 8.5 9.3
South Kaingaroa 38.9 176.3 780 1625 4.6 6.7
Tauhara 38.7 176.2 480 1314 6.3 7.7
Kaingaroa 38.3 176.8 240 1471 7.4 9.2
Wairangi 38.1 177.9 720 2085 6.6 7.5

ASites designated ‘SS’ correspond to seed source trial sites, those designated ‘P’ correspond to progeny
trial sites shown in Fig. 1.
BTemperature was determined using temporally and spatially splined values.
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sites were 9-year-old progeny trial sites in which seed sources
were either arranged in a randomised complete block design
(four sites designated as ‘P’, Fig. 1; Table 2) or in uniform
groups of the same seed source (six sites designated ‘SS’, Fig. 1;
Table 2, (G. Stovold, unpubl. data). An additional six sites were
stands of similar age and stand density, but mostly of unknown
provenance. Eight sites were located in the North Island and
eight were located in the South Island (Fig. 1; Table 2).

In the progeny and seed source trial stands, 20 trees were
arbitrarily selected from each of three New Zealand seedlots
(900, 904, 906) for foliage retention assessments and foliage
sampling at each site. At each of the other locations, 20 trees
were arbitrarily selected for sampling. The specified seedlots
were derived from parent trees grown in New Zealand whose
original provenances were: Fort Bragg, CA (900), Florence,
OR (904) and western WA (906) in the USA. Seedlot 900 is

widely planted in young (<20-year-old) Douglas-fir plantations
in New Zealand, and was also represented in the southern
Kaingaroa site.

Foliage retention
Foliage retention was assessed in the field by the same person at
all sites. For each tree, two secondary branches subtended at the
4th (basal) node on the primary-axis of one 5th-whorl primary
branch were cut with a pole pruner. Foliage retention was visually
estimated using a 0–9 (0 = <10% of needles attached, 9 = >90%
of needles attached) scale for each of the four internodes (shoots
produced in each of the years 2001–2004). A foliage retention
index (FI ), the sum of the retention scores for all four internodes
of each branch was used as a response variable for comparing
foliage retention among sites and seed sources. Foliage retention
for the Manuka Awa site was not included in the foliage retention
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Table 2. Comparison of foliage retention by needle cohort (year produced) among sites

SiteA Foliage retention indexB

2004 2003 2002 2001 Sum GroupC

Karioi 9.0 9.0 9.0 6.8 33.8 A
Hanmer-SS 9.0 9.0 8.9 6.0 33.0 A
Gowan Hills-SS 9.0 9.0 8.8 4.5 31.2 AB
Golden Downs-P 9.0 9.0 8.7 4.7 31.4 AB
Gowan Hills-P 9.0 9.0 8.5 4.0 30.1 CD
Golden Downs-SS 9.0 9.0 8.4 3.5 30.0 CD
Beaumont-SS 9.0 9.0 8.1 2.7 28.8 D
Kaingaroa-P 9.0 9.0 8.1 0 26.1 E
Waipori-SS 9.0 9.0 7.7 0.4 26.1 E
Tauhara-SS 9.0 9.0 5.5 1.6 25.1 E
S Kaingaroa 9.0 8.7 4.0 0.1 21.8 F
Putorino 8.8 8.8 3.5 0 21.1 F
Wairangi 9.0 8.4 1.6 0 19.0 FG
Puketitiri 9.0 7.8 0.7 0 17.5 G
Te Waka 9.0 8.0 0.1 0 17.1 G

ASites designated ‘SS’ correspond to seed source trial sites, those designated ‘P’ correspond to
progeny trial sites shown in Fig. 1. Manuka Awa site is not included here because trees were
planted more densely than the other sites, possibly affecting foliage retention.
BFoliage retention index (FI ) 0–9 scale where 0 = <10% of needles attached, 9 = >90%
of needles attached, i.e. FI = 9.0 indicates the full complement of needles retained for a needle
cohort. Means of 20 trees per site.
CMultiple range test Fisher’s LSD. Different letters indicate statistically significant (P = 0.05)
differences among sites.

analysis because trees at that site were planted more densely
than the other sites, resulting in more self-shading. A sample
of four to six tertiary shoots bearing 2003- and 2004-produced
internodes was collected from the same basal secondary branch
on each tree and sealed in a labelled polythene bag (one bag per
tree). Samples were held at 4◦C until processed in the laboratory
within 2 weeks of collection.

P. gaeumannii abundance
Foliage samples were returned to the laboratory where the 2003
and 2004 internodes were separated, the needles were removed
from branchlets and then pooled by age class. A sample of
50 needles for each age class (2003 and 2004 cohorts) per
tree was randomly drawn, needles affixed with the abaxial
surface facing upwards to a labelled index card with double
sided adhesive tape, and the cards stored frozen (−20◦C) until
examined.

To estimate abundance of P. gaeumannii each 50-needle
sample was examined under a binocular dissecting microscope at
40× to determine the proportion of needles bearing pseudothecia
(incidence of infection). The first 10 needles on each card with
pseudothecia present were then used to determine the proportion
of stomata occluded by pseudothecia (pseudothecial density).
The needles were examined under a dissecting microscope fitted
with a counting grid and the proportion of stomata occluded by
pseudothecia in three 2.6 × 0.26-mm segments (base, middle,
tip) of each of the 10 needles was determined and averaged.
A colonisation index (CI), the product of the percent of needles
with visible pseudothecia (incidence, n = 50) and the average
proportion of stomata occluded (pseudothecial density, n = 10)
was used as a response variable for comparisons of disease
severity among sites and seed sources.

Statistical analyses and modelling
Statistical analyses of differences in FI and CI with site and
seed source as independent variables were carried out using
PROC mixed with Fisher’s LSD multiple comparison procedure
(SAS Version 8, The SAS Institute, Cary, NC). The impact
of seed source on the relationship between FI and CI was
examined by a mixed model using data from the subset of sites
where all three seed sources (900, 904, 906) were present. Two
separate analyses related FI to CI present in 1- and 2-year-old
foliage, respectively. ANCOVA was used to determine if slopes
or intercepts for these two relationships differed between seed
source. Because no significant differences were found, further
analyses were conducted on the complete dataset using site level
CI and FI averaged across all seed sources.

CI was correlated with a comprehensive range of climatic
variables to identify the main environmental influences on
distribution of P. gaeumannii. All meteorological data used
were long-term monthly averages obtained from thin-plate spline
surfaces (Hutchinson and Gessler 1994) fitted to meteorological
station data (Leathwick and Stephens 1998). CI was normalised
by age class, and then averaged to provide a site average,
which was unbiased, with respect to needle age class. These
average site values of CI were then regressed against long-term
average rainfall, windspeed, solar radiation, relative humidity,
evaporation, and minimum, average and maximum temperature.
In addition to the monthly averages, seasonal and annual
averages were determined for each variable and used in the
analyses.

Two multiple regression models were constructed using
these variables to predict CI. Initially, data from all sites were
included in the model. To ensure that loss of heavily colonised
needles did not bias CI, and consequently relations between CI
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and environmental data, a second multiple regression model was
constructed that excluded data points from 2-year-old needles
(2003 cohort) having a retention score of less than nine. Although
the data for the 2-year-old needles were excluded for some sites,
the overall normalised site value, using CI for the 1-year-old
needles was retained, because the retention score for 1-year-old
needles (2004 cohort) was never less than nine and the strong
correlation observed between CI in 1- and 2-year-old needles
(R2 = 0.78; P = 0.0002) suggested that CI for the younger
needle age class would provide a useful index for the site. In
both multiple regression models, variables were sequentially
introduced into the model using the forward selection
procedure and retained if inclusion significantly improved
the model.

Results

Seed source was not a significant factor in the ANOVA
(P = 0.08) when foliage retention was compared by seed source
for the nine sites where all three seed sources were represented.
Consequently, data for the three seed sources were combined
for comparisons of foliage retention among sites. Variation in
foliage retention across sites was highly significant (P < 0.0001).
Needle retention varied from ∼3.7 years at the sites with the
least disease to ∼1.8 years at the most severely diseased sites
(Table 2). The entire complement of 2004 needles was retained
at all sites, with the effect of disease severity being reflected in
partial or complete losses of the 2001, 2002, and 2003 needle
cohorts. Severe disease resulted in complete loss of the 2001
cohort at four sites (Puketitiri, Putorino, Te Waka, Wairangi) in
the Hawkes Bay region of the eastern North Island, with near
elimination of the 2002 cohort at two of these sites (Puketitiri

and Te Waka, Table 2). Greatest retention of older foliage was
shown by trees at Golden Downs, Hanmer and Gowan Hills sites
in the South Island, and at Karioi in the central North Island
(Table 2).

P. gaeumannii was present at all 16 sites sampled. The
abundance of P. gaeumannii pseudothecia on 1-year-old and 2-
year-old needle cohorts varied among sites. Seed source was
not a significant factor in the ANOVA (P = 0.39 and 0.10 for 1-
and 2-year-old needles, respectively) when CI was compared
by seed source for all sites where three seed sources were
sampled. Therefore, data for all three seed sources were pooled
for comparisons among sites for all other analyses. The greatest
colonisation levels were found in sites in the Hawkes Bay region
and central North Island. The greatest colonisation of 1-year-old
(2004) needles, ∼15% of stomates occupied by P. gaeumannii
ascocarps, was found at Putorino. About 34% of the stomates
of 2-year-old (2003) needles were occupied in the Kaingaroa
sample, which also had the greatest overall colonisation for both
needle cohorts (Table 3). The higher altitude Karioi site in the
central North Island, however, had relatively low colonisation
levels, as did the majority of sites in the South Island. The least
colonisation was found at Hanmer and sites in the southern South
Island, Gowan Hills and Manuka Awa, which had fewer than 1%
of stomates of 2-year-old needles occluded by P. gauemannii
(Fig. 1; Table 3).

For the subset of sites where all seed sources were present
FI summed across all needle age classes exhibited a significant
negative relationship with CI in both 1- (P = 0.01) and 2-year-old
(P = 0.02) foliage. ANCOVA indicated that seed source did not
affect either the slope or intercepts for these two relationships (all
P > 0.73). As seed source did not affect the relationship between

Table 3. Comparison of colonisation index for the 1-year-old (2004), 2-year-old (2003)
and sum of both age classes

SiteA Colonisation indexB

2004 GroupC 2003 GroupC Sum GroupC

Hanmer-SS 0.03C A 0.37 A 0.40 A
Gowan Hills-SS 0.09 A 0.15 A 0.25 A
Manuka Awa-P 0.67 AB 0.36 A 1.03 A
Gowan Hills-P 1.39 AB 0.51 A 1.95 A
Karioi 0.47 AB 7.71 B 8.18 B
Golden Downs-P 1.71 AB 11.64 BC 13.30 BC
Beaumont-SS 3.77 CD 10.20 B 13.96 BC
Golden Downs-SS 2.22 BC 13.94 CD 15.97 C
Waipori-SS 5.63 E 10.67 BC 16.29 C
Puketitiri 6.71 EF 19.87 DE 25.08 DE
S Kaingaroa 5.01 DE 25.96 FG 30.98 EF
Wairangi 11.18 H 20.23 EF 31.40 EF
Tauhara-SS 10.28 GH 24.04 F 34.32 FG
Putorino 14.53 I 23.08 EF 37.61 FGH
Te Waka 8.15 FG 30.90 GH 39.05 GH
Kaingaroa-P 9.66 GH 33.52 H 43.18 H

ASites designated ‘SS’ correspond to seed source trial sites, those designated ‘P’ correspond to
progeny trial sites shown in Fig. 1.
BThe product of the percent of needles with visible pseudothecia (incidence, n = 50) and the
average proportion of stomata occluded (pseudothecial density, n = 10). Means of 20 sampled
trees per site for 2004 and 2003 needle cohorts.
CFisher’s LSD multiple range test. Different letters indicate statistically significant (P = 0.05)
differences among sites.
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FI and CI, further analyses across sites used values averaged
across all seed sources. Across all sites FI was negatively
correlated (Fig. 2) with CI for both 1- (P = 0.0007, R2 = 0.60)
and 2-year-old needles (P = 0.001, R2 = 0.57).

Univariate relationships showed that CI was most strongly
related to minimum temperature during August, Tm aug,
(P < 0.0001, R2 = 0.71), and average temperature during June,
Tav june (P < 0.0001, R2 = 0.70). Both these variables exhibited
positive relationships with CI. Using multiple regression the
best model of CI included only Tm aug (P < 0.0001, R2 = 0.71).
Separating data by year, Tm aug was more strongly correlated
(Fig. 3) to CI in 1-year-old (R2 = 0.82), rather than 2-year-old
needles (R2 = 0.49). Further examination of the relationship in
the 2-year-old needles indicated that the low correlation was at
least partially attributable to overprediction of CI on two of the
five sites where the retention score for the 2003 needle cohort
was less than nine (see open circles Fig. 3b).

Deletion of CI values for sites having 2003 needle cohort
retention scores less than nine altered variable selection

Colonisation index
0 4 8 12 16

F
ol

ia
ge

 r
et

en
tio

n
F

ol
ia

ge
 r

et
en

tio
n

16

20

24

28

32

36 (a)

Colonisation index

0 10 20 30 40
16

20

24

28

32

36 (b)

Fig. 2. Relationship between foliage retention (FI = sum of foliage
retention score of 0–9 for four needle cohorts, 2001–2004, see Table 1)
and colonisation index [CI = product of the percent of needles with visible
pseudothecia (incidence) and the average proportion of stomata occluded
(pseudothecial density)] for (a) 1-year old (P < 0.0007, R2 = 0.60) and
(b) 2-year-old (P < 0.001, R2 = 0.57) foliage.

very little, but did improve the overall strength of the
relationship for the combined dataset, and for the 2-year-
old needles. For this modified dataset, CI exhibited the
strongest univariate relationships with Tav june (P < 0.0001,
R2 = 0.82) and Tm aug (P < 0.0001, R2 = 0.81). All monthly
average minimum temperatures and five of the 12 monthly
average temperatures exhibited strong (R2 > 0.6) correlations
with CI (Fig. 4). For variables other than temperature, moderately
strong (R2 = 0.40–0.51) univariate relationships were also found
between CI and several monthly solar radiation averages, of
which the strongest positive relationship occurred during June
(P = 0.002, R2 = 0.51). Rainfall, relative humidity, evaporation,
and windspeed were only weakly correlated with CI.

The final multiple regression model was derived using the
modified dataset of CI values having corresponding foliage
retention scores = 9, and included only Tav june (P < 0.0001,
R2 = 0.82). No other variables were significant in this model
at P = 0.05. By age class, Tav june was equally correlated (Fig. 5)
to CI in 1- and 2-year-old needles (R2 = 0.75). The relationships
for 1- and 2-year-old foliage were: CI = −8.56 + 2.68 T av june

(1-year-old needles) and CI = −24.06 + 7.44 Tav june (2-year-old
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Fig. 3. Relationship between colonisation index (CI) and minimum
temperature during August for (a) 1-year-old needles (R2 = 0.82) and (b) 2-
year-old needles (R2 = 0.49). In (b), sites for which FI for the 2003 (2-year-
old) needle cohort is <9 are shown as open circles, whereas those with a FI
of 9 are shown as closed circles.
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Fig. 5. Relationship between colonisation index (CI) and average
temperature during June for (a) 1-year-old needles (R2 = 0.75) and
(b) 2-year-old needles (R2 = 0.75).

needles). For both age classes of needles, plots of predicted
values against actual values of CI exhibited little apparent bias
(Fig. 6).
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Discussion

P. gaeumannii is widespread throughout New Zealand, but
severity of Swiss needle cast disease varies with environmental
conditions that influence infection and colonisation by the
pathogen, as has been reported for western Oregon (Manter
et al. 2005). Ascospores of P. gaeumannii are released in
the early summer, and most infection occurs in current-year
needles during the first few weeks of shoot emergence (Hood
and Kershaw 1975; Stone et al. 2007). Rainfall during the
infection period facilitates ascospore dispersal, and free
moisture on needles provides favourable conditions for spore
germination and initial infection (Stone et al. 2007). Patterns
of precipitation during the infection period have long been
recognised as a factor associated with regional variation in
abundance of P. gaeumannii (e.g. Hood 1982; McDermott
and Robinson 1989). Winter temperature also has been
identified as a factor positively correlated with spatial variation
in abundance of P. gaeumannii in western Oregon. This is
presumably due to its limiting effect on the rate of colonisation
of needles and development of P. gaeumannii following
infection (Manter et al. 2005). Spring rainfall accounted for
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less of the spatial variation in P. gaeumannii abundance in the
model than winter temperature because in western Oregon,
as in much of New Zealand, spring rainfall typically occurs
in abundance.

The relationships found here between average temperature
during June and CI showed considerable similarity with those
found between CI and average temperature during winter
(December–February) by Manter et al. (2005) in Oregon. The
relationships found between CI and winter temperature in
New Zealand and Oregon have been plotted together in Fig. 7.
Using data obtained from this study, estimates of CI using either
average June temperatures or average winter temperatures show
no discernable difference. Equations developed from Oregon
data predict lower and higher values of CI in the 1-year-old and
2-year-old needles, respectively, at lower temperatures than the
equations developed in this study. However, there is convergence
for estimates from the two models in both needle age classes at
higher temperatures.
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Fig. 7. Predicted colonisation index (CI) against average temperature
during either June or winter (June–August) for (a) 1-year-old and (b) 2-
year-old foliage. CI is shown as a function of average temperature during
June (thick solid line) and average winter temperature (thin solid line),
using predictive equations developed in this study. For comparison the
relationship between CI and average temperature during winter, developed
by Manter et al. (2005) for the Oregon Coast Range is also shown as a dotted
line. In panel (b) the two solid lines are overlapping and, therefore, visible as
a single line.

The spatial distribution of abundance of P. gaeumannii and
defoliation due to Swiss needle cast disease in New Zealand
conforms very well with predictions based on long-term winter
temperature patterns. In general, greater colonisation and less
foliage retention were found in sites characterised by warmer
winter temperatures in the central and eastern North Island. The
Karioi site in the central North Island is a higher elevation site
(about 800 m), characterised by much colder winter temperatures
than the other North Island sites. This site had colonisation
levels and needle retention more comparable to sites in the
South Island. Winter temperature was significantly positively
correlated with abundance of P. gaeumannii for both 1- and
2-year-old foliage, as has been reported for western Oregon
(Manter et al. 2005). To ensure that long-term averages were
representative of conditions over the study period, additional
analyses were undertaken using actual meteorological data.
These analyses confirm results presented from long-term
averages and show that the strongest environmental determinant
of P. gaeumannii was minimum temperature during June 2004
for both the 2003 (R2 = 0.86; P < 0.0001) and 2004 (R2 = 0.84;
P < 0.0001) foliage.

Developing ascocarps of P. gaeumannii completely block
stomatal openings, thereby rendering the stoma non-functional.
Occlusion of the stomata by pseudothecia of P. gaeumannii
impedes gas exchange and regulation of transpiration, causing
impaired photosynthetic activity, and is considered the primary
mechanism of pathogenicity (Manter et al. 2000, 2003).
Estimates of the effect of P. gaeumannii on CO2 assimilation
indicate that occlusion of ∼25% of stomata results in
overall negative needle carbon budgets, i.e. respiration exceeds
assimilation, on an annual basis (Manter et al. 2003).
Because the physiological effects of the disease (impaired CO2

uptake and photosynthesis) are quantitatively related to the
abundance of the pathogen (proportion of stomata occluded
by ascocarps), ascocarp abundance is an appropriate and easily
measured quantitative response variable for assessing effects of
environmental factors on disease.

Incidence of infection frequently approaches 100% in 1-
and 2-year old foliage where disease is moderate to severe.
Therefore, CI was used as a response variable to provide a
greater range of values for comparing P. gauemannii abundance.
Although a maximum of 100% pseudothecial density (every
stomate on a needle occluded) is theoretically possible, needles
are usually shed well before 100% of stomata are occluded.
Foliage abscission occurs when needles switch from being
carbon sources to carbon sinks (Cannell and Morgan 1990),
usually before more than half the needle stomata are occluded,
because of the effect on stomatal conductance and CO2

fixation reducing needle carbon budgets (Manter et al. 2003).
The greatest proportion of occluded stomata observed on
attached needles where disease is most severe is seldom above
50% (Hansen et al. 2000). The upper limit for CI, therefore,
is also ∼50.

Because the most heavily colonised needles are likely to
be shed earlier than less heavily colonised needles, multiple
regression relationships were examined using both the complete
dataset, including all values of CI, and with 2003 cohort CI
values deleted for the five sites where less than 90% of the 2003
needle cohort remained attached. The rationale for the second
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analysis was that premature loss of heavily colonised needles
could lead to disparities between predicted and observed values
of CI. This was done only if the entire 2003 needle cohort was
not present. Deletion of the five CI values did not affect variable
selection, but resulted in improved fit of the combined (2003 and
2004) and 2003 cohort models.

Less foliage in the crown results in smaller annual growth
increments, and reduction in volume growth (Maguire et al.
2002). The abundance of pseudothecia should, therefore, be
correlated with the principal symptom of Swiss needle cast,
premature needle abscission, because of the effect on CO2

assimilation. Abundance of P. gaeumannii pseudothecia in 1-
and 2-year-old needles is a measure of total disease pressure
for a site (Manter et al. 2005), and was significantly negatively
correlated with foliage retention in New Zealand. General
trends of foliage retention reflected differences in P. gaeumannii
abundance, with the greatest foliage retention occurring at
South Island sites, with the exception of the Karioi site in the
North Island.

Abundance of P. gaeumannii pseudothecia, however, only
accounted for ∼60% (1-year-old needles) and 57% (2-year-
old needles) of the variation in needle retention across sites.
The absence of a stronger relationship between P. gaeumannii
abundance and needle retention may be attributable to several
factors. First, in the case of 2-year-old foliage, the most heavily
colonised needles are abscised before less heavily colonised
needles in the same cohort, which could result in underestimation
of disease in the sites with greater disease pressure. This may,
in part, account for the smaller R2 for 2-year-old foliage CI
cf. needle retention. Second, considerable variation has been
observed between individual trees and between tree families
with respect to amount of defoliation caused by a given level
of P. gaeumannii colonisation. Variation in needle retention
under increasing disease pressure has been reported for coastal
Douglas-fir provenances in New Zealand (Hood and Kimberley
2005) and the USA (Temel et al. 2004).

Although seed source was not found to be a significant
factor explaining variation in foliage retention in this study,
the P value for the effect of seed source, 0.08, suggests that
with a wider selection of seed sources or more extensive
sampling, seed source could be significantly related to foliage
retention. Studies by Temel et al. (2003) have shown that
needle retention varies across a broad sampling of coastal
Douglas-fir provenances in relation to Swiss needle cast severity.
Alternatively, P values for the relationship between seed source
and P. gaeumannii abundance were not borderline. The effect
of seed source was statistically insignificant in accounting for
variation in P. gaeumannii colonisation. This agrees with the
finding by Temel et al. (2004) that although heritable variation
among Douglas-fir provenances and families exists as regards
needle retention in the presence of P. gaeumannii infection,
there is no detectable variation with respect to susceptibility
to infection and colonisation in the coastal form of Douglas-
fir (P. menziesii var. menziesii). However, others (Hood 1982;
McDermott and Robinson 1989; Hood et al. 1990) have
reported inherent differences in incidence of P. gaeumannii
infection between interior (P. menziesii var. glauca) and coastal
forms of Douglas-fir. Differences in foliage retention among
coastal form Douglas-fir provenances have been interpreted

as reflecting genetic variation in disease tolerance rather than
disease resistance (Temel et al. 2004; Hood and Kimberley
2005). Differences in disease tolerance between provenances
may be undetectable under severe disease, even for seed sources
that display variation in disease tolerance under moderate disease
pressure (Kastner et al. 2001).

The potential effect of pathogen genetic variation on disease
severity in New Zealand is unknown. The population of
P. gaeumannii in western North America has been found to
comprise two distinct, non-recombining, sympatric lineages,
i.e. two cryptic species (Winton et al. 2006). Both lineages are
present within the Swiss needle cast epidemic area along the
northern Oregon coast, and the relative abundance of one of the
lineages, currently designated Lineage 2, has been associated
with more severe disease symptoms (Winton et al. 2006). It
is unknown at this time how much variation exists in the
pathogen population with respect to virulence and whether this
is an important factor in epidemiology of Swiss needle cast. A
preliminary sampling of P. gaeumannii from one location in each
of the North and South Islands of New Zealand found only one
of the lineages, Lineage 1. This lineage was also the only lineage
found in samples from Europe and eastern North America
(Winton et al. 2006). However, based on microsatellite allele
frequencies, the North Island population grouped with a different
North American population than the South Island population,
suggesting at least two introduction events (L. M. Winton
and J. K. Stone, unpubl. data). A more intensive sampling
of P. gaeumannii genotypes from New Zealand is in progress
to characterise the variability within the population and to
determine whether multiple introductions of P. gaeumannii have
occurred.

The results of this study suggest that variation in Swiss needle
cast severity in New Zealand is being influenced by similar
climate factors as those identified for the disease in western
Oregon. The apparent sensitivity of P. gaeumannii to relatively
small differences in winter temperature helps to explain patterns
of spatial variation in Swiss needle cast severity, and furthermore
suggests that patterns of disease distribution are being influenced
by longer term climate trends. A change of +1◦C average winter
temperature corresponds to an increase of ∼4 and 15% CI in 1-
and 2-year-old needles, respectively, in the equilibrium winter
temperature model of Manter et al. (2005). In comparison, the
New Zealand model suggests a change of +1◦C in the average
temperature for June increases CI by 2.7 and 7.44% in 1- and
2-year-old needles, respectively. A goal of ongoing research is to
refine and further test the disease prediction model to investigate
interactions between climate and Swiss needle cast. An improved
disease prediction model will be designed to incorporate long-
term climate forecasts to enable site-specific short- and long-
term disease risk predictions, growth impact predictions, and
incorporate climate change models to allow examination of
disease development trends under different climate scenarios.
An ultimate goal is to produce a GIS-linked spatial disease
prediction model for New Zealand for use as a management
tool for foresters.
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