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Abstract

Background: Red needle cast, a new foliage disease of Pinus radiata in New Zealand is described. The disease has
been variable in incidence and severity both regionally and in different years. The early symptoms of discrete olive
coloured lesions, often with a narrow dark resinous mark or band, were first recognised in winter of 2008 in plantation
forests on the eastern coast of the North Island. These lesions develop further to result in rapid needle senescence and
premature defoliation. The disease has been termed red needle cast in New Zealand as affected trees have a reddish
appearance prior to the casting of the needles. The subsequent four years of monitoring have confirmed that,
depending on location, symptoms are first observed in late autumn through late winter. Newly developing spring and
summer foliage is seldom affected. Isolation from needles using a Phytophthora-selective medium frequently yielded
an unknown species of Phytophthora which was subsequently found to be identical to Phytophthora pluvialis, a species
described from Oregon, USA in 2013 where it is not associated with disease. Infection appears to be limited to the
needles with no recoveries of Phytophthora pluvialis having been made from the roots, stems or branches. Occasionally
a second species of Phytophthora, P. kernoviae, was also recovered from needles with the same symptoms.

Methods: Needle symptoms were described in the field from 2008-2012 with isolation onto Phytophthora selective
media. Koch’s postulates was completed on potted plants and detached needles.

Results: Symptoms were reproduced on both detached needles and potted plants of Pinus radiata when inoculated
with zoospore suspensions of Phytophthora pluvialis.

Conclusions: This paper presents evidence that Phytophthora pluvialis is the primary cause of red needle cast in New
Zealand.
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Background
Originating in coastal California (USA), Pinus radiata (D.
Don) is the most widely planted forest tree in the southern
hemisphere with extensive plantations in New Zealand,
Chile, Australia and South Africa. Pinus radiata represents
90% of the 1.7 million hectares of the exotic plantation
estate in New Zealand (New Zealand Forest Owners
Association 2012). These highly productive forests provide
a significant contribution to New Zealand’s export earnings,
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accounting for almost 11% of national exports by value. For-
estry exports are currently in the region of $NZ 4.7 billion
per annum (New Zealand Forest Owners Association 2012).
Protecting these assets from pests and diseases is of high
economic importance and a logistically challenging task.
More than 400 pests and pathogens have been recorded

on Pinus radiata worldwide though only a few of these
have had a significant effect on growth and productivity
(Flux et al. 1993). Of these dothistroma needle blight
caused by Dothistroma septosporum (Doroguine) Morelet
(Bulman et al. 2013), cyclaneusma needle cast caused by
Cyclaneusma minus (Butin) Di Cosmo, Peredo & Minter
(Gadgil 1984) and the wood wasp Sirex noctilio Fabricius
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(Bain et al. 2012) have caused damage to forests at some
periods and in some locations in New Zealand. Each of
these pests is now subject to active management, so result-
ing productivity losses are generally at acceptably low levels
(Bain et al. 2012; Bulman et al. 2013).
Growth of international trade is increasing the movement

of pathogens globally (Santini et al. 2012) with an associ-
ated increase in the risk of unintentional introductions of
pine pests into New Zealand’s exotic forestry plantations.
Of particular concern to the local industry is the potential
introduction of other, known pests such as Phytophthora
pinifolia A. Durán, Gryzenh. & M.J. Wingf., Fusarium circi-
natum Nirenberg & O’Donnell and certain bark beetles,
such as species of Dendroctonus and Ips. Although it is im-
portant to watch for these known pests, there may be many
other potentially harmful organisms not yet known to sci-
ence, or that are not currently known as pests or pathogens
in their home environment (Brasier 2008). In 2007, a
serious foliage disease of Pinus radiata caused by an unde-
scribed species of Phytophthora, P. pinifolia, was reported
in Chile (Durán et al. 2008). Low levels of genetic diversity
within the population of this oomycete indicated that it was
a recent introduction to the country (Durán et al. 2010). Its
origin remains unknown.
Over the past decade, needle cast events that could not be

attributed to a recognised pathogen have been recorded in
the New Zealand plantation estate. Disease expression has
been highly variable in both incidence and severity, and
symptoms have not recurred every year. Regions most
commonly affected have been the east coast and the central
North Island. Occasionally disease has been noted also in
forests in Northland and the Coromandel Peninsula of the
North Island and Westland in the South Island. Symptoms
included yellowing and browning needles which readily
detached from the stem. Cyclaneusma minus was the only
recognised pathogen recovered from needles when isola-
tions were made using a general fungal growth medium.
However, overall disease characteristics, including the early
to midwinter timing of the disease, uniform expression on
trees within an affected site, expression on trees younger
than 6 years, and formation of discrete lesions within disco-
loured needles, were not typical of cyclaneusma needle cast.
In June 2005, there was a severe outbreak of these symp-

toms on a small plateau area in a forest on the East Cape of
the North Island. Little disease was reported in the follow-
ing two years but in early May 2008, during routine forest
surveillance, severe needle disease was again reported in
the same location. Distinctive needle lesions, different from
those associated with known foliage diseases of Pinus
radiata in New Zealand, were first observed on green
needles in May 2008 in a compartment of 3-year-old trees
neighbouring an affected 28-year-old stand, and in a nearby
compartment of 14-year-old trees. Isolations made from
symptomatic needles using both a general fungal growth
medium and a Phytophthora-selective medium (P10ARP
agar; Jeffers and Martin, 1986) yielded a species of
Phytophthora that bore morphological and genetic similar-
ities to Phytophthora pseudosyringae and Phytophthora
nemorosa (known in the USA and in western Europe (Jung
et al. 2003; Wickland et al. 2008)) but with sufficient differ-
ences to indicate that this was an undescribed species.
Subsequently, in 2012, DNA sequence data showed a
match with Phytophthora pluvialis (Reeser et al. 2013), a
newly described species from Oregon, USA.
Observations of the symptoms, their seasonal develop-

ment and apparent spread of the disorder gave a strong
indication of a likely biotic cause and led to the further
investigation of the cause of the disease. The aim of this
study was to investigate the role of Phytophthora pluvialis
and describe the symptoms and expression associated with
the condition.

Methods
Disease occurrence and symptoms
Needle symptoms were described and, between 2008 and
2012, information on the severity and incidence of the con-
dition was gathered from a range of North Island sites.
Samples of diseased needles were collected from throughout
New Zealand, mainly by trained forest health inspectors
who were working on the national forest health surveillance
scheme (Kershaw 1989), but also pathologists from the New
Zealand Forest Research Institute (Scion), forest owners and
farm foresters. All samples were examined in the Scion
Forest Protection laboratory. A record of Phytophthora
detections from samples consistent with red needle cast was
maintained throughout this period. Stands studied ranged
from recently established to end-of-rotation plantations and
were of varying site types. The development of symptoms
within the crown of individual trees was recorded from first
appearance of symptoms throughout the seasons.

Isolations from symptomatic tissues
Needles with lesions were surface sterilised by washing
in 70% ethanol for 30 seconds, rinsed twice in sterile
deionised water and blotted dry. Sections from the mar-
gins of necrotic lesions were dissected aseptically and
plated onto P10ARP (pimaricin, ampicillin, rifampicin,
pentachloronitrobenzene PCNB) agar as described by
Jeffers and Martin (1986) but with 25 mg L−1 PCNB.
Plates were incubated at 17°C in the dark for up to
14 days. Emerging isolates were sub-cultured onto carrot
agar (Erwin and Ribeiro 1996) and grown at 17°C.
Phytophthora spp. isolates were provisionally identified

from morphological features. Colony characteristics on
carrot agar and malt extract agar were recorded and the
maximum temperature for colony growth determined
(Erwin and Ribeiro 1996). Oogonia formed on carrot
agar at 17°C were measured. Sporangia and hyphal



Table 1 Origin of Phytophthora pluvialis isolates used for
inoculations of Pinus radiata

Isolate no. Date collected Location

NZFS 3613 26/5/2011 Turangakuma, Taupo Region

NZFS 3713 23/5/2012 Wharerata, Gisborne Region

NZFS 3717 10/4/2012 Wharerata, Gisborne Region

NZFS 3719 1/8/2012 Ngakuru, Bay of Plenty Region

Dick et al. New Zealand Journal of Forestry Science 2014, 44:6 Page 3 of 12
http://www.nzjforestryscience.com/content/44/1/6
swellings were induced by sub-culturing onto carrot agar
for 3-5 days whereupon agar plugs from the leading edge
of the colony were placed in sterile pond water to induce
development of sporangia. Identification was confirmed
by DNA sequence analysis of the ITS1 region of ribosomal
DNA and cox spacer aligned to that of the type strain
LC-9.2-020508 on Genbank (Accessions KC529657.1 and
KC529656.1).

Plant inoculations
The pathogenicity of Phytophthora pluvialis was evalu-
ated on both potted Pinus radiata and with detached
needle assays.

Zoospore production
Zoospore inoculum was prepared by growing isolates on
carrot agar at 17°C for 3 days. Plugs of agar and myce-
lium were taken from the leading edge of the colonies,
flooded with clarified carrot broth (Erwin and Ribeiro
1996) and incubated for 3 days at 17°C. The resulting
mycelial mats were rinsed thoroughly three times with
sterile deionised water, drained and flooded with sterile
pond water. These were incubated in the dark for a fur-
ther 3 days before zoospore release was induced by cold-
shocking the cultures at 4°C in the dark for 45 minutes
followed by exposure at room temperature (21-22°C).
Zoospore release was further encouraged by placing cul-
tures on a light box if required. Zoospore concentrations
were determined using a haemocytometer and standar-
dised to 1 × 104 zoospores per mL. Zoospore suspensions
were used within two hours of preparation.

Detached needle assay
Needle fascicles were collected from grafted plants of
Pinus radiata representing eight different clones. Needles
were gently removed from the stem ensuring the papery
fascicle sheath at the base of the fascicle remained intact.
Forty fascicles were collected from each clone, thirty for
treatment with zoospore suspensions of three isolates of
Phytophthora pluvialis (10 fascicles per isolate, per clone)
and ten for treatment with the sterile pond water in which
the zoospores were suspended. The origin of the isolates is
given in Table 1. Needles were placed vertically, fascicle
end down, to a depth of 5 cm in the respective zoospore
suspension for a period of 24 hours, laid in trays on moist-
ened paper towels and incubated on a sealed tray at 17°C
with a 14 hour day/10 hour night period for 14 days. Nee-
dles were examined for lesion formation at four-day inter-
vals. After 14 days, needles were assessed for the presence
or absence of lesions characteristic of the early symptoms
of the disorder (olive-coloured discolouration and black
bands or marks). Symptomatic needles were surface steri-
lised, placed onto P10ARP medium and incubated at 17°C
in the dark. Phytophthora colonies from the needles were
subcultured and identified to species using morphological
methods and representative isolates confirmed by DNA
sequence analysis.

Inoculation of potted plants
Pathogenicity tests were carried out using three isolates of
Phytophthora pluvialis (Table 1) and four clones of Pinus
radiata. An equal number of controls (sterile pond water)
were applied to each host clone. The clones were sourced
from the current breeding programme of radiata pine and
were supplied by the Radiata Pine Breeding Company
(Rotorua, New Zealand) as grafted plants. These repre-
sented a physiological age of approximately 8 years (Ruth
McConnochie pers. com.). Inoculations were performed
in a randomised split plot design with three ramets of
each clone. Individual trees represented independent plots
on which three replicate inoculation tubes were applied
per isolate. Individual inoculations were performed on
three fascicles each containing three needles resulting in a
total of 324 inoculated needles across the trial.
Three adjacent needle fascicles were inserted into a

15 mL Falcon tube containing 15 mL of freshly prepared
zoospore suspension with no more than one inoculation
per twig of needles to avoid cross contamination be-
tween inoculation points. The tubes were suspended
from the twig or branch so that the whole needle was
immersed for 18 hours before removal. After removal of
the inoculum solution the empty Falcon tubes were re-
placed to mark the treated fascicles. Inoculations took
place in a controlled environment of 17°C, 65% relative
humidity with a 14/10 hour light/dark period. Fourteen
days after inoculation, all treated fascicles were removed
from the plants and the needles (three per fascicle) sepa-
rated from the fascicle sheath. Needles were assessed in-
dividually for lesion formation (present/absent) and
plated on P10ARP medium after surface sterilisation
(30 seconds in 70% ethanol and two washes in sterile
deionised water). Asymptomatic and symptomatic needles
were plated. Plates were incubated at 17°C in the dark
and examined weekly for formation of Phytophthora spp.
colonies for three weeks. Emergent Phytophthora spp.
colonies were subcultured and identified to species using
morphological criteria, as previously described. Repre-
sentative isolates from each treatment were sequenced
for further confirmation.



Figure 1 A Pinus radiata needle showing black resinous bands
or marks consistent with the presence of red needle
cast disease.
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Statistical analysis
The detached needle assay was analysed using a general-
ised linear mixed model (GLMM) with binomial errors
(R-package lme4) testing for differences in the propor-
tion of needle lesions between the uninoculated control
and the samples inoculated with 3 isolates of Phy-
tophthora pluvialis. ‘Host clone identity’ was modelled
as a random effect.
The potted plant study was laid out as a split-plot de-

sign comprising 3 blocks. A GLMM with Poisson errors
(R-package lme4) was used to test for differences in the
number of lesioned needles per fascicle between the
control treatment and 3 pathogen isolates in dependence
on host clone identity. Hence, the fixed structure of the
model contained ‘pathogen isolate’ (factor with 4 levels:
zero control, Phytophthora pluvialis isolates 3613, 3713,
3719) and ‘host clone’ (factor with 4 levels: A, B, C, D)
and their interaction as explanatory variables. ‘Fascicle
identity’ nested in ‘block’ were modelled as random
effects.
In both models, the occurrence of the Hauck-Donner

effect or the analogue thereof in case of the Poisson
model (i.e. fitted probabilities close to zero in the control
treatment leading to very large standard errors) made
the standard errors of the parameter estimates and
hence the associated P-values unreliable. Therefore, the
significance of the model terms was assessed via back-
wards selection using likelihood ratio tests (Zuur et al.
2009). Multiple comparisons were performed using like-
lihood ratio tests to compare nested models, one which
allowed separate parameter estimates for all pathogen
isolate and host clone levels, respectively, against a series
of models in which two factor levels were pooled in turn.
To account for multiple testing, the resulting P-values
were adjusted using the Benjamini and Hochberg (1995)
method, that controls false discovery rate (i.e. the ex-
pected proportion of false discoveries among the
rejected hypotheses). Plots of the deviance residuals ver-
sus fitted values and against each of the explanatory var-
iables were used for model validation. All statistical
analyses were carried out using R software version 2.15.2
(R Core Team 2012).

Results
Disease occurrence and symptoms
Red needle cast was found to be most common on trees
over four years old and most severe on trees over ten
years old. Younger trees and seedlings have shown
symptoms of infection but usually only when growing in
close association with heavily infected older stands.
First obvious symptoms on needles are generally a

pale-olive or khaki coloured lesion of varying length fre-
quently with a distinct dark resinous mark which often
expresses as a narrow lateral band within the lesion
(Figure 1). Very close inspection of apparently asymp-
tomatic needles may reveal black bands on the green
needle. These appear prior to the formation of the faded
olive lesion (Figure 2) within which black bands may or
may not be observed. Lesions may occur on any part of
the needle but are more abundant at the base next to
the fascicle sheath than on distal parts of the blade
(Figure 3). Lesions expand along the needle turning yel-
low and then brown with trees developing an overall
reddish appearance (Figures 4 and 5). Following infec-
tion, needles quickly senesce with entire fascicles being
readily cast from the twig, often before the needle blade
is completely necrotic and often when only one or two
of the three needles within the fascicle are affected. Suc-
cessive cycles of infection and casting continue through-
out periods of persistently damp conditions giving the
affected part of the crown an ongoing reddish appear-
ance from symptom initiation in autumn through to
early spring. Pinus radiata trees showing characteristic
disease symptoms are shown in Figure 6. The timing of
symptom initiation varies depending on localised cli-
matic conditions. By late spring heavily affected trees
may be fully defoliated, though in many stands infection
is not severe and only needles in the lower crown of the
trees are symptomatic (Figure 7). These symptoms gave
rise to the name “red needle cast”. New season needle
growth is generally not affected and new needle infec-
tions seldom occur during the summer months. As a re-
sult, trees appear to return to health during summer
with the fresh flush of needles showing few signs of dis-
ease. In a few sites of limited extent where severe defoli-
ation has occurred in successive years the new season
needles may be stunted and chlorotic.
Under continually moist conditions sporangia may be

observed with the aid of a microscope forming in clusters



Figure 2 A Pinus radiata needle showing faded olive- or khaki-
coloured lesions consistent with the presence of red needle cast
disease. Arrow shows resinous bands within the extended olive lesion.

Figure 4 Pinus radiata needles showing colour changes following
infection with red needle cast disease. The tissues around the initial
infection at the base or along the needle senesce, and change yellow
and then brown as indicated by the arrows before the needles cast.
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around the stomata on both surfaces of the needle. Obser-
vations on field samples indicate these are transient and
produced during periods of prolonged leaf wetness. Spor-
angia can be found near the lesion margin and in advance
of visible lesions (Figure 8). These observations were con-
firmed by microscopic observation and isolation of spor-
angial masses on selective P10ARP agar. Infection appears
to be confined to the needles; twig necrosis, stem cankers,
Figure 3 Lesions consistent with the presence of red needle
cast disease are more abundant at the base of Pinus raiata
needles as indicated by the arrow.
twig, branch and stem resin bleeding or lesion/canker
formation has not been observed.

Isolations from symptomatic tissues
Typically symptomatic needles were collected by forest
health inspectors, pathologists from the New Zealand
Forest Research Institute (Scion), forest owners and farm
foresters from field trials and trees showing signs of the
disease. Recovery of Phytophthora pluvialis from these
samples was variable with higher rates of isolation from
samples with fresh lesions. Isolation results from 543 inde-
pendent collections between April 2008 and October 2012
were collated. Of these, the majority of samples were col-
lected from the East Cape of the North Island (172) and
from central North Island (198). Phytophthora pluvialis
was most frequently recovered from samples originating
from those two regions and least frequently from the
Figure 5 Typical red needle cast symptoms along a twig. Lesions
begin at the base of the needle which subsequently turns brown and is
cast from the twig.



Figure 6 A stand of Pinus radiata trees affected by red needle cast disease. Note the reddish appearance of affected trees prior to needle drop.
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southern North Island and the upper South Island (Table 2).
Phytophthora pluvialis was isolated from 27% of needles
that had symptoms considered characteristic of the disease.
Most collections were made in winter and spring when in-
oculum levels and disease severity were highest and isolation
from lesion material was greatest. Phytophthora pluvialis
was isolated rarely from needles during summer (Table 3)
despite the occasional presence of characteristic lesions.
A further species of Phytophthora, P. kernoviae Brasier &

Beales, was also recovered, from symptomatic needles,
though less frequently (6%). Phytophthora kernoviae was
most frequently detected in samples from the northern
North Island (Table 3). In the northern North Island the
disease is associated with greater needle retention than in
other regions although symptom expression extends further
into spring than in areas further south.
From 2011 onwards, serological kits that indicate the

presence of a Phytophthora sp. (genus only) were used to
aid diagnosis. Of the 177 samples tested over that period,
100 (57%) were positive for Phytophthora spp. and of those
52 were also confirmed by isolation and morphological iden-
tification. Only Phytophthora pluvialis and Phytophthora
kernoviae were found.

Plant inoculations
Detached needle assay
Many of the inoculated needles (41%) developed olive-
coloured lesions which frequently contained a black
resinous band whereas the uninoculated control needles
remained free of lesions. The observed lesions were
identical to those seen on naturally infected plants dur-
ing continuously wet periods. The first symptoms were
observed 8 days after inoculation. Numbers of symptom-
atic needles increased rapidly thereafter. To analyse the
variation between isolates, results for the different clonal
lines were combined with no significant difference
observed between the three isolates of Phytophthora
pluvialis that were applied (Figure 9). The relationship
between clone and isolate was found to be insignificant
and no lesions formed on any of the control needles.

Inoculation of potted plants
Inoculations resulted in lesions similar to those seen on
naturally infected plants. These were observed on 35.5% of
inoculated needles with 64.8% of inoculated fascicles
containing at least one needle with a lesion. There was a
significant interaction between Phytophthora pluvialis
isolates and Pinus radiata host clones (χ2 = 19.3, df = 9,
P < 0.023). In host clone A, none of the three tested patho-
gen isolates produced significantly more lesioned needles
per fascicle than the uninoculated control (Figure 10). In
host clone B, pathogen isolates 3613 and 3713 pro-
duced similarly small numbers of lesioned needles
(< 0.5 per fascicle), but the slightly smaller effect observed
in isolate 3613 resulted in an insignificant difference from
the control treatment (Figure 10). Isolate 3719, however,
caused on average 1.33 lesions per fascicle which differed
significantly from the control and isolate 3613, but not



Figure 7 A stand of Pinus radiata trees affected by red needle cast
disease. Note that frequently only the lower part of the crown is affected.
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from isolate 3713. Clones C and D shared a similar
response to Phytophthora pluvialis isolates. In these two
host clones, all three pathogen isolates caused significantly
more lesions than the uninoculated control, ranging
between 1 and 2.5 lesioned needles per fascicle, which,
Figure 8 A Pinus radiata needle infected with Phytophthora.
Note clusters of sporangia emerging through the stomata on both
surfaces of the needle as indicated by the arrow.
however, did not differ significantly from each other
(Figure 10).
The lesions varied in length, sometimes extending along

the whole needle blade. More than one lesion was observed
on a number of needles. Black resinous marks were
recorded on fewer than 25% of needles. Short olive-brown
lesions were recorded on 4 (1.6%) of the 252 needles in the
control treatments. None of these had resinous marks.
Phytophthora pluvialis was reisolated from 64 of the total

of 324 inoculated needles (19.8%), all of which had symp-
toms of disease. No recoveries were made from asymptom-
atic tissues. These recoveries were spread across the
treatments. No other species of Phytophthora were isolated
and there were no recoveries of Phytophthora species from
the control treatments.
Discussion
Red needle cast of Pinus radiata has been most consist-
ently associated with the isolation of Phytophthora pluvialis
from infected needles. Controlled inoculation studies,
including the reproduction of needle lesions, needle cast
and fulfilment of Koch’s postulates have provided further
evidence that it is the primary cause of red needle cast.
However, much remains to be learned about the epidemi-
ology of the disease.
Isolations made from symptomatic trees onto general fun-

gal growth media (such as malt extract agar and potato dex-
trose agar) have yielded a range of fungi long recognised as
Pinus radiata needle associates in New Zealand. These in-
clude the known pathogen Cyclaneusma minus (Gadgil
1984) and many saprophytes or secondary pathogens such
as Lophodermium spp., Pestalotiopsis spp., Fusarium spp.,
Phomopsis spp., Strasseria geniculata (Berkeley & Broome)
Hoehnel and Ceuthospora sp. The pattern of recovery of
these fungi has not been consistent with location, season or
tree age and there has been no indication of a consistent
association for any of these with the symptoms of red needle
cast.
Isolations using a Phytophthora-selective medium

repeatedly yielded cultures of Phytophthora pluvialis, and
isolates of this species produced typical disease symptoms
in inoculated pine needles. Re-isolation confirmed that
Phytophthora pluvialis is the cause of red needle cast in
Pinus radiata. Sampling by pathologists targeting fresh
lesion material resulted in the isolation of Phytophthora
from 76% of characteristic needle lesions (Hood et al.
2014). Recovery of P. pluvialis from symptomatic needles
was variable between collections but clearly decreased
with time after infection had occurred. These results are
consistent with detection of many species within the
Phytophthora genus (O’Brien et al. 2009). In Pinus
radiata, as with other conifer species in England infected
with Phytophthora ramorum, recovery rates from shed



Table 2 Numbers of samples received (n) and diagnostic result (%) by year and region

Samples Year Total

2008 2009 2010 2011 2012

Northern North Island (n) 14 8 6 26 13 67

Species isolated/identified (%)

None 50.0 75.0 83.3 46.2 25.0 50.0

Phytophthora pluvialis 50.0 12.5 0.0 11.5 33.4 22.7

Phytophthora kernoviae 0.0 12.5 16.7 34.6 33.4 22.7

Phytophthora sp. 0.0 0.0 0.0 7.7 8.3 4.6

Central North Island 64 17 19 47 51 198

Species isolated/identified (%)

None 70.3 47.1 73.7 46.8 37.3 54.5

Phytophthora pluvialis 28.1 52.9 15.8 38.3 35.3 33.3

Phytophthora kernoviae 1.6 0.0 10.5 6.4 7.8 5.1

Phytophthora sp. 0.0 0.0 0.0 8.5 19.6 7.1

East Cape 41 38 24 45 24 172

Species isolated/identified (%)

None 51.2 81.6 58.3 53.3 41.7 58.1

Phytophthora pluvialis 46.3 15.8 37.5 28.9 25.0 30.8

Phytophthora kernoviae 2.4 2.6 4.2 4.4 0.0 2.9

Phytophthora sp. 0.0 0.0 0.0 13.3 33.3 8.1

Southern North Island 2 4 6 11 4 27

Species isolated/identified (%)

None 100.0 100.0 100.0 63.6 75.0 81.5

Phytophthora pluvialis 0.0 0.0 0.0 0.0 25.0 3.7

Phytophthora kernoviae 0.0 0.0 0.0 9.1 0.0 3.7

Phytophthora sp. 0.0 0.0 0.0 27.3 0.0 11.1

Upper South Island 8 8 16 26 21 79

Species isolated/identified (%)

None 100.0 87.5 87.5 53.8 42.9 65.8

Phytophthora pluvialis 0.0 0.0 6.3 26.9 28.6 17.7

Phytophthora kernoviae 0.0 12.5 6.3 0.0 4.8 3.8

Phytophthora sp. 19.2 23.8 12.7

Total (n) 129 75 71 155 113 543

Table 3 Numbers of samples received and percentage diagnostic results by season

Samples Season Total

Autumn Spring Summer Winter

Total number 68 208 53 214 543

Species isolated/identified (%)

None 54.4 62.5 88.7 47.2 58.0

Phytophthora pluvialis 26.5 23.1 9.4 36.9 27.6

Phytophthora kernoviae 4.4 6.3 0.0 8.4 6.3

Phytophthora sp.* 14.7 8.2 1.9 7.5 8.1

Phytophthora pluvialis/Phytophthora kernoviae 0.0 0.5 0.0 0.0 0.2

*Identified using Agdia ImmunoStrips, negative using traditional techniques.
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Figure 9 Percentage of lesions recorded from Pinus radiata
needles inocluated with 3 Phytophthora pluvialis isolates (NZFS
isolates 3613, 3713 and 3717) compared with an uninoculated
control. Boxplots show the median (horizontal bold lines, n= 8), the
spread of the data given by the interquantile range between the 25th

and the 75th percentile (grey boxes). The ‘whiskers’ indicated by the
dashed lines represent either the maximum/minimum values or 1.5
times the interquantile range of the data, whichever is smaller. Different
lower case letters indicate significant differences at α= 0.05 based on a
multiple comparison test.

Dick et al. New Zealand Journal of Forestry Science 2014, 44:6 Page 9 of 12
http://www.nzjforestryscience.com/content/44/1/6
needles has been observed to be considerably lower than
from fresh needle lesions (Brasier and Webber 2010;
Forestry Commission 2012).
To complement direct isolation, a range of diagnostic

techniques have been employed in the diagnosis of the
Figure 10 Average number of needles with lesions per fascicle from 4 clo
Phytophthora pluvialis isolates NZFS isolates 3613, 3713, 3719 or left unin
indicate significant differences at α = 0.05 using comparisons of nested models
disease from field material. These include visual examin-
ation for the presence of the characteristic needle symp-
toms, microscopic examination of sporangia on the needles
and the use of a serological test kit capable of indicating the
presence of Phytophthora species to genus level (Lane et al.
2007). Use of the kits resulted in a significant increase in
the number of Phytophthora-positive results, as recovery by
isolation does not always occur. In such cases, since October
2012, the test kit material has been used directly for identifi-
cation to a species level by DNA sequence analysis using
species-specific primers (Rebecca McDougal pers. comm.
publication in preparation).
In this study, inoculation of Pinus radiata with

Phytophthora pluvialis resulted in the reproduction of char-
acteristic needle lesions consistent with those from which
the pathogen was most consistently isolated from field sam-
ples expressing the disease. Re-isolation of the pathogen
from these lesions fulfilled Koch’s postulates for red needle
cast. Several successive inoculation studies were carried out
to identify conditions for successful inoculation (data not
shown) and over-night immersion of the whole needle
fascicle in a suspension of zoospores was found to be essen-
tial for successful inoculation and reproduction of disease
symptoms. This reflects the observations of the disease in
the field in which lesions are most commonly observed at
the base of the needle fascicle following periods of consistent
rainfall and high humidity. Despite our efforts to optimise
inoculation, the level of infection remained variable between
Pinus radiata clones and Phytophthora pluvialis isolates.
These observations are consistent with the infection of
Pinus radiata by Phytophthora pinifolia as reported by
Ahumada et al. (2013) and additional controlled inoculation
studies which we have carried out using Phytophthora
nal Pinus radiata host trees (A, B, C, D) each inoculated with 3
oculated (control). Means ± SE, n = 3 blocks. Different lower case letters
(separate vs. merged factor levels) based on likelihood ratio tests.
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kernoviae (data not shown). Our future work focussing on
improving the understanding of the environmental and host
factors governing infection in the field should help in the
development of improved inoculation procedures and
contribute to understanding the susceptibility of Pinus
radiata to foliar infection by Phytophthora species in
general.
Phytophthora kernoviae, a species known to have been

present in New Zealand since at least the 1950s (Ramsfield
et al. 2007) was recovered from symptomatic needles
comparatively rarely. Artificial inoculations of Phytophthora
kernoviae demonstrate the potential for this pathogen to
cause lesions on Pinus radiata. However, there is no clear
evidence that needle casting can be directly attributed to
Phytophthora kernoviae. Within New Zealand Pinus
radiata plantations, this species has previously only been
recovered from soils and occasionally from roots (Ramsfield
et al. 2009). In root inoculation tests of young Pinus radiata
seedlings, Phytophthora kernoviae caused some root mor-
tality but infections were not lethal and the root systems
would have been considered healthy in the absence of unin-
oculated controls for comparison (Ramsfield et al. 2009).
This species has been identified in association with red nee-
dle cast but not as consistently as Phytophthora pluvialis
across the geographic range of red needle cast symptoms.
Furthermore, soil-based recoveries of Phytophthora kerno-
viae in previous studies have not been associated with
needle disease. The possible role of Phytophthora kernoviae
as a foliar pathogen of Pinus radiata is under current inves-
tigation and will be reported in a subsequent publication.
Phytophthora kernoviae was first recorded on fruit, shoots
and foliage of Annona cherimola Miller in Northland in
2002 (Ramsfield et al. 2009), and has subsequently been
isolated occasionally from Rhododendron spp. with minor
foliage necrosis and dieback and once from the dying lower
foliage of a native podocarp Prumnopitys ferruginea
(D. Don) de Laub. (New Zealand Forest Research Institute
Forest Health Database, Scion, unpublished records).
There is, however, little evidence supporting Phytophthora
kernoviae as the primary cause of red needle cast based on
observations in the field and laboratory, and on rates of
recovery from affected needles.
Red needle cast has been recorded at a number of

discrete sites predominantly in damp and/or elevated loca-
tions in the North Island of New Zealand and also in the
north of the South Island. However, significant areas of the
forest estate remain unaffected by the disease. Sites where
symptoms have been frequently recorded, and where they
are most severe, are typically prone to mist and fog, and
hence to prolonged periods of needle wetness. Such sites
are commonly at elevations greater than 500 m such as
plateaus or ridge tops. Sites at lower elevations have differ-
ent (lower) moisture conditions that result in reduced inci-
dence and severity of red needle cast symptoms or their
complete absence. At many sites, only the lower foliage has
been affected and this feature, coupled with the seasonal
onset of the disease during late autumn and winter when
tree growth is negligible, may mean that tree growth will be
largely unaffected. At the rare sites where disease levels
have been severe during consecutive years there will be
increment loss. The extent of this loss is currently being
evaluated at a range of sites around the country. The find-
ings presented here suggest the existence of clonal variation
in host susceptibility to Phytophthora pluvialis/red needle
cast (Table 1, Figure 9). This has been corroborated by a
clonal field trial in New Zealand (Dungey et al., in prepar-
ation) which indicates that breeding efforts and careful
selection of radiata clones selection can reduce the risk of
red needle cast and thus limit economic losses from future
pine plantations in New Zealand. This aspect will be further
examined and selections of resistant lines employed in
those sites where climatic conditions result in consistently
high disease levels.
The association of Phytophthora pluvialis with red needle

cast reflects the aetiology of the disease. The onset of red
needle cast is observed during late autumn or winter in
areas exposed to prolonged periods of wet conditions. This
is consistent with reports for other forest Phytophthora
species affecting leaves and needles including Phytophthora
pinifolia on Pinus radiata and Phytophthora ramorum
(Durán et al. 2008; Werres et al. 2001). Each of these
diseases has been associated with needle wetness with
observations made in areas favouring prolonged periods of
canopy wetness. Climatic associations with red needle cast
are under investigation and will be reported in due course.
Our observations from field samples and controlled

inoculation studies have been that very similar early needle
symptoms can be produced by Phytophthora pluvialis and
Phytophthora kernoviae to those reported for Phytophthora
pinifolia infecting Pinus radiata in Chile (Ahumada et al.
2013; Durán et al. 2008). These observations may indicate a
consistent response to Phytophthora spp. infection within
Pinus radiata and that given the right environmental condi-
tions, Pinus radiata may be susceptible to a broad range of
Phytophthora species. The black resinous marks that form
on green needles (Figure 1) and within the pale-olive lesions
(Figures 2 and 3) are identical though not always observed
in infection by Phytophthora pluvialis. The symptoms of the
Phytophthora pinifolia induced disease Daňo Foliar del Pino
in Chile are most likely to appear on needles in early winter.
In New Zealand, however, the initial appearance of red nee-
dle cast symptoms has been observed to vary with location
and year, ranging from late autumn to spring. There are also
other differences between the two diseases. Phytophthora
pinifolia is reported to cause lesions and resin bleeding of
the branches, initiating at the base of the needle fascicle
(Durán et al. 2008). Shoots of young trees wilt and die as a
result of this infection. Lesions in branches and stems may
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coalesce to form cankers with possible girdling and death
of young trees. Branch and stem infection has not been
observed in New Zealand in association with Phy-
tophthora pluvialis. The age range of affected Pinus
radiata is also different. While young trees, between the
ages of 1-4 have been affected in Chile, with mortality
common, trees in this age class are rarely affected in New
Zealand. In both cases disease in young trees has been in
close proximity to badly diseased older stands. There have
been no reports of establishment failures associated with
red needle cast. There is insufficient knowledge to com-
ment conclusively on the seasonal expression of Phy-
tophthora kernoviae in the field at this time.
Phytophthora pluvialis is a member of Phytophthora

Clade 3 (Cooke et al. 2000). Other members of this clade
(including Phytophthora nemorosa E. M. Hansen and
Reeser, Phytophthora pseudosyringae T. Jung & Delatour,
and Phytophthora ilicis Buddenhagen & R.A. Young) are
typically associated with infection of leaves, shoots, and
stems in north-western America (Buddenhagen and Young
1957; Hansen et al. 2003; Wickland et al. 2008). To date,
Phytophthora pluvialis has been isolated from environmen-
tal samples and has been rarely associated with twig and
stem cankers on tanoak within forests of south-western
Oregon where it is believed to be endemic (Reeser 2013).
These forests are dominated by Douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco) and tanoak (Lithocarpus densi-
florus (Hook. & Arn.) Rehder). Recovery of Phytophthora
nemorosa, Phytophthora pseudosyringae, Phytophthora
psychrophila T. Jung & E.M. Hansen and Phytophthora
pluvialis in environmental canopy drip samples within
these forests (Reeser et al. 2011) is indicative of leaf and or
needle infection by these species. However, no direct asso-
ciation between Phytophthora pluvialis and leaf/needle
symptoms have been reported within Oregon forests. There
have been no previous reports of red needle cast from the
endemic range of Pinus radiata. This is the first report of
Phytophthora pluvialis causing significant levels of disease
and the first in exotic Pinus radiata plantations.
The discovery of another aerially dispersed Phytophthora

sp. causing a disease of Pinus radiata further extends the
number of new aerial Phytophthora spp. known to affect
coniferous tree species. Other combinations include
Phytophthora pinifolia on Pinus radiata and Phytophthora
ramorum on Larix spp., Sequoia sempervirens (D.Don)
Endl., Pseudotsuga menziesii and other conifer species
(Brasier and Webber 2010). These aerially dispersed patho-
gens present new challenges to forest managers due to their
rapid dispersal across the landscape and impact on eco-
logical and economic significant tree species.
Preliminary studies of the level of diversity in the isolates

collected in the last four years, and comparison with the
diversity in Oregon isolates (Reeser et al. 2013) point to
Phytophthora pluvialis being a relatively recent introduction
to New Zealand. Further investigation into the genetic diver-
sity and virulence of Phytophthora pluvialis isolates across
the New Zealand population is currently underway. How-
ever, the method of introduction can only be speculated
upon. Field-based observations have indicated that the
pathogen infects only the needle blade with shed needles,
rain splash and air movement being the most likely drivers
of pathogen movement. The potential for subsequent spread
of the pathogen through the trade of export logs has been
demonstrated to be negligible (Hood et al. 2014). These
findings are consistent to those made for Phytophthora
pinifolia on Pinus radiata by Ahumada et al. (2012) who
similarly concluded that there was no evidence of pathogens
surviving on sawn green timber.
Populations of Phytophthora pluvialis would probably

have taken some seasons to build up to levels where disease
was noticeable. Therefore, it is likely that an incursion
occurred some years prior to the first records of olive
needle lesions with black resinous marks (now clearly asso-
ciated with infection by this pathogen) in 2008. This would
particularly be the case in locations where disease levels are
regularly low due to climatic constraints and do not occur
in every season. For those discrete locations where disease
levels have been consistently high over the past four years
there may be potential to employ Pinus radiata breeding
lines with high resistance to disease development.
Conclusions
Phytophthora pluvialis is the most consistently isolated
pathogen associated with red needle cast of Pinus radiata
in New Zealand. Controlled inoculation studies, including
the reproduction of needle lesions, needle cast and fulfil-
ment of Koch’s postulates have provided further evidence
that it is the primary cause of red needle cast. Phytophthora
kernoviae was also recovered from symptomatic needles
sourced from field sites relatively rarely. The extended
history of Phytophthora kernoviae in New Zealand with no
recognised association to red needle cast symptoms indi-
cates this is not the primary cause of the disease. Recovery
of both species from needle lesions along with reports of
Phytophthora pinifolia in Chile indicate a consistent
response to Phytophthora spp. infection within Pinus radiata.
Furthermore, that given the right environmental conditions,
Pinus radiata needles may be susceptible to infection by a
broad range of Phytophthora species.
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