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Phytophthora agathidicida is a serious problem, killing kauri trees of all ages throughout northern New
Zealand forests, and threatening the unique kauri ecosystem. Treatment with phosphite (phosphorous
acid, phosphonate) is one of the few potential options for treating infected or threatened trees.

Following success with phosphite in in vitro and glasshouse trials with infected kauri, a series of trials
in P. agathidicida-infested forests was conducted, testing the efficacy of phosphite for controlling kauri
dieback. Trials aimed to determine if there was any reduction in the rate of symptom development in
infected trees and/or improved health of trees in various stages of infection, or potential protection of
kauri trees from infection in the forest environment. Trials also aimed to determine what
concentrations and doses of phosphite would be effective against the pathogen, yet safe for kauri. The
first forest trials with phosphite on kauri were small pilot studies established in 2011 to test phosphite
rates, followed by replicated injection trials established in four infected ricker (young kauri tree) forests
in 2012. Further trials were established in 2016 to evaluate lower phosphite injection rates and trunk
sprays on rickers in three forests, with a further three forest trials established the same year to
determine phosphite efficacy on larger trees. A final assessment of all trees within each trial was made
in 2022.

The 2012 trial involved 162 ricker kauri in four infested forests (Huia, Wh a t ,iOmahuta and Raetea).
It established that phosphite at 7.5% and 20% active ingredient, with 20 mL injected every 20 cm
around the trunk circumference, provided excellent drying and healing of basal trunk lesions on all
treated trees. Even 10 years after the initial application, with no further treatment, there were still no
active lesions present on almost all treated trees, and in many cases, canopies of treated trees had
started to regrow. This contrasted with untreated control trees, where most lesions remained active
and spreading, in many cases ringbarking and Killing the tree. However, in some treated trees there
was severe phytotoxicity, with canopy yellowing and thinning soon after treatment application, and in
extreme cases, accelerated tree mortality. This was most noticeable on smaller trees, especially those
which had advanced kauri dieback symptoms pre-treatment. The phytotoxicity symptoms were
predominantly on trees treated with the higher (20%) phosphite concentration, and much less common
or severe with the 7.5% treatment. The earlier pilot trials had indicated that healthy trees could tolerate
very high phosphite doses and eventually recover from any initial phytotoxicity symptoms, but this was
not the case with diseased trees.

I n an attempt to reduce the risk of phytotoxicity whi
rate and trunk sprayo6 trial was established in 2016,
Arapohue). Trees were in the ricker to advanced ricker/early mature size range. Phosphite

concentrations of 7.5% and 4%, with 20 mL injected at 20-cm spacings, plus a 4% treatment at 40-cm



spacings, were investigated. No phytotoxicity was noted with any of the treatments. All injection
treatments resulted in healing of almost all basal trunk lesions, in contrast to untreated control trees
where most lesions remained active and continued advancing. This trend remained throughout the 6
years of the trial, although there was a small number of injected trees that had active or semi-active
lesions at the final assessment. Thus, there can be confidence that phosphite injections at
concentrations between 4% and 7.5% are both safe and effective for treating diseased kauri, at least
those in the ricker to advanced ricker size classes. Trunk spray application of phosphite was partially
effective at healing lesions, but more frequent applications were required to provide control, and it was
clearly inferior to trunk injection.

There is less certainty about appropriate phosphite injection rates for large mature kauri trees. Trials
established on 42 large (0.51 2.5 m trunk diameter) kauri trees in three forest sites (Cascades,
Puketotara, Trounson) in 2016 used phosphite rates that were very conservative, given the immense
size and age of the trial trees. Phosphite was injected at a 4% concentration, with injectors at 40-cm
and 80-cm intervals around the trunk. These treatments provided significant trunk lesion healing
compared to untreated controls, but healing was not as complete as that observed with ricker trees.
Even following a second treatment application 3 years after the initial treatment, active lesions
remained on nearly half the treated trees. Comparisons of the results from the 4%/40 cm treatment
used in borntdatdhrei okoemwdé and O6Large treed trials
was less effective on large trees. This suggests that higher doses (per unit of trunk circumference) will
be required in large trees, to get the same degree of healing as in ricker trees. The possibility of using
sapwood cross-sectional area (rather than circumference) as the determinant of dose, especially for
larger trees, is discussed. Such a measure predicts higher doses for bigger trees than using
circumference and may address the deficiencies in large tree treatment identified in the current work.
Further large tree trials testing higher rates are required, and an outline for these is provided. In the
meantime, it is suggested that scaling up from rates for ricker trees, using trunk circumference as the
determinant of dose, should be both safe and more effective than the rates used in the large tree trials
to date. If anything, it could still be under-dosing large trees.

Many different tree health measures were used in the course of this work, including lesion measures
(activity, advance and area), and canopy measures (health score, shoot growth and photograph
comparisons over time). Lesion assessments were the most useful measure in the short term,
providing useful results and discrimination between treatments within a year of application. Canopy
measures were more informative long-term, with comparison between pretreatment canopy
photographs and current canopy status proving to be the most accurate and least subjective measure
of canopy changes following treatment.

Overall, this series of trials has provided overwhelming evidence for the efficacy of phosphite injection
for the treatment and control of P. agathidicida infection in kauri. Lesion healing, cessation of tree
decline, and eventual canopy recovery give confidence that phosphite injection is a useful tool for the
management of kauri dieback.

lan J Horner

Pl ant & Food Research Hawkeds Bay
Private Bag 1401

Havelock North 4157

NEW ZEALAND

Tel: +64 6 975 8880
DDI: +64 6 9758925

Email: ian.horner@plantandfood.co.nz
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Phytophthora agathidicida (formerly known as Phytophthora taxon Agathis or PTA) is a serious
problem, killing kauri trees of all ages in forests in Auckland, Northland, and Coromandel (Beever et al.
2009). The pathogen seriously threatens this taonga tree and the ecosystem it supports. Treatment
with phosphite (phosphorous acid, phosphonate) is one of the few potential options for treating
infected or threatened trees. Phosphite is widely used internationally on a range of Phytophthora
diseases on many plant species, including multiple horticultural crop and forest trees (Erwin & Ribeiro
1996: Crane & Shearer 2014). It works by a combination of direct suppression of Phytophthora and
stimulation of the host-plant defences (Smillie et al. 1989; Marin et al. 2023). Its predominant use is in
horticulture, with some use in forest systems (Crane & Shearer 2014). In New Zealand, phosphite is
commonly used for Phytophthora control in avocados, apples, strawberries and other crops.

In vitro tests showed that P. agathidicida was very sensitive to phosphite, and glasshouse trials
showed that phosphite injections could protect kauri seedlings from P. agathidicida (Horner & Hough
2011, 2013). Following the success of the glasshouse trials, forest trials were established to determine
whether phosphite treatment had any efficacy against P. agathidicida in forest kauri trees, whether it
could reduce the rate of symptom development in infected trees and/or improve the health of trees in
advanced stages of infection, or potentially protect kauri trees from infection in the forest environment.
It was also hoped to determine what concentrations and doses would be effective against the
pathogen, yet safe for kauri. The first forest trials with phosphite on kauri were small pilot studies
established in 2011. The first replicated forest trials were established in 2012 on young (ricker) trees in
four forests. Further trials were established in 2016 to evaluate lower phosphite rates and trunk sprays
on rickers in three forests, with a further three forest trials established the same year to determine
phosphite efficacy on larger trees.

The expectation was that the trials would each take at least 5 years to give definitive results. That time
period was considered necessary to achieve good discrimination of symptom development between
treated and untreated trees, and to determine the longer-term robustness of any treatment effects. In
2022 it was decided to re-evaluate all the forest trials to investigate the long-term effect of treatment.
The current report includes results from throughout the studies, including reassessments made in
2022, 61 10 years after initial treatment application. Parts of this work have been summarised in
previous reports and publications (Horner et al. 2015, 2019, 2020a, 2020b, 2021). This report
incorporates and supersedes these previous reports.



Before starting the main forest trials, it was necessary to determine the phosphite dose rates that were
safe to use on forest kauri. There were no serious signs of phytotoxicity in glasshouse trials (Horner &
Hough 2011). Although there were leaf scorch symptoms in branches within a few centimetres of the
injection point in kauri seedlings injected with 150 mL/L (=15%) phosphite, leaves otherwise remained
healthy. From these seedling trials, kauri was considered reasonably tolerant to phosphite treatment.

A range of rates have been used for trunk injection of phosphite into trees of various species suffering
from Phytophthora infection. Tree canopy diameter or trunk circumference are often used for
calculation of the volume of chemical that should be injected. For example, the label instruction for
injection of Agrifos600® into avocado in New Zealand is 20 mL of 15% phosphite per 1 m canopy
diameter. However, canopy calculations are difficult with kauri, especially in a forest situation. For all
the current trials, trunk circumference was used to determine rates applied to individual trees.

Healthy kauri ricker trees growing beneath a power line in Waipoua forest (Northland), destined to be
felled within the next few years, were selected for the rate trial in November 2011. A rate of one 20-mL
injection of 15% phosphite (=250 mL Agrifos600®/L) per 20 cm trunk circumference was used as a
standard treatment. To determine the effects of extreme rates of phosphite, 20 mL of undiluted
Agrifos600 (60% phosphite solution) per 20 cm trunk circumference was applied to other trees. This
was to determine what might happen if people mistakenly applied undiluted phosphite to trees. In
checks of these trees 2i 3 weeks after treatment, no obvious symptoms were reported. On this basis,
the initial treatment application in the main ricker trial sites at Huia and Wh a t precéeded, using 20
mL of 20% phosphite per 20 cm trunk circumference (see Section 3.1 below). However, subsequent
checks of the Waipoua trees in late January 2012, 12 weeks after treatment, revealed several
symptoms ranging from yellowing or browning of leaves to loss of many leaves and even some
branchlets (Figure 1). With the branchlet loss, the normal abscission that occurs with kauri branches
appeared to occur prematurely and rapidly in response to treatment with phosphite. These symptoms
were noted with both the 15% and 60% injections. Further checks of the Waipoua trees in June 2012,
7 months after treatment, showed that many of the leaves and branchlets that were brown in late
January had abscised and dropped. The abscission zones appeared normal (Figure 1). The remaining
canopy on these trees appeared healthy and green. Further checks of these trees were made in
January and June 2013 and annually thereafter until 2018. All trees showed signs of new growth over
the 2012/13 and all subsequent seasons, indicating that the trees were able to survive and ultimately
grow out of the initial toxic shock of extreme doses of phosphite (Figure 2). Apart from the initial
response of leaf and twig loss, there was no sign of long-term adverse effects from the phosphite
treatment on healthy trees. No bleeds or other trunk symptoms, such as those observed in Huia and
Whatipl sites discussed below, were observed in any of the injected Waipoua trees. When the trees
were checked in 2023, most had been felled because of their threat to power lines. The two remaining
trees appeared healthy, with no sign of canopy or trunk problems.



Phosphite trials for control of Phytophthora agathidicida in kauri i re-evaluation after 10 years. June 2024. PFR SPTS No. 25791. This report is confidential to MPI/Tiakina Kauri.

Figure 1. Premature leaf browning and abscission of kauri branchlets following trunk injection with a high concentration (60%) of phosphite at the Waipoua pilot rate trial site, Northland. Similar symptoms
also occurred with 15% and 20% solutions of phosphite.

The New Zealand Institute for Plant and Food Research Limited (2024) Page 5
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Pre-treatment (November 2011).

7 months post-treatment (June 2012).

3 years 9 months post-treatment (August 2015).

Figure 2. Kauri trees before and after trunk injection with an extremely high concentration of phosphite at the Waipoua pilot rate
trial site, Northland. In November 2011, the kauri on the right was injected with 60% phosphite solution; the tree on the left was
left untreated. In the lower two photographs, taken 7 months and 3 years 9 months after the injection, note the thinner, but
otherwise healthy canopy in the treated tree on the right.

The New Zealand Institute for Plant and Food Research Limited (2024) Page 6



Following the observation of phytotoxicity symptoms in the Waipoua trees in late January 2012, a

second pilot rate trial was established at the Huia site (Te WaoNuiUT i r i wa/ Wai t Uker e

adjacent to the main trial area (see Section 3.1 below). None of the trees in this pilot study were
showing kauri dieback symptoms. Trees were treated with a range of rates, as follows:

15% phosphite, 20 mL per 20 cm trunk circumference
10% phosphite, 20 mL per 20 cm trunk circumference
15% phosphite, 20 mL per 30 cm trunk circumference
20% phosphite, 20 mL per 40 cm trunk circumference
7.5% phosphite, 20 mL per 20 cm trunk circumference
Untreated control.

mmoow»

Each treatment was applied to two trees. Photographs were taken of the tree canopies at the time of
treatment application, and these were used as references for determining changes in canopy health in
assessments made 6, 8, 12 and 20 weeks after treatment, and annually thereafter for 5 years. Leaf
yellowing, browning and leaf drop were observed in many of the treatments (Table 1, Figure 3),
although symptoms were not as severe as seen in the Waipoua trial. Even with the lowest
concentration of phosphite applied (7.5%), one of the two trees showed slight yellowing and minor leaf
drop, although the tree remained healthy.

By June 2013, 17 months after the initial treatment, and in all subsequent assessments, tree canopies
looked green and healthy, regardless of the application rate (Figure 3). This suggests that although
trees were initially adversely affected by the high rates, they recovered and continued to grow
normally.

From 3 years post-treatment, bark flaking in line with injection points was noted in some trees, and in
the final assessment of these trees (February 2017) minor trunk cracks or bleeding were noticed in
most treatments (Table 1). This will be discussed further with the main ricker trial analysis below
(Section 3). No formal assessments of tree health have been made in this pilot site since 2017, but
brief checks of tree health in 2018, 2019 and 2022 indicated healing of the trunk cracks noted in
earlier assessments.

The Waipoua and Huia pilot rate trials demonstrated that injection of high rates of phosphite into kauri
trees may result in severe phytotoxicity symptoms. Symptoms include leaf yellowing, browning and
abscission, and in some cases premature twig or lower branch abscission. But all the trees in these
pilot rate trials appeared to recover, and within 2 years canopies were green and, in most cases
showing signs of new growth. It must be noted that these rate trials were carried out on healthy trees.
Responses to phosphite may differ on trees with severe symptoms of kauri dieback, as was observed
in the main phosphite trials discussed below.

As a result of the Waipoua and Huia pilot rate trials, the lower rate of 7.5% phosphite was selected as
the standard for the Northland sites and the remaining treatments of the Huia and Wh a t sitgsi(see
below). This low rate was selected as a precaution against causing severe phytotoxicity in trees. As
will be discussed later, even the 7.5% concentration may be too high in some circumstances.

Range
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Figure 3. Phytotoxicity symptoms in kauri trees following trunk injection with phosphite, Huia pilot trial site,

Wai t Uk er e Cl®tlavisgfiom top left: Pre-treatment (January 2012), 12 weeks post-treatment (April 2012),
20 weeks post-treatment (June 2012), 72 weeks post-treatment (June 2013). The tree at the lower/centre of each
picture was injected with 20 mL of 15% phosphite per 20 cm trunk circumference. The tree on the upper left of each
picture was injected with 20 mL of 10% phosphite per 20 cm trunk circumference. Note the yellowing and browning
of leaves in the photograph taken 12 weeks post-treatment, and the thinner, but otherwise healthy canopies after
20 and 72 weeks.

The New Zealand Institute for Plant and Food Research Limited (2024) Page 8
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Table 1. A summary of notes on kauri tree canopy health 6, 8, 20, 50, 72 weeks and 5 years after trunk injection with various

concentrations of phosphite at the Huia trial site. Tree canopies were compared with photographs taken on the day of treatment

application. Notes on trunk symptoms are atthe5-y ear assessment only. o6ln |ineb6 refers to i
refer to observations on two trees in each treatment.

Volume (mL)
per cm trunk
circumf.

Phosphite ZAVEELS

& 5 years

5years

50 weeks (trunk)

6 weeks 8 weeks 20 weeks

(%)

Most leaves Many leaves Thinner canopy.  Thinner canopy. Slightly thinner Sl'gh.t .
yellow, some . canopy. Leaves swelling in
A 15 20/20 yellow or brown, Remaining leaves Leaves green ; .
brown, esp. on green and line with
some leaf drop green and healthy and healthy S
small shoots healthy injection
;éﬂiisggt?gg 52323 thinner Slightly thinner ~ >"elling in
ver éllow Thinner canopy. Remain-in canopy. Leaves line. Minor
B 10 20/20 No change Yy ’ Remaining leaves 9 Py crack in
some brown reen and health leaves green and green and line (212
leaves, minor 9 Y healthy on 1 tree, healthy rees)
leaf drop yellow on other
Similar to Very yellow . Slightly thinner ﬁﬁﬁi;?&iﬁr © Sweling in
Thinner canopy. . line. Minor
c 15 20/30 photograph, leaves and R inin | canopy. Leaves other tree slightly Ki
but slightly many brown. emamlndqhea\llﬁs green and thinner canopy. Iqrac '/g
more yellow  Some leaf drop green and healthy healthy Leaves green tlr':aié)l
and healthy
1 tree similar to L
- . . Swelling in
Similar to Some yellow Thinner canopy. Slightly thinner photograph,. line. Minor
photograph,  and brown s canopy. Leaves other tree slightly .
D 20 20/40 but 1 tree leaves, minor Remaining leaves reen and thinner cano crack in
- ’ green and healthy g PY-"line a2
slightly yellow leaf drop healthy Leaves green trees)
and healthy
Similar to 1tree similar to 1 tree similar to 1;2?3 srgm:]ar to 1;2:5 Srl‘?'rl]ar to Swelling in
hotograph photograph, photograph, other gther ?regsii htl 2ther ?rer-?sii htl line. Minor
E 7.5 20/20 p 9" Giher tree with  tree slightly thin B ghtly ot Y crack in
but 1 tree thin canopy. thinner canopy. .
- many yellow or canopy, leaves line (1/2
slightly yellow brown leaves green/healthy Leaves green Leaves green trees)
and healthy and healthy
F 0 0 No change No change No change No change No change E;‘I::(ng
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After consultation with the Department of Conservation (DOC), regional councils, and Mana whenua
i wi/hapl, four sites were selected for the main trial

Huia dam, Te Wao Nui U Tiriwa (Waitgkere ranges), Auckland
Wh a t ,iTeWao Nui U Tiriwa (Waitdkere ranges), Auckland
Raetea Forest, Mangamuka ranges, Northland

Omahuta Forest, Mangamuka ranges, Northland.

PR

Both the Auckland sites were in naturally regenerating forest, in stands of kauri rickers (Figure 4). Both
Northland sites were plantation kauri, planted by the New Zealand Forest Service in the 1950s and
1960s (Figure 4). All four sites had confirmed diagnoses of P. agathidicida in soil or trees, and
subsequent checks showed widespread distribution within the soil at each site.

The trials were established January to March 2012. Only kauri trees showing symptoms consistent with

P. agathidicida infection (lesions or bleeding sap at the base of the trunk, or thinning or yellowing

canopies) were included in the trial. There were 51, 54, 15 and 42 trees in the trials at the Huia, Wh a t ,i p 1
Omahuta and Raetea sites respectively, a total of 162 trees. Most trees were at the ricker or advanced

ricker stage, with girths ranging from 35 to 130 cm (Figure 5).

Before treatments were assigned to trees, all potential trial trees were mapped, measured (girth), and

canopy symptoms were scored on the Kauri Dieback Programme (KDP) 1i 5 scale (1 = healthy, no

signs of dieback, 2 = slight canopy thinning, 3 = thinning and some branch dieback, 4 = severe dieback,

5 = dead). Further refinement in canopy health scori:i
o ( e,.3g3+). F8r analysis purposes, 0.3 was added or subtracted from the numerical score so 3-, 3

and 3+ became 2.7, 3.0 and 3.3. Canopy photographs were taken from reference points for future

comparisons of canopy, and the trunk base was photographed at cardinal points. At the start of the trial,

most trees were showing moderate to advanced canopy symptoms, with canopy health scores mostly in

the fA30 catfeewgroni ebe Wildh A20 and A40 categories (Fig

Basal trunk lesions (if present) were measured, noting position, height, and width. In many cases lesion

margins were marked using a chinagraph pencil or paint pen for future reference and measurement.

Lesion activity (i.e. whether they appeared fresh and active or dried and inactive) was noted. Once

sufficient trial trees were identified, they were assigned into groups at each site, based on similarity of

symptoms. This exercise was done away from the forest, using only the information previously collected

for each tree. Trees within each group of O6similard
that there was an even number of trees from each treatment in each disease severity group. This

ensured that across each eiiyofteesindadh traatmentat thegtarbof di seas e
the trial was similar.
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3.1.3 Treatment application

Trees were injected with either a high (20% active ingredient (a.i.), Wa i t Udites ordy) or low

(7.5% a.i., all sites) phosphite concentration (Agrifos600®) (Table 2, Figure 7) using spring-loaded
Chemijet® tree injectors (Figure 8) into a 6-mm diameter hole drilled 30i 40 mm deep, 0.47 0.8 m above
the ground. Both concentrations were applied at a dose rate of 20 mL of phosphite solution injected
per 20 cm trunk circumference. Some trees were left untreated as controls. In January 2013, 10 to

12 months after the initial treatment, half the previously treated trees at each site were re-injected with
a low (7.5%) concentration of phosphite, regardless of whether they were treated with the high or low
rate at the start of the trial. Remaining injected trees and untreated controls were left untreated,
making a total of five different treatments in the trial (Table 2).

All phosphite treatments were a single dose of 20 mL at 20-cm intervals around the trunk
circumference, injected into the trunk 0.4 to 0.8 m above the ground. Following removal of the injector,
the drilled hole was filled with silicon sealant. All five treatments were applied at Huiaand Wh a t .i p 1
Only treatments 1, 4 and 5 were applied at Omahuta and Raetea. There were no further applications

of phosphite after January 2013.

Table 2. Treatments applied and number of trial trees on four sites for testing phosphite for control of Phytophthora
agathidicida in kauri. Hu = Huia dam site, WaitUkere Ranges; Wh=Wh a t sitp, Wa i t URaages Ra = Raetea site,
Mangamuka Ranges; Om = Omahuta site, Mangamuka Ranges.

Treatment Hu Wh Om Ra Total

1. Untreated control - 11 12 5 14 42
20% phosphite (January 2012)

oWl wlh Pres s ey oy phosphite (January 2013) i i ) ) z2

3.6 Hi dds/niFPhosd 20% phosphite (January 2012) 9 11 - - 20
) R 7.5% phosphite (March 2012)

4.6 L o hos/Bw Phoso +7.5% phosphite (January 2013) 10 10 5 14 39

5.6 L o hos/Ail Phoso 7.5% phosphite (March 2012) 10 10 5 14 39

Total 51 54 15 42 162

3.14 Post -treatment assessments

In January/February and June/July each year for 5 years post-treatment, and again 8 and 10 years
post-treatment (February 2020 and March 2022, respectively), tree canopy and trunk health
assessments were made. Binoculars were used to check for current season shoot growth which was
scored on a scale of 0 (no growth), 0.5 (slight growth), 1 (good/normal growth) or 2 (vigorous growth).
Tree canopy health and vigour were compared with those in the photographs taken at the start of the
trial. The scoring system, based on the original photographs and comparing canopy health and density
was: -2 = tree dead, -1 = substantially worse, -0.5 = slightly worse, 0 = similar, 0.5 = slightly better, 1 =
substantially better. The subjective ratings of Osub:
whether the difference was immediately obvious (substantial) or whether the original photograph and
current canopy had to be examined carefully, making comparisons down to the individual twig or leaf
level (slight). Five, 8 and 10 years after treatment application, canopy health was re-scored on the
same 1 to 5 scale used in pre-treatment assessments.
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At each assessment time, the maximum width and height dimensions of lesions at the base of the
trunk were re-measured. Where margins on particular lesions had been marked, any advance of the
lesion margin was measured 6-monthly up until 2017. However, lesion margin mark assessments
could not be done in 2020, as in the intervening 3-year period more than 90% of the markings
indicating lesion margin had been lost through natural bark peeling, sap bleeding or fading. Lesion
activity, as indicated by freshly oozing sap, was scored as follows:

0 =not active (all bleeds hard and dry, cannot dent with fingernail)

0.2 = probably not active (bleeds mostly hard and dry, but possible to make dent with fingernail)

0.5 = probably active (slightly soft bleeds, easily dented with fingernail, but not very sticky)

1 = active (soft and sticky bleeds, obviously recent)

2 =very active (copious, very soft and sticky ooze, pus-like).

Where lesions had dried up and lesion margins had cracked and peeled back, a score of -0.1 was
assigned. Although the lesion activity scoring scale is slightly arbitrary, it allowed unbiased
assessment of each lesion, and comparison across treatments. Either individual lesion scores or the
maximum score for any tree at each assessment time were used in the final data analyses.

For analyses of basal lesion areas, a roughly triangular lesion shape was assumed, with lesion areas
approximated by multiplying height x width x 0.5. Data for lesion area in 2017 or 2020 were expressed
as percentages of the area pre-treatment in 2012. To avoid problems with either dividing by zero or
taking the log of zero, 0.5 cm? (the smallest lesion size) was added to all the sizes. These data were
then log transformed, and averages were calculated for each site-treatment-year combination. The
means for 2017 and 2020 were compared between sites and treatments using analysis of variance on
the log-transformed percentages.

Approximately 2.5 years after the first phosphite treatments, small cracks were noticed in the trunks of
some trees, in line with injection points. From the 3-year assessment (February 2015) onwards, the
extent, dimension and orientation of bark peeling, cracking or bleeding were recorded systematically,
focusing on effects in line or associated with the injection points. Lesions associated with P.
agathidicida infection were not considered as part of this scoring. To simplify the analysis, trunk
responses were grouped into the following categories for each tree: 0 = no symptom, A = minor bark
flaking, B = bark flaking all around base of trunk, C = bark flaking in line with injection, D = minor
bleed, E = moderate bleed, F = major bleed. If the tree died, the most severe score recorded to date
was retained for data analyses.
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Figure 4. Trial sites for testing phosphite for control of Phytophthora agathidicida in kauri. Top left, Huia dam site, Wa i t Uk e r etofRight, Wa a t sitpWai t Uker e Ra
bottom left, Raetea site, Mangamuka Ranges; bottom right, Omahuta site, Mangamuka Ranges.
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Figure 5. Range of kauri tree girths (mm) at the start of the 2012 ricker phosphite treatment trial. 6 C o u=maniber of trees in
each size class.
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Figure 6. Pre-treatment canopy health of trial kauri trees, pooled over the four trial sites. Canopy scores: 1 = healthy signs of

dieback, 2 = canopy thinning, 3 = thinning and some branch dieback, 4 = severe dieback,5=dead. 6 Count 6 = number of t
in each health score category.
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Figure 7. Trunk injection of a kauri tree with phosphite at the Huia trial site, Wai t Uk er e Ranges

Figure 8. Chemjet® trunk injector used for injection of phosphite into kauri trees.

3.2 Results and discussion

3.2.1 Injection point healing

Most injection points healed well. Although the points sometimes bled for a few weeks, they usually
healed well and within 6 months were generally hard and dry. Often the silicon plug was expelled as

The New Zealand Institute for Plant and Food Research Limited (2024) Page 15
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the tree oozed sap and healed over. After 2 to 3 years, there was often superficial bark cracking
around the plug, with the bark eventually expelled and sealed beneath (Figure 9). Very occasionally,
trees continued bleeding from injection wounds for more than a year (Figure 10). There was no
obvious reason why some trees did this; most healed quickly and well.

Figure 9. Top left and centre: injection point healing, 3
years after phosphite trunk-injection of kauri trees. Note
bark peeling around the injection point, with eventual
expulsion of the plug (bottom left). Top right: natural
sealing of unplugged injection hole, 30 min after
injection (hole = 6 mm across).

Figure 10. Prolific bleeding from injection points (left), which occurred in about 3% of kauri trees. More typical
bleeding is shown in the centre and right photographs.
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At the start of the trial (pre-treatment 2012), lesions ranged from none present on some trees, to
substantial active bleeding lesions on others. The percentage of trial trees with lesions present at the
start was 93, 79, 54 and 33% of trees at the Omahuta, Raetea, Huia and Wh a t sitps] respectively.
The balanced method of treatment assignment across trees at the start of the trial, ensured that on
average there were only small treatment differences in lesion presence or activity at the start.

Within a year of treatment, there was an obvious difference in the lesion activity in treated and
untreated trees, and this difference persisted for the duration of the trial. All lesions on treated trees,
regardless of the phosphite dose applied, stopped advancing and dried up. In most cases there was
bark cracking around the edge of the lesion and a peeling back of the diseased tissue (Figure 11).
Bark behind this peeled back area was generally healthy, with no sign of lesion activity. At the 5-year
assessment, old lesions on many of the treated trees had peeled back well below the initial margin,
revealing healthy bark beneath, and this trend was reinforced at the 8- and 10-year assessments.
Cracking and healing were also sometimes observed around lesions on untreated control trees,
indicating that some untreated trees were attempting to repel the infection. However, in many such
cases on untreated trees the lesion continued to advance beneath or around the peeled bark, with
fresh sap oozing beyond the original canker margin (Figure 11). In many instances, lesions on
untreated trees remained active and continued advancing with no signs of healing.

The trend in lesion healing noted at the 1-year assessment continued for the subsequent 9 years of
assessments. In almost all phosphite-treated trees there was no further lesion activity noted after the
6-month assessment (Figures 12 and 13). Five years after the initial treatment, only two out of

120 phosphite-t r eat ed trees had fAactived | esions; bot h were
pig-damaged on the trunk and around the roots. At the 8- and 10-year assessments, with one
exception, alltreesr ecor ded as having O6probably activebd, 6activ

untreated control treatment, with no active lesions noted on any phosphite-treated trees (Figures 12

and13). The one exception was a single tree nrdtihged with
a linear mixed effects model to lesion activity data, with fixed effects for date and treatment, and

random effects for site, tree, site x date and site x treatment, indicated both the fixed effects

(treatment and date) were significant. Splitting the treatment effect into a factor comparing the controls

with all the other treatments, and a factor looking at differences among the phosphite treatments, the

untreated control vs treatment effect and interaction with date was significant (F = 13.6 on 1 and 7 df,

p = 0.007 for the main effect; F=13.9 on 12 and 132 df, p < 0.001 for interaction with date). The

differences among the various phosphite treatments were not significant (F = 0.0 on 3 and 10 df, p =

0.989 for the main effect; F = 0.5 on 36 and 172 df, p = 0.991 for the interaction with date).
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Figure 11. Cracking and peeling of bark around margins of Phytophthora agathidicida lesions on kauri trunks. Top and
bottom left: phosphite-treated trees, showing bark peeling around lesions, with healthy bark beneath. Bottom right:
untreated tree, with bark peeling, but active P. agathidicida lesion on the new bark beneath.
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Figure 12. Lesion activity score in Phytophthora agathidicida-infected kauri trees on four sites assessed 6-monthly
over 5 years following treatment with phosphite in early 2012, with further assessments in February 2020 and March
2022. Lesion activity was assessed as -0.1 = healed and peeled back, 0 = not active, 0.2 = probably not active, 0.5 =
probably active, 1 = active, 2 = very active. Data points are individual tree scores for all trees that had lesions, with the
maximum score for each tree at each time-point plotted. Data points are plotted with a slight jitter to avoid overlaying.
OHi and®L o wod ithe ghiosplaté agplication rate in February 2012 and February 2013, respectively. High = 20%
phosphite, Low = 7.5% phosphite, nil = no treatment, Control = untreated.

The New Zealand Institute for Plant and Food Research Limited (2024) Page 19



Phosphite trials for control of Phytophthora agathidicida in kauri T re-evaluation after 10 years. June 2024. PFR SPTS No. 25791. This report is confidential to MPI/Tiakina
Kauri

Huia Whatipu Omahuta Raetea
>, 1.9
s
=
© —— Control
®© 1.0 .
c ‘ - High/low
jel é . .
n High/nil
ﬂ,’ 0.5+
—— Low/low
C .
I\ ‘ Low/nil
(O] ] ¢
2 0.0- L\‘—C"‘ g *‘wh.
T 1 1 1 T T 1 T T 1 1 1 1 T 1 1
ANTOOON <O o ANTOOON
v QONN — <O v QONAN
olololololo] OO0 OOOOO0OO
ANANANANANN ANANANN ANANANANANN
Control High/low High/nil Low/low Low/nil
>
=
=
© 08-
g0
C
i)
[72]
@ 0.4 A
-
©
Q50- o+
=" L G = N el
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N N~ OQ N N~ OQ (q\] N~ OQN AN N~ ON (q\] N~ OXNN
~ — ONQN ~ — ONQN ~ — ONQN ~ — ONQN ~ — ONQN
o o OO o o OO o o OO o o OO o o OO
N AN NN AN AN NN N AN NN AN AN NN (V] AN NN

Date

Figure 13. Mean basal trunk lesion activity score on Phytophthora agathidicida-infected kauri trees in four forest sites,
following application of phosphite treatments in February 2012. Trees were assessed approximately every 6 months for
the first 5 years, then re-assessed after 8 and 10 years (February 2020 and March 2022). Lesion activity was assessed as
-0.1 = healed and peeled back, 0 = not active, 0.2 = probably not active, 0.5 = probably active, 1 = active, 2 = very active.
The bars in the top four (site) graphs indicate Least Significant Difference (LSD) (p = 0.05) between treatments in the final
2020 assessment. Lines on the lower graph (pooled data) indicate standard errors of the means. Lesion data used are for
the most advanced/active lesion for any given tree. Only trees with above-ground trunk lesions were included in the
analysis. The bar graph shows treatment means recorded pre-treatment and after 5, 8 and 10 years, averaged across all

four sites. 6 Hiéantt6 Lowd i ndi cate phosphite application rate in February 20
20% phosphite, Low = 7.5% phosphite, nil = no treatment, Control = untreated.
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3.2.2.2 Lesion expansion

Lesion expansion reflected the lesion activity scores, with continued extension of marked lesions in
most control trees, and no or minimal lesion extension in treated trees (Figure 14). This was the case
at all four sites. Within 3 or 4 years of treatment, mean | esi on dexpansiond was tre
most phosphite treatments. This reflected the lesion healing in all treated trees, with the peeling back
of diseased bark revealing healthy bark beneath. After 5 years, the growth of marked lesions was
significantly greater in untreated controls than in any of the phosphite injected treatments (F = 5.6 on 4
and 59 df, p < 0.001). There was no significant site effect (F = 0.8 on 3 and 59 df, p = 0.493) or site x
treatment interaction (F = 0.8 on 8 and 59 df, p = 0.607). There were no significant differences among
the various phosphite treatments. Marked lesion margin expansion could not be assessed after 8
years because of loss of the reference markings on bark. However, analysis of total lesion area
showed the trend in bark healing (Figure 15), with a significant reduction in average lesion area in
injection treatments on all sites.

In terms of lesion activity and expansion, the response to phosphite was similar in all the treatment
regimes, i.e. high or low concentration, one application or two, on all four sites, i.e. there were no
significant differences between any of the injection treatments. This contrasts to the significant
differences from the untreated controls, already noted (Figures 13, 14 and 15).
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Figure 14. Mean basal trunk lesion advance on Phytophthora agathidicida-infected kauri trees in four forest sites. Vertical

growth of tagged lesions was measured approximately every 6 months over a 5-year period, following application of

phosphite treat ments anhd LFoevbd uiamrdyi c2adtle2 . p hdoHs mghhiét e appl i cation rate ir
February 2013, respectively. High = 20% phosphite, Low = 7.5% phosphite, Nil = no treatment in 2013, Control =

untreated.
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Figure 15. Mean basal trunk lesion area change on Phytophthora agathidicida-infected kauri trees in four forest sites,

following application of phosphite treatments in February 2012. Approximate lesion area was calculated from lesion

width and height assessments pre-treatment and after 5 and 8 years. In 2017 and 2020, lesion areas are expressed as
percentages of the 2012 (pre-t r eat ment ) | esi on ar ea. 6 1 6dzdumbersdessctiah e s no change in
100% indicate a shrinkage of the lesion area and peeling back of diseased bark. 6 Hi ani®@L owdé i ndi cate phosphite
application rate in February 2012 and February 2013, respectively. High = 20% phosphite, Low = 7.5% phosphite, Nil =

no treatment, Control = untreated. Bars indicate the least significant difference (95%) between treatment means.

The pre-treatment, 5-year, 8-year and 10-year canopy scores of all trees in the trial are shown in
Figure 16. The change in canopy health can be most easily tracked in the canopy photograph
comparisons at each 6-monthly assessment. The mean change for each treatment at each site at
each assessment date is presented in Figure 17.

Fitting a linear mixed effects model to the photograph comparison ratings, with fixed effects for date
and treatment, and random effects for site, tree, site x date and site x treatment, indicated there was a
significant date effect (i.e. a change over time). The random effect for tree was large, indicating that a
great deal of the variation in the data was due to differences in the initial tree health.

When we excluded trees which had died, and fitted a similar model, the date effect was significant (F =
7.4 on 11 and 106 df, p < 0.001), but there was also a significant date x treatment interaction

(F =2.00n 44 and 104 df, p = 0.002). Data suggest the low dose treatment trees recovered to their
initial canopy condition or improved, while the high dose and untreated control trees had stabilised or
declined from their initial canopy condition. On average, there was a decline in canopy health in
untreated control trees at all sites. This was most evident at Raetea, where every untreated tree
declined in health (Figure 16).

The canopy health response to phosphite treatment varied at the different sites. At the Raetea and
Omahuta sites, the canopy health of the majority of phosphite-treated trees either remained the same



or improved slightly (Figure 16), although at
heavily influenced by the fact that two of the five replicate trees died. Both these trees had advanced
infections at the start of the trial. Apart from these two trees, most treated trees in the two Northland
sites were showing good new shoot growth after 5, 8 and 10 years, and in many cases had begun to
fill in canopies that had thinned earlier in the trial (Figure 28).

In contrast to the Northland sites, at Huia and Wh a t ihgrd was an initial decline in canopy health in
the majority of trees treated with phosphite. This was despite lesion healing in all trees, as discussed
above. This decline in canopy health was evident within a year of treatment application, and is
assumed to be a phytotoxicity response. Symptoms were similar to those described in Section 2
above. There was leaf yellowing, browning and leaf drop in many trees, with twig abscission in some
trees. This resulted in a thinning of the overall canopy, and a subsequent higher canopy score
(Figure 16) or negative photograph comparison (Figure 17).

At Huia and Wh a t ,ibyptfie 5-, 8- and 10-year assessments, most of the treated trees that survived
were close to the canopy health score they exhibited at the start (Figure 16). This was not reflected in
the mean photograph comparisons using the full data, which was heavily influenced by the trees that
died (Figure 17). Removal of dead trees from the analysis demonstrated the partial recovery of some
trees that initially suffered phytotoxicity symptoms (Figure 17, right hand graphs). This was more
noticeable in trees treated with the low (7.5%) rather than the high (20%) phosphite concentration.

Shoot growth data showed similar trends to the canopy health and photograph comparison data, but
give a little more insight (Figure 18). Trees that died biased the data, as obviously a dead tree records
zero growth. When these were excluded (Figure 18 right hand graphs), a more reasonable
interpretation of trends in growth could be made. At Huia, on average, remaining trees were growing

Omahut ¢

well, but there was little difference in growth of treated and untreated trees. At t he Whwaithi pT si t e

dead trees excluded there was a trend towards better growth in treated than in untreated trees. At the
Raetea and Omahuta sites, there was significantly better shoot growth in trees injected with phosphite
(low dose only) than in those left untreated (Figure 18).

Overall, canopy health scores did not necessarily correlate with or reflect lesion healing. It could be
many years before lesion healing is reflected in substantial growth and canopy filling. But the 8- and

10 year assessments, especially at Omahuta and Raetea, were starting to show the long-term benefits

of phosphite treatment, and the potential for addressing canopy decline and re-growing the canopy
(Figure 28).
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Figure 16. Kauri canopy health scores pre-treatment (February 2012), 5 years post-treatment (February 2017),
8 years post-treatment (February 2020), and 10 years post-treatment (March 2022) at four phosphite trial sites. Data
points are individual trees and are plotted with a slight jitter to minimise overlap. Canopy scores: 1 = healthy, no

signs of dieback, 2 = canopy thinning, 3 = thinning and some branch dieback, 4 = severe dieback,5=de a d .
phosphi trye2012 and Febroaayt2018, respectivelye Highr= 208 b r u a

and6Lowd indicate
phosphite, Low = 7.5% phosphite, Nil = no treatment, Control = untreated.
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Figure 17. Comparison with baseline canopy photographs taken pre-treatment, in Phytophthora agathidicida-infected kauri trees
in four forest sites. Every 6 months over a 5-year period (following application of phosphite treatments in February 2012), with
further assessments after 8 and 10 years, comparisons of canopy density and health were made using the following scale: -2 =
tree dead, -1 = substantially worse,-0 . 5 = slightly worse, O = similar, O0.&d-=
6Lowd indicate phosphite application rate i n F ephosphiterLow=2®% 2
phosphite, Nil = no treatment, Control = untreated. Graphs on the left are mean scores of all trees, graphs on the right are mean

scores after removing dead trees. Bars indicate Least Significant Difference (p<0.05) for comparisons between treatment
means.
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Figure 18. Mean shoot growth scores assessed in Phytophthora agathidicida-infected kauri trees in four forest
sites. Every year over a 5-year period (following application of phosphite treatments in February 2012), with a final
assessment after 8 years, shoot growth was assessed as 0 (no growth), 0.5 (slight growth), 1 (good growth) or

2 (vigorous growth). Data are means for each treatment at each site. 6 Hi antd ®L o w6 i
application rate in February 2012 and February 2013, respectively. High = 20% phosphite, Low = 7.5% phosphite,

ndicate

Nil = no treatment, Control = untreated. Graphs on the left are mean scores of all trees, graphs on the right are
mean scores after removing dead trees. Bars indicate Least Significant Difference (p<0.05) for comparisons
between treatment means.
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Application of phosphite appeared to stimulate bark flaking in trees, particularly around P. agathidicida
lesions and other injuries. This was apparent within a year of treatment application. After about 2
years, it was also noted that there was more prolific bark flaking in line with the injection points, often a
metre or more above (but not below) the point (Figure 19). This appeared to be related to a slight
swelling or more rapid growth of xylem or phloem in line with injections. This symptom was noticed at
Huia, Wh a t ang Raetea, but not Omahuta.

Just over 2 years after treatment, vertical bark cracking on the trunks was first noticed in some
injected trees (even in trees that had only one treatment), usually in line with injection points. Again,
this appeared to be related to a slight swelling or more rapid growth of trunk tissues in line with
injections, and was often preceded by bark flaking in line. The cracking symptom was present only in
trees at Huia and Wh a t ,iaql Inot at either of the Northland sites. This cracking ranged from minor
cracks and bleeds a few centimetres long, to sporadic deeper cracks and bleeds that could be 3 or 4
metres above the injection point (Figure 20). By the 5-year assessment (2017), the vast majority of
these cracks had dried up and healed, but three trees at the Huia site still had active bleeds from
cracks. Of these three trees, in the 2020 assessment, all bleeds had completely dried up and healed
in one tree, with the remaining two trees still having active bleeds from cracks (although at a
substantially lesser amount than previously). Apart from these two trees, there were no other active
cracks or bleeds associated with injection points in any trial trees. By 2020, most signs of swelling or
bark flaking in line with injection points were no longer obvious. A summary of the trunk symptom data
up until 2017 is presented in Table 3 and Figure 21.

There is no obvious explanation for why many trees at Huia and Wh a t éxpiblited this cracking
symptom, yet the trees in Raetea and Omahuta did not. Part of the reason could be the much higher
phosphite concentration used in some treatments at Huia and Wh a t ,ibyt éracking was also noted in
some trees in treatments of comparable lower dose (7.5%) to that applied in the two Northland sites.

The trunk cracking is not necessarily related to the disease status of the tree prior to injection. In the
Huia rate pilot trial (Section 2.2 above), minor trunk cracks were observed in some trees that showed
no sign of kauri dieback symptoms when injected. There was no obvious relationship of trunk cracking
to measured pre-treatment parameters such as tree girth, canopy score or lesion activity, although
these factors did correlate with mortality (Section 3.2.5 below).

The long-term effect of these cracks is yet to be determined. Although they generally healed, some of
the severe cracks left wounds that could be a source of weakness or entry point for other pathogens.
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Figure 20. Moderate (left) and major (centre and right) kauri trunk cracks and bleeds in line with injection points, 2.5 to
3 years after trunk injection with a phosphite solution.
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Table 3. Kauri trunk symptoms at four phosphite trial sites, 5 years after trunk injection with various phosphite treatments. 6 Bar k f | aki n
6n |Iined and 6bleedsd or o6cracksdé all refer to symptomeacmoted in |
category, with the most severe trunk symptom noted for eachtree. 6 Hi and®L owdé i ndi cate phosphite applice

2012 and February 2013, respectively. High = 20% phosphite, Low = 7.5% phosphite, Nil = no treatment.

Normal/ . \ .
Treatment Total tree minor bark Bar_k f!aklng Minor bleed Moderate Major
number . inline or crack bleed/crack bleed/crack
flaking
Control 11 11
High/Low 11 2 8 1
Huia High/Nil 9 3 3 1 2
Low/Low 10 2 1 4 2 1
Low/Nil 10 4 2 1 3
Control 12 12
High/Low 11 5 4 1 1
Whatip High/Nil 11 4 4 2 1
Low/Low 10 2 7 1
Low/Nil 10 1 4 5
Control 5 5
Omahuta Low/Low 5 5
Low/Nil 5 5
Control 14 14
Raetea Low/Low 14 9 5
Low/Nil 14 9 5
100%
90% m Major bleed/crack
80% W Moderate bleed/crack
n 70%
@ W Minor bleed or crack
E 60%
3 m Bark flaking in line
& 50%
=
< Normal/ minor bark
]
o A0% flaking
3]
o
30%
20%
10%
0%
5 = = = = = = = = = = = = = 2 =
£ 3585 28238 £E3 :&%
S & 2 % § S & 2 % 5 S % 3 3 % 8
I — T = —_ =
Huia Whatipl Raetea

Figure 21. Trunk bark symptoms following phosphite injection treatments of Phytophthora agathidicida-infected kauri

trees at four forest sites. Data are expressed as the proportion of trees in each trunk symptom category, with only the

most severe symptom noted with 5 years on each tree recorded. 6 Hi and®dL owd i ndi c a pleatignhaesnp hi t e ap
February 2012 and February 2013, respectively. High = 20% phosphite, Low = 7.5% phosphite, Nil = no treatment.
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The pattern of tree mortality and treatment responses varied at the different sites (Table 4 and

Figure 22). This was supported by applying a binomial generalised linear model to the mortality data,
showing in 2022 there were significant differences in mortality between sites (deviance = 9.3 on 3 df,

p = 0.026) and between treatments (deviance = 15.2 on 4 df, p = 0.004), but also a very significant site
x treatment interaction (deviance = 32.7 on 8 df, p < 0.001).

At Raetea, 10 years after the start of the trial, eight out of 14 of the untreated control trees had died, all
six remaining control trees were showing a noticeable canopy decline, and five of these six had active
basal bleeds. In contrast, none of the phosphite-injected trees died, and all appeared healthy at the
end of the trial. In all the untreated control trees that died, death was preceded by rapid advance and
expansion of basal trunk lesions.

At Omahuta, two trial trees died and both were
substantial active lesions at the start of the trial and were showing canopy dieback symptoms.

At Huia, only one out of 11 untreated control trees died, yet 13 out of 40 treated trees died; the

majority of these were treated with the higher (20%) phosphite concentration, or received two
applications of the lower (7.5%) concentration. Only one tree at Huia died where a single application of
the low (7.5%) concentration was used 8 a comparable result to the untreated control. AtWh at i p 1
there was a similar trend to that seen at Huia, with 22 out of 42 treated trees dying, with the highest
mortality rate in trees treated with the high (20%) concentration of phosphite.

Testing each site individually, differences in mortality between treatments were significantatWh at i p 1
(deviance = 14.1 on 4 df, p = 0.007) and Raetea (deviance = 22.3 on 2 df, p < 0.001). By testing the
treatment effect, handling the site x treatment interaction as random noise, there was no significant
difference between the treatments (F = 1.0 on 4 and 8 df, p= 0.470). This over-simplified analysis

ignores the fact that we believe different factors are contributing to mortality at the different sites
(discussed below).
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Figure 22. Proportion mortality of Phytophthora agathidicida-infected kauri trees on four sites, treated with various phosphite

applications, assessed 6-monthly for 5 years following treatment in February 2012, with further assessments after 8 and

10 years (March 2022). Data are the proportion dead (red dots)ora |l i ve (gr eemanddbaosvp. i adi ghde phosphite
application rate in February 2012 and February 2013, respectively. High = 20% phosphite, Low = 7.5% phosphite, Nil = no

treatment, Control = untreated control trees.
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Table 4. Kauri tree mortality totals at each phosphite trial site, assessed in March 2022,

10 years after treatment application. Data are the number of dead/total trees treated.

OHi ant®Lowd i ndicate phosphite application
respectively. High = 20% phosphite, Low = 7.5% phosphite, Nil = no treatment, Control =
untreated control trees. Letters represent statistical significance groupings (p = 0.05)
within (but not between) sites. There were no significant differences in mortality between
treatments at the Huia and Omahuta sites.

rate in February

Treatment Huia What i pl Omahuta Raetea
Control 1/11 2/12 a 0/5 8/14 b
High/Low 4/11 9/11 b
High/Nil 4/9 7/11b
Low/Low 4/10 3/10 a 0/5 0/14 a
Low/Nil 1/10 3/10 a 2/5 0/14 a

Possible reasons for mortality

The causes of mortality appear to differ at the different sites. At Raetea, in most untreated control
trees there was a rapid advance of P. agathidicida trunk lesions, in many cases resulting in
ringbarking and tree death. After 5 years, six of the 14 untreated control trees had died, and the
remaining eight trees were in decline. Ten years after the start of the trial, eight out of 14 of the
untreated control trees had died, all six remaining control trees were showing a noticeable canopy
decline, and five of the six remaining trees had active basal bleeds. In contrast, in all phosphite-treated
trees, the lesions quickly stopped spreading and dried up, and all trees survived. At the end of 5 years
all treated trees were looking healthy and showing signs of new growth. This trend continued, and at
the 8- and 10-year assessments most treated trees were showing good canopy growth, and none had
active lesions, either new or old. The phytotoxicity symptoms noted at other sites were relatively minor
at Raetea. Thus, at the Raetea site it is reasonable to attribute tree deaths to advancing

P. agathidicida infections and trunk girdling, and survival of treated trees to the protection and healing
stimulated by phosphite.

At Omahuta, no phytotoxicity symptoms were noticed on any trees, yet two trees in the lowest
phosphite regime died. Both these trees had substantial lesions and dieback symptoms at the start
(pre-treatment) and died within 21 3 years.

At Huia and Wh a t ,ialfhdugh all basal trunk lesions stopped spreading and dried up in all treated
trees, the apparent phytotoxic effect of phosphite appeared to accelerate the decline of some trees.
The higher mortality in the 20% phosphite treatment, particularly at Wh a t wherk the difference was
statistically significant, suggests it is a direct dose response. There was also some mortality in the
lower (7.5%) phosphite treatment, although numbers were not significantly different from the untreated
control. This lower rate was also used in the Northland sites, without any noticeable adverse effects.
There are no obvious reasons for this different response between sites, although there are many
variables, including tree, soil, and climatic factors that may differ between the sites. In subsequent
trials using the 7.5% concentration on kauri rickers in three sites (at Huia and Arapohue, Section 4
below), there was no mortality of treated trees, compared with 42% mortality of untreated trees).

To determine factors that might contribute to, or be associated with, the tree mortality in response to
treatment, mortality was plotted against several variables. These included site, treatment, tree girth,
initial lesion activity and starting canopy health (Figures 23 to 26).

The New Zealand Institute for Plant and Food Research Limited (2024) Page 32

2012

an (



Focusing on Huia and Wh a t wherk the apparent treatment-induced deaths occurred, most of the

trees that died had active lesions at the start of the trial (p = 0.034, Figure 24). Trees with a more

severe canopy disease score at the start of the trial had significantly (p = 0.001) higher mortality than

trees with lower initial canopy scores (Figures 25 and 26). This is most easily seen in Figure 26, which
plots mortality against girth and canopy score for the combined data. There is a grouping of deaths

(red dots) in the lower right of the graph, i.e. the smallest girths and highest starting canopy disease

scores. Earlier assessments suggested that smaller trees were more likely than larger trees to die
following treatment, but there was not a significant trend in the 2022 assessments (p = 0.157).

The higher treatment-induced mortality in trees at more advanced stages of infection at the start of the
trial suggests that sicker trees are less able to tolerate the phosphite treatment. This could simply be a

factor of higher toxicity resulting from a higher concentration of the chemical in trees with a reduced
canopy, perhaps accentuated in smaller trees with a reduced volume of wood. These factors will be

discussed further in the General Discussion (Section 6.1.2).
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Figure 23. Relationship of trunk girth to mortality of Phytophthora agathidicida-infected kauri trees at four sites, assessed
10 years after treatment with various phosphite applications in February 2012/13.
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Initial canopy score
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Figure 25. Relationship of pre-treatment canopy score to mortality of Phytophthora agathidicida-infected kauri trees at
four sites, assessed 10 years after treatment with various phosphite applications in February 2012/13. Canopy was
scored on a scale where 1 = healthy, 2 = canopy thinning, 3 = thinning and some branch dieback, 4 = severe dieback,
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Figure 26. Mortality or survival of Phytophthora agathidicida-infected kauri trees in relation to initial trunk girth or
canopy score, recorded 10 years after injection with phosphite in 2012. Data are for all phosphite treatments over
four trial sites, with untreated control trees removed. Each datum represents a single tree. Green dot = alive, red dot
=dead in 2022. Canopy scores: 1 = healthy, no signs of dieback, 2 = canopy thinning, 3 = thinning and some
branch dieback, 4 = severe dieback, 5 = dead.

Raetea site

The results at the Raetea site warrant special mention and indicate the potential of phosphite as a
control method. Lesions have dried up and healed on all phosphite-treated trees, and all these trees
now appear relatively healthy and are putting on new growth. This includes a couple of trees deemed
to be almost girdled and near death at the start of the trial (Figure 28). At this site, P. agathidicida
lesions seemed particularly aggressive, as reflected in lesion growth in untreated trees (Figure 14,
Figure 27). Most untreated trees declined rapidly, a majority died and those still alive continue to
decline. Within the same stands as the trial trees, there were also a number of trees that were not
included in the trial because they did not have basal trunk lesions or other symptoms when the trial
was established. Ten years later, many of these trees now have substantial active lesions, and others
are already dead. Within this site, with such aggressive disease progression, the positive response to
phosphite seems greatest.

Root grafting

Root grafting among adjacent kauri trees has been previously recorded (Hillary 1944; I.L. Barton pers.
comm. in Ecroyd 1982; Bader & Leuzinger 2019), and there is evidence of it occurring in our current
trial. At the Huia and Wh a t sitpslin particular, trial stands were of quite closely spaced ricker trees.
Many untreated control trees were within 3i 5 m of injected trees and could potentially have been
linked to these trees via root grafting. Evidence of this was seen in one instance at Wh a t ,iwpefe an



untreated tree was within 2 m of a tree injected with 20% phosphite. Within a few months of treatment,
the injected tree canopy showed substantial leaf yellowing and leaf thinning, presumably a phytotoxic
response. The adjacent untreated tree also showed leaf yellowing and leaf thinning, but not as
extreme as the injected tree, suggesting that phosphite may have transferred between the trees. Both
trees subsequently recovered. Such connections could have partially compromised the trial if
untreated control trees acquired a small dose of phosphite. However, the difference in lesion growth in
treated and untreated trees suggests this was not a major factor.

Pigs

Pig damage was an issue at the Raetea site throughout the duration of the trial. It appeared that pigs
targeted infected trees, gouging at lesions with their tusks, rooting around the base and in some cases
creating wallows next to infected trees (Figure 29). There can be little doubt that such activity would
spread the pathogen, but it also further compromises trees already suffering from pathogen attack.



Phosphite trials for control of Phytophthora agathidicida in kauri i re-evaluation after 10 years. June 2024. PFR SPTS No. 25791. This report is confidential to MPI/Tiakina
Kauri

Figure 27. Top: rapid advance of a Phytophthora agathidicida lesion on an untreated control kauri tree in the Raetea trial
site. Top left, March 2012; top centre June 2013; right January 2014. The arrows indicate the upper extent of the lesion.
Bottom: canopy decline on the same tree, left, March 2012; centre, January 2014, right, February 2017.
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Figure 28. Top: Healing of a Phytophthora agathidicida lesion on a kauri tree injected with 7.5% phosphite in the Raetea trial
site. Left, March 2012 (on the day of injection), showing a very active bleeding lesion (there was a similar lesion on the other
side of the trunk); centre, February 2017, showing a dried up lesion and peeling of bark with healthy bark beneath; right,
February 2020, continued lesion healing and peeling. Bottom: Canopy of the same tree on the same dates. Note the initial
decline in canopy density, but very good new shoot growth and denser canopy by 2020. Note also the declining canopy of

an untreated tree in the background to the left.
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