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Abstract
Diseases in natural and agricultural systems have been linked to species of the Oomycete genus Phytophthora, around the world.
Direct detection of the pathogen requires sampling of soil or plant material, which can be expensive, difficult to obtain and error-
prone. As an alternative, reflectance spectroscopy provides a potential indirect method for detecting symptoms of infection by
P. cinnamomi. Here we evaluate the use of reflectance spectroscopy to detect physiological changes associated with infection in host
plants using spectral indices designed to quantify changes in plant pigments (pigment indices), leaf water content (water indices) and
fluorescence (fluorescence indices). Two grasses and two tree species with different susceptibilities toP. cinnamomiwere inoculated
and/or exposed to water stress in a glasshouse experiment. Inoculated plants were detected using pigment and fluorescence indices,
which also had the capacity to separate inoculated plants from water stressed uninoculated plants. While inoculation may have
caused an opposing spectral response to water stress in some indices, plants that were both water stressed and inoculated then
demonstrated an intermediate response. Water stress was detected using the water indices in all four species, and spectroscopic
changes associated with inoculation were often greater in the susceptible species. Our results indicate that reflectance spectroscopy
at the leaf scale detects the effects of P. cinnamomi infection in native vegetation. Extending these results has the potential to
improve early detection of disease in natural vegetation and avoiding manual sampling, thus improving management of the disease.
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Introduction

The genusPhytophthora can have a significant impact on plant
communities in both natural and agricultural systems around
the world (Zentmyer 1980; Erwin and Ribeiro 1996; Cahill
et al. 2008;). More than 100 species of Phytophthora have
been described (Martin et al. 2014), most being associatedwith
the development of plant disease. P. cinnamomi has been as-
sociated with plant disease in Europe and America from the
eighteenth century (Crandell and Gravatt 1967) and with crop
disease from the 1880s in Australia (Simmonds 1929; Irwin
et al. 1995). Its impacts on native ecosystems have, however,
led to a greater awareness of its presence and distribution,
largely because of the pressure disease has placed on the for-
estry industry, particularly in Western Australia during the
1960s (Podger 1972). P. cinnamomi resides in soil, gravel
and in living and dead plantmaterials, and spreads via mycelial
extension, motile spores or root to root contact, however hu-
man mediated transport spreads the pathogen further and faster
than natural means (O'Gara et al. 2005). In susceptible hosts,
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disease is characterised by infection of the root system, reduc-
ing the ability of the plant to absorb water and nutrients. This
leads to secondary symptoms of ‘dieback’ in the above-ground
parts of the plant typically during seasonal drought.

P. cinnamomi root infection in natural and agricultural sys-
tems is conventionally diagnosed by isolation of the pathogen
from plant material or soil (O'Brien et al. 2009; Martin et al.
2012). Consequently, detection and mapping of the pathogen,
from either tissue or soil samples, often requires lengthy and
expensive field sampling of tissue or soil samples followed by
complex laboratory processes including molecular, immuno-
logical or morphological identification. Not only do these
methods require access to field locations that may be difficult
to access, they may also exacerbate pathogen movement and
infection risk and are subject to false negative results (O'Brien
et al. 2009). Pryce et al. (2002) and Davison and Tay (2005)
indicate that samples of several kilograms of soil need to be
tested to render a site pathogen-free with a high degree of
confidence. Field detection and mapping based on smaller
samples is less reliable.

Increasingly, spectroscopic technologies are being used as
an alternative means to detect plant diseases including fungal
diseases e.g. wheat rust (Nagarajan et al. 1984), and powdery
mildew (Zhang et al. 2014), nematode infection (Soybean
Cyst, Nutter et al. 2002), and viruses (Wheat Streak Mosaic,
Mirik et al. 2013). Spectroscopic assessment may utilise non-
imaging sensors which produce data over a discreet area, typ-
ically equivalent to the size of the sensor/probe, or imaging
sensors that measure multiple areas or use multiple sensors
over a specific area, thus producing a composite image. This
technology has been applied to the canopy scales by detecting
visible symptoms of disease such as defoliation (Somers et al.
2010) or discoloration (Coops et al. 2004), changes in physi-
ological processes such as evaporation (Boegh et al. 2002),
photosynthetic capacity (Coops et al. 1998) and primary pro-
duction (Goetz et al. 1999). Ultimately, the goal of these as-
sessments would be to acquire the information remotely from
a platform such as an aircraft or satellite. This has been dem-
onstrated with species of Phytophthora diagnostically focus-
sing on either colour, colour-infrared (CIR), or multispectral
imagery and have been used to quantify the distribution and
severity of Phytophthora root rot in cranberries (Pozdnyakova
et al. 2002). Multispectral imagery, which senses light
reflected from plant materials over broad discontinuous
band-passes of variable spectral width covering the visible
near-infrared region (VNIR; 400–1000 nm; Fig. 1), and air-
borne videography have also been utilised to quantify the
distribution of P. cinnamomi in heathland communities (Hill
et al. 2009). Landsat satellite imagery and orthorectified aerial
imagery have been used to identify temporal trends in the
distribution of Phytophthora dieback (P. cinnamomi) in
Banksia woodlands (Wilson et al. 2012) and multispectral
satellite images have been used to detect Phytophthora root

rot of avocado (Salgadoe et al. 2018). These studies have been
variously successful in detecting overt disease symptoms.
Detecting asymptomatic or marginally affected plants by has
proven much more challenging (O'Gara et al. 2005; Bock
et al. 2010; Bock and Nutter 2011), however, the ability to
detect disease in its early stages is of great relevance to stake-
holders involved in disease prevention and mitigation.

Although multispectral imagery can provide more informa-
tion than colour imagery, the location and number of bands in
the spectrum may not be suitable for the detection of
P. cinnamomi, when spectral changes directly or indirectly
caused by the disease are small and/or overshadowed by envi-
ronmental stresses. In contrast, hyperspectral sensors, which
measure reflected light in numerous, narrow, often contiguous
wavelengths in the VNIR and shortwave infrared regions
(SWIR; 1000–2500 nm; Fig. 1), open up the possibility of de-
tecting subtle spectral differences associated with the develop-
ment of the disease. This technology has currently been demon-
strated for the detection of several diseases (Delalieux et al.
2009; Rumpf et al. 2010; Krezhova et al. 2014; Baranowski
et al. 2015), and could prove to be particularly useful in the
detection of asymptomatic plants infected by P. cinnamomi.

Effective use of remotely sensed data collected frommulti-
or hyperspectral sensors depends on a clear understanding of
the effect that infection by P. cinnamomi has on the reflectance
signature of plants at the leaf, whole plant and community
levels. Plants manifest the effects of disease in several differ-
ent ways (e.g. chlorosis, loss of water, or abnormal growth)
and it is important to understand the physical linkages be-
tween these effects with specific changes in the reflectance
spectrum, particularly during the asymptomatic or latent phase
of infection. If the subtle spectral changes caused by the dis-
ease cannot be detected at the leaf scale, then it would be
impossible to detect them at the scale of image pixels (tens
of cm to m), except perhaps where the disease was very ad-
vanced to the point of defoliation. Further complicating the
success of disease detection, multiple stressors can be associ-
ated with an identical spectroscopic response (Bock et al.
2010; Mahlein et al. 2013). Water stress, which is recognised
as an indication of P. cinnamomi infection, can be readily
identified from spectral indices, making it a suitable candidate
for disease detection. Pu et al. (2008), spectroscopically iden-
tified differences in the relative water content of healthy and
P. ramorum-infected Oak trees despite their leaves being sim-
ilar in appearance. Unfortunately, however, the authors con-
cluded that assessments of disease-induced water stress were
insufficient to identify recent or early-stage disease infection.
Whether differences in leaf water content associated with
Phytophthora infection can be used to identify disease or de-
lineate it from other stressors such as a lack of water availabil-
ity remains largely uninvestigated.

The object of this study was to assess whether infection of
plants by P. cinnamomi causes foliar responses that can be
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detected at the leaf scale using a hyperspectral sensor.
Specifically, we derive spectral indices from these data and
determine which of these provide the best indicators of chang-
es in plant physiological functioning after infection by
P. cinnamomi. We focus on native species as representatives
of the wide range of potential hosts that can be affected by
P. cinnamomi in natural ecosystems. Firstly, we determine if
P. cinnamomi infection leads to changes in the reflectance
signature of plants at the leaf scale. Secondly, we consider
whether these changes differ with different innate susceptibil-
ities of different species. Thirdly, we seek to clarify if the
spectral effects of disease-induced water stress can be separat-
ed from those of water stress caused by a lack of water
availability.

Materials and methods

Experimental design and treatments

To test the hypotheses that (i) infection of plants by
P. cinnamomi can be detected from spectroscopic measure-
ments of plant leaves, and (ii) that observed spectral effects
can be distinguished from those caused by water stress, we
designed a glasshouse experiment. Four species of native
plants with varying degrees of susceptibility to P. cinnamomi
infection were selected for the experiment (Table 1). A range
of susceptibilities were selected so that the typical visible
symptoms of P. cinnamomi infection (e.g. chlorosis, necrosis)
could be assessed alongside non-visible symptoms that might
be detected in an asymptomatic or resistant host. Plants were
randomly allocated to one of four treatment groups: the group

that were not inoculated with P. cinnamomi (control); plants
that were artificially inoculated with P. cinnamomi
(inoculated); plants not inoculated with P. cinnamomi but
had water stress induced by limiting the amount of available
water (water stress); and plants that were inoculated and had
water stress (combined).

Plant materials and glasshouse setup

Six-month-old seedling of Banksia serrata (tree/shrub, suscep-
tible),Dianella revoluta (grass, susceptible),Eucalyptus piperita
(tree, moderate susceptibility), and Lomandra longifolia (grass,
field resistant), were transferred to 1.5 L pots containing native
species pottingmix (Debco, Australia), incorporating a glass test
tube to facilitate subsequent incorporation of colonised or sterile
inoculant. Plants were transferred into a climatically controlled
glasshouse when they were approximately 15 months old, six
weeks prior to being separated into the various treatments.
Environmental temperatures in the glasshouse were maintained
at 24 °C (20–27 °C) for 12 h during the day and 16 °C (16–
20 °C) for 12 h during the night. A mean daily temperature of
24 °C was chosen to encourage water stress and facilitate infec-
tion as this temperature is the upper threshold most conducive
for P. cinnamomi proliferation (Byrt and Grant 1979). Water
was provided individually to each plant by dripping water from
small tubes (variable drippers; Pope, Australia) onto the surface
of the soil. Plants were provided with ambient sunlight during
the day. Treatment groups were physically segregated in the
glasshouse to prevent cross contamination of P. cinnamomi
among treatments, with pots randomly rearranged each week
within the treatment groups.

Fig. 1 A typical leaf reflectance spectrum showing physical /
physiological processes influencing reflectance. The visible near
infrared (VNIR) and shortwave infrared regions (SWIR) sensed by the
spectrometer are indicated (dashed lines). Absorptions caused by
chlorophyll-a (black arrows) and chlorophyll-b (grey arrows) are

indicated. Specific absorptions caused by water are indicated by
triangles. Horizontal lines at bottom indicate, as an example, the
wavelength regions (bands) sensed by different satellites. Grey shading
has been used to delineate between individual spectral bands
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Water stress

Prior to the experiment, water was delivered automatically to
all pots twice a day for five minutes at 6 am and 1 pm, pro-
vided at a rate of 110 mL/min. The delivery rate was reduced
to 50 mL/min to instigate the water stress treatment.

Inoculation with P. cinnamomi

Four cultures of P. cinnamomi were provided by the Royal
Botanic Gardens Sydney to overcome any potential incompat-
ibilities between individual isolates and each plant species.
The lupin bating technique (Chee and Newhook 1965) was
used to isolate the pathogenic strains of P. cinnamomi from
soil samples which had been collected from natural vegetation
communities in New South Wales.

Inoculum was prepared using propagating sand, wheat
bran and millet seed (2:3:6) (Aryantha et al. 2000). The inoc-
ulated sand-bran was combined and homogenised before use
to allow for mixing of the four individual isolates of
P. cinnamomi. The test tubes were removed from all of the
pots and the vacated space filled with either inoculated or
uninoculated sand-bran (approximately 30 mL). All of the
pots were then watered to saturation to facilitate inoculation.

Leaf reflectance measurements

Reflectance spectra covering the range 350–2500 nm were
measured using a FieldSpec-3 spectrometer (non-imaging
sensor; ASD, USA), which measures a discrete area of sur-
face. The spectrometer fibre-optic was fitted with a contact
probe with an integrated halogen light-source. The probe win-
dow was 2 cm in diameter, thus measuring a sample area of
3.14 cm2. Three internal sensors recorded reflectance with a
resolution of 3–10 nm, with a sampling interval of 1.4 nm
(350–1000 nm) and 2 nm (1000–2500 nm). Spectra were
automatically resampled to regular 1 nm intervals using cubic

spline interpolation. On each date, two stacks of randomly
selected leaves were measured on each plant, in situ i.e.
undetached. Adjacent leaves were stacked three deep on top
of each other. This was done to minimise effects caused by the
background on the spectral signature (Blackburn 1999). The
leaf bundle was placed on top of a spectrally-flat, black slate
tile for measurement. Each recorded spectrum was of an av-
erage of 40 individual spectra acquired sequentially over a
period of about 1.5 s. Prior to and at regular intervals between
reflectance measurement a measurement was acquired from a
calibration standard (~99% Spectralon®, Labsphere, USA).
For consistency, all measurements from the leaves and the
calibration standard were made with the probe in direct con-
tact with the surface being measured. Data were calibrated to
absolute reflectance by dividing the spectrum acquired from
the leaves by the spectrum acquired from the calibration panel
and the resulting quotient multiplied by the reflectance factors
of the calibration panel provided by the manufacturer.

On each measurement date, plants were processed at the
same time of day, always in the same order. Measurements
ceased and the experiment was ended when more than 50% of
plants in any one treatment group had died or been removed
for pathogen re-isolation.

Validating pathogen presence

Re-isolation was conducted to determine if plants had in fact
been infected with P. cinnamomi. Severely wilted plants were
selected for processing and their root tissue excised, where
possible, at the margin of necrotic and healthy tissue.
Sections were prepared by surface sterilising them for 30 s
in 70% ethanol (v/v) and plating out onto Phytophthora
Selective Media, then inspected microscopically seven days
later for the presence of characteristic coralloid hyphae (Erwin
and Ribeiro 1996). Upon completion of the experiment, sec-
tions of root tissue of all remaining plants were similarly proc-
essed to verify the presence/absence of the pathogen.

Table 1 Description of plant species selected for the glasshouse experiment

Species Habit and structural
position

Distributiona Host statusb Replicates Reference

Banksia serrata L.f. shrub/tree,
understory

T, V, N, Q susceptible 13 Control, 13 Inoculated, 13Water Stress,
13 combined

Cho 1983

Dianella revoluta R.
Br.

herb, ground cover W, S, T, V,
N, Q

susceptible 10 Control, 10 Inoculated, 10Water Stress,
10 combined

Shearer and
Dillon 1996

Eucalyptus piperita
Sm.

tree, canopy N field resistant, mild
susceptibility

11 Control, 13 Inoculated, 14Water Stress,
11 combined

McDougall 2005

Lomandra longifolia
Labill.

herb, ground cover S, T, V, N, Q field resistant 10 Control, 10 Inoculated, 10Water Stress,
10 combined

McDougall 2005

aDistribution within Australian states as W, Western Australia; S, South Australia; T, Tasmania; V, Victoria; N, New South Wales; Q, Queensland
bHost status in the case of E. piperita has not been established experimentally but believed to be thus, based on field experiments and observations.
Distribution data obtained fromAtlas of Living Australia, 2017. Replicate numbers varied between species and treatments due to the availability of plant
material and the death of plants while acclimatising to the experimental glasshouse conditions
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Determining the intensity of water indices, pigments
and chlorophyll fluorescence via spectral analysis

The effects of P. cinnamomi infection on host plants
was assessed using a number of different spectral fea-
tures, including changes in the intensity of absorption
features caused by water, and changes in indices asso-
ciated with pigments and chlorophyll fluorescence. Data
analyses was completed on seven measurement dates at
approximately fortnightly intervals: 13 days before inoc-
ulation, then 21, 36, 50, 64, 78 and 92 days after
inoculation.

Vegetation indices were calculated from absolute re-
flectance data or from derivative data (Table 2). Leaf wa-
ter content was estimated from the intensity (depth) of the
water absorption feature at 1150 nm by first removing the
continuum from each spectrum using a hull-quotients pro-
cedure (Fig. 2; Clark and Roush 1984) across the wave-
length range 1021–1353 nm. The centre of the absorption
feature was located automatically (wavelength of minimal
reflectance) and the intensity of the feature was calculated
as 1 minus reflectance at this wavelength.

Statistical analyses

The mean of the two spectra recorded from each plant were
analysed using linear modelling (lm) in R version 2.15.1 (R
Core Team 2012), with a single treatment of four levels (con-
trol, water stress, inoculation, combined). Normality testing
provided no evidence of the requirement of data transforma-
tion. Tukey’s Honest Significant Difference was used to test
for differences between treatment means (Multcomp Package,
1.3–2; Hothorn et al. 2008).

Results

Spectral changes associated with treatments
observed during the experiment

Spectral differences among treatments were evident within the
four species (Fig. 3). Although the shape of the reflectance
curve was similar among treatments, increases or decreases in
reflectance observed among treatments were often observed
relative to the control. Differences among all four treatments

Table 2 Vegetation indices used to assess significant changes in hyperspectral leaf reflectance of plants submitted to water stress and infection with
Phytophthora cinnamomi

Indicesa Formulab Used for the
assessment of

Reference

Water Normalized difference water
index (NDWI)

R860−R1240
R860þR1240

Leaf water content Gao 1996

Water band index (WBI) R900
R970

Leaf water content Peñuelas et al. 1997

depth of feature at 1150 nm
(1150)

as described in text Leaf water content Danson et al. 1992

Pigments Photochemical reflectance
index (PRI)

R531−R570
R531þR570

Xanthophyll cycle Gamon et al. 1992

Pigment index 1 (PI1) R695
R420

Plant stress Carter 1994

Pigment index 2 (PI2) R695
R760

Plant stress Carter 1994

Carotenoid Index 1 (CI1) R520
R500

Carotenoids Zarco-Tejada et al. 2012

Carotenoid Index 3 (CI3) R515
R670

Carotenoids Zarco-Tejada et al. 2012

Greeness index (G1) R550
R670

Green-Red reflectance slope Zarco-Tejada et al. 2012

Reflectance ratio 750 nm to 710 nm
(R750:R710)

R750
R710

Chlorophyll α Zarco-Tejada et al. 2001

Chlorophyll fluorescence Reflectance ratio 680 nm to 630 nm
(R680:R630)

R680
R630

Chlorophyll fluorescence Zarco-Tejada et al. 2000b

Reflectance ratio 740 nm to 800 nm
(R740:R800)

R740
R800

Chlorophyll fluorescence Dobrowski et al. 2005

Reflectance ratio 750 nm to 800 nm
(R750:R800)

R750
R800

Chlorophyll fluorescence Zarco-Tejada et al. 2000a

First derivative reflectance ratio 705 nm
to 722 nm, smoothing factor of 2
(d705:d722)

D705
D722

Chlorophyll fluorescence Zarco-Tejada et al. 2003

First derivative reflectance ratio 730 nm
to 706 nm, (d730:d706)

D730
D706

Chlorophyll fluorescence Zarco-Tejada et al. 2000b

Indices were calculated on absolute reflectance data
a the name of each index, as referred to in the text, has been included in brackets
b indices were calculated on the value of reflectance (R) or derivative reflectance (d) at the wavelength (in nm) indicated by the formula
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were found for the susceptible B. serrata (Fig. 3a). Reflectance
was on average greater in the water stress and combined treat-
ments, with features related to lignocellulose absorption be-
tween 2000 and 2500 nm becoming more pronounced due to
reduced water content of the leaves in these treatments (Fig.
3a). The inoculated treatment shows a small increase in reflec-
tance around 550 nm; however, a small average decrease in
reflectance is evident at wavelengths > ~850 nm.

Spectra of susceptible D. revoluta (Fig. 3b), showed rela-
tively small changes in reflectance among treatments with the
water stress and inoculated treatments showing a small in-
crease in reflectance in some parts of the spectrum compared
with the control and combined treatments.

Spectra for the moderately susceptible treeE. piperita had a
marked increase in reflectance at wavelength > ~850 nm in the
water stress and combined treatments (Fig. 3c). In these treat-
ments, features related to lignocellulose are evident between
2000 and 2500 nm and water absorption features at ~970 nm
and 1150 nm appear to be less intense than in the control or
inoculated treatments.

Spectra of the field resistant asymptomatic host
L. longifolia (Fig. 3d) showed an increase in reflectance in
the water stress and combined treatments relative to the con-
trol and inoculated treatments. On average, these results show
that the water stress and combined treatments demonstrated
the greatest differences in reflectance, relative to controls.

Visual response of plants to inoculation and water
stress

Inoculation and water stress caused observable changes in the
appearance of plants (Fig. 4). Towards the end of the experiment
(92 days after inoculation), E. piperita seedlings in the inoculat-
ed treatment groups (Fig. 4h, l) were observed to be smaller with
fewer leaves than those in the uninoculated treatments (Fig.
4i, j). Symptoms of disease were difficult to detect in

B. serrata (Fig. 4c, d) and D. revoluta (Fig. 4g, h) because
chlorosis, necrosis or wilting were also evident in the control
and water stressed plants (Fig. 4a, b, e, f). No symptoms asso-
ciated with inoculation were evident in L. longifolia at any stage
during the experiment (Fig. 4o, p). Water stress caused changes
in the physical appearance of all four species. Water stress be-
came evident in E. piperita within one month of inoculation
(Fig. 4j). Leaf desiccation and/or necrosis were observed in the
water stressed treatment group of all species (eg Fig. 4b, f, j, n).

Plant death

Plant death was quantified visually and considered to have
occurred once the majority of leaves on a plant had severely
wilted and desiccated as a consequence of water loss. This was
associated with a hardening of leaves and stems resulting in
plants eventually becoming quite rigid. Wilted leaves were
often retained on the plant. By the end of the experimental
period, 92 days after inoculation, no plants had died in the
inoculated treatment group, however, several had died in the
water stress and combined treatment groups (Table 3).

Pathogen re-isolation

The pathogen was infrequently re-isolated from host plants,
and not re-isolated at all from L. longifolia (Table 4). The
pathogen was isolated from a number of D. revoluta and
E. piperita in both the control and water stress treatment
groups. This was despite efforts to prevent cross-infection
throughout the experiment, including the physical separation
of plants. The percentages of plants from which the pathogen
was re-isolated were greater in the inoculated and combined
treatments for all species. In one species (D. revoluta) and for
one treatment (control) the percentage of plants from which
the pathogen was isolated was equal to that in the inoculated
and water stressed treatments.
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Fig. 2 Determining the depth of water absorption features: a reflectance
spectra (1021–1352 nm) of leaves showing different amounts of
absorption by water at ~1165 nm; b normalised reflectance spectra
(1021–1352 nm) showing the relative intensities (depth) of the water
absorption feature (the depth of the most and least intense absorption is

shown in the graph); c schematic illustration of the different types of
information extracted from water absorption features, specifically,
wavelength position and intensity (see text for further information).
SWL and LWL are the short- and long-wave limits of the absorption
feature
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Changes in spectral indices from inoculation

In plants inoculated with Phytophthora cinnamomi (inoculated
and combined), significant changes in all vegetation indices
were found at least once during the experiment, with significant
differences (p < 0.05) detected between control and inoculated
plants in each of the four species. For indices CI1, CI3,
R740:R800, and d705:d722, inoculated plants showed a signif-
icant increase in index values relative to the control (Fig. 5).
Conversely, indices R680:R630, d730:d706, and R750:R710,
showed a significant decrease relative to the control (Fig. 5).
These same patterns were evident in plants in the combined
treatment when considering indices d705:d722 and
d730:d706, while for indices CI1, CI3, R680:R630 and
d750:d710 the patterns were no longer evident 64 days after
inoculation. For each of the four species, significant differences
between control plants and those in the inoculation treatments
mainly occurred 64 days after inoculation (Table 5).

While relationships between inoculated (inoculated and
combined) and control plants were similar across indices
among the four species, their means were different. This re-
sulted in a range of means for the same treatment, or similar
means for different treatments (data not shown). For example,
the mean value for the R680:R630 index in the control group
of the four species ranged from 0.71 to 0.91, and, 78 days after
inoculation, control plants ofD. revoluta and inoculated plants
of E. piperita had the same mean CI1 index of 1.64. Further,
the change in spectral indices between the control and inocu-
lated plants was, on average, greatest for the two susceptible

species, and least for the resistant species, when considering
the above seven indices at the end of the experiment (92 days
after inoculation, data not shown). Interestingly, the change
between the control and combined treatment group was
greatest for L. longifolia, at this time, as was the change be-
tween the control and water stressed treatment group.

Differences between inoculated and control plants were only
infrequently detected (less than twice per species) using the PRI,
PI1, PI2, G1, R750:R800, or the three water indices throughout
the experiment. While there were more significant differences
detected between plants in the control group and combined
group, the responses typically varied within a species over time,
or between species. Further, these differences may not have
been detected in the control and inoculated treatment groups.
For example, considering the PRI index, plants ofD. revoluta in
the combined treatment were significantly different from con-
trols (p ≤ 0.035) 50 days post-inoculation and thereafter, but
there was no significant difference detected between control
and inoculated plants at all during the experiment.

Determining water stress and inoculation via spectral
indices

Across sampling times, the WBI, NDWI, 1150, C1, C3, G1,
R740:R800, and R750:R800 of water stressed plants exhibit-
ed a decrease in index values compared to inoculated plants
(Fig. 6), with differences often significant (p < 0.05). This
trend was observable in the indices, particularly after 64 days
post inoculation (Table 6). Across the four species, in most

Fig. 3 Mean spectral variation
between species observed 92 days
after inoculation. a, B. serrata; b,
D. revoluta; c, E. piperita; d,

L. longifolia. Control (––),

water stress (––), inoculated
(
- -

), combined (
- -

)
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cases the means from the control and combined treatments
were intermediate between the means of the inoculated and
water stressed treatments (21/32 in the control and 20/32 in the

combined, of the eight indices listed above, 92 days after
inoculation), That is, indices decreased for the waters stress
treatment and increased for the inoculated treatment, with the

Fig. 4 Appearance of four species 92 days after inoculation with P. cinnamomi and/or the application of water stress. Images a-d, B. serrata; e-h,
D. revoluta; i-l, E. piperita;m-p, L. longifolia. Images a, e, i and m, controls; b, f, j and n, water stressed; c, g, k and o, inoculated; d, h, l and p, combined

Table 3 Number of individual plants that died during the experiment in
each treatment

Species Control Water Stressed Inoculated Combined

B. serrata 0/13 8/11 0/13 7/13

D. revoluta 0/10 0/10 0/10 1/10

E. piperita 1/11 7/14 0/13 6/11

L. longifolia 0/10 4/10 0/10 3/10

The number of dead plants has been expressed as a fraction of the total
number of individuals in each treatment

Table 4 Isolation of Phytophthora cinnamomi from each species and
treatment

Species Control
%

Water
Stressed
%

Inoculated
%

Combined
%

B. serrata 0 0 7.6 7.6

D. revoluta 10 0 10 10

E. piperita 27 7 46 36

L. longfolia 0 0 0 0

Z. Newby et al.



control and combined treatment means occurring in the mid-
dle. For example, for the CI1 index, the combined treatment
mean was intermediate between the inoculated and water
stress treatment means whenever the latter two were signifi-
cantly different from each other. Also, significant differences
in the R740:R800 index were found between inoculated and
water-stressed plants in all four species from 64 days after
inoculation, but plants in the control and combined treatment
only significantly differed once, in L. longifolia 78 days after
inoculation (p = 0.0277).

Differences between water stressed and inoculated plants
were only infrequently detected using the PRI, PI1, PI2,
d705:d722, and d730:d706 indices throughout the experi-
ment, and were not detected at all in E. piperita. Significant
differences in these indices were detected more frequently
between water stressed plants and plants in the combined
treatment, but the responses between species and within spe-
cies varied over time. It is worth noting that, in the case of the
two susceptible species B. serrata and D. revoluta, 92 days
after inoculation, the PRI index significantly decreased in the
combined treatment compared to the control (p < 0.05), in the
combined treatment compared to the inoculated treatment
(p < 0.05), and in the combined treatment compared to the
water stressed treatments (p < 0.066). This is in contrast to

the resistant species L. longifolia, where the combined treat-
ment was significantly lower than the control and the inocu-
lation treatment group (p < 0.05), but there was no difference
detected between the two treatments imposing water stress.
These relationships developed earlier, from 64 days after in-
oculation in D. revoluta and 78 days after inoculation for
B. serrata and L. longifolia, although not all were significant.

The relationships between water stressed and inoculated
treatment groups, as identified in the WBI, NDWI, 1150,
C1, C3, G1, R740:R800, and R750:R800 indices, were simi-
lar among the four species, but treatment means were often
different (data not shown). This was particularly evident for
G1, R740:R800, and R750:R800. For example, the
R740:R800 index ranged from 0.79 (water stress) to 0.87
(inoculated) in D. revoluta 78 days after inoculation, while
these values were 0.87 and 0.92 for E. piperita.

Discussion

The present study has indicated that indices derived from
hyperspectral data quantifying various pigments, leaf water
and chlorophyll fluorescence can be used to detect changes
associated with inoculation of plants with the pathogen

Fig. 5 Changes in vegetation
indices across the experiment.
Values have been calculated by
subtracting the mean of the
control group from the mean of
the inoculated group, for each
species, at each date of
observation. All data are
independent
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Phytophthora cinnamomi. This is consistent with other exam-
ples of spectroscopic detection of disease caused by species of
Phytophthora (e.g. Pozdnyakova et al. 2002; Pu et al. 2008;
Hill et al. 2009; Wilson et al. 2012; Salgadoe et al. 2018).
Further, in some of the spectral indices tested, changes asso-
ciated with inoculation were distinct from changes associated
with water stress. While differences were detected between
the control and the other treatments and the relationships be-
tween these treatments were similar between species, the re-
sponse of each species was different.

Inoculation of plants with P. cinnamomi caused changes in
vegetation indices associated with their pigment and chloro-
phyll content. Differences between control and inoculated
plants were most readily detected and consistent in the CI1
and CI3 pigment indices, which utilise wavelengths in the
region of 500–670 nm. Successful plant disease detection
within this region has also been demonstrated by Delalieux
et al. (2007), who utilised 580–660 nm to identify Apple Scab
(Venturia inaequalis), Bauriegel et al. (2011), who found 500–
533 nm and 560–675 nm useful for the detection of Head
Blight of Wheat (Fusarium culmoram), and Baranowski
et al. (2015), who found the greatest spectral difference be-
tween healthy and Alternaria-infected Oilseed Rape was

between 545 and 700 nm. Given that these wavelength regions
are in the visible range, and P. cinnamomi infection causes
secondary disease symptoms that can be ‘seen’ in susceptible
plants, it follows that these indices were sensitive to physical
and physiological changes associated with inoculation.

Chlorophyll fluorescence indices that changed in associa-
tion with P. cinnamomi inoculation included R680:R630,
R740:R800, R750:R710, d705:d722 and d730:d706. Stress
leads to a reduction in chlorophyll content (chlorosis)
resulting in smaller amounts of absorption (Zarco-Tejada
et al. 2000b). The associated increase in chlorophyll fluores-
cence as a result of plant stress was evident here as increases in
the R740:R800, and the d705:722 indices, and a decrease in
the R680:R630, R750:R710 and d730:d706 indices associat-
ed with inoculation in all four species. Detection of disease by
measuring chlorophyll fluorescence has been successfully
used to detect bacterial, fungal and viral plant pathogens
(Bauriegel and Herppich 2014), and presymptomatic detec-
tion has been demonstrated, for example, in sugar beet infect-
ed with the fungi Cercospora beticola (Chaerle et al. 2007).

Despite infection of plants with P. cinnamomi causing
symptoms akin to water stress, spectral differences were de-
tected here between inoculated and water-stressed plants,

Table 5 Differences among seven vegetation indices from four plants species inoculated with P. cinnamomi

B. serrata D. revoluta

Index

CI1 CI3 R750:
R710

R680:
R630

R740:
R800

d705:
d722

d730:
d706

CI1 CI3 R750:
R710

R680:
R630

R740:
R800

d705:
d722

d730:
d706

D.A.I. −13 + + +

21

36 +* ++

50 *
++

*
+

+

64 ++ +

78 + *** **
+

** ** ** **
+

**

92 + *
+

++ * * *
++

*
++

*
+

*
+

* * * * *

E. piperita L. longifolia

Index

CI1 CI3 R750:
R710

R680:
R630

R740:
R800

d705:
d722

d730:
d706

CI1 CI3 R750:
R710

R680:
R630

R740:
R800

d705:
d722

d730:
d706

D.A.I. −13
21

36

50

64 * * * * * * * * * *

78 * * ** * * ++ ++ +

92 * ++ ++ ++ * ++ ++

Asterisks indicate differences between control and inoculated plants, while additions indicate differences between control and plants in the combined
treatment. Levels of significance as follows: *, + <0.05; **, ++ <0.001; *** <0.0001. Where no significant difference was found, cells have been left
empty. Differences were detected using linear regression and a Tukey’s HSD on D.A.I. (days after inoculation). All data are independent
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indicating each stress causes a unique response. Pigment in-
dices that identified differences between inoculated and water-
stressed plants included CI1, CI3, and G1. Indices measuring
chlorophyll R740:R800 and R750:R800 also showed differ-
ences between these treatments. All three water indices were
also able to separate these two treatments at different sampling
times. Kim et al. (2015) investigated the ability of WBI and
NDWI to detect water stress and found strong (R2 > 0.98)
correlations between these indices and leaf water content.
The ability of a wide range of water indices to assess leaf water
content have been established and they are frequently used to
assess the water status of plants from hyperspectral and mul-
tispectral sensors (Govender et al. 2007; Gao et al. 2015;
Murphy et al. 2018 and references therein). For the detection
of plant disease, Bauriegel et al. (2011) were able to delineate
between healthy and diseased wheat, by assessing water con-
tent in the spectral range of 927–931 nm (associated with a
water absorption feature, refer Fig. 1), whereas Pu et al. (2008)
found only limited use in water indices. While studying the
spectral responses of oak to leaf infection withP. ramorum, Pu
et al. (2008) noted that different water indices provided infor-
mation on relative water content or, more generally, were

indicators of plant physiological functioning, concluding that
water status may be used as an indication of pathogen infec-
tion. Assessing relative water content alone, however, was not
able to separate healthy and diseased oak trees infected with
P. ramorum due to a prolonged expression of a similar water
content in infected plants (Pu et al. 2008). In this study, sepa-
ration of the inoculation and water stress treatments with water
indices was likely predicated on greater water loss in the water
stress treatment thereby creating a separable signal. As
P. cinnamomi infection gradually reduces a hosts ability to
absorb water, cellular water content will decrease as it would
in a water stressed plant, potentially resulting in similar con-
tents and therefore resulting in a similar index. Therefore, the
ability to tell if water stress is caused by decreased available
water or disease may be lost, given enough time (sensu, Pu
et al. 2008).

While the water indices may be limited in their ability to
indicate the cause of water stress, this might not be the case for
pigment and chlorophyll indices, as increases in indices of
inoculated plants and decreases in indicies of water-stressed
plants where found here when considering CI1, CI3, G1,
R740:R800 and R750:R800. Not only did the two different

Fig. 6 Changes over time (d.a.i., days after inoculation) in mean
vegetation index values for the four species associated with water stress
(ws) or inoculation (pc). Treatments are shown either as a solid line
(inoculated plants) or dashed line (water stressed). Species are shown in

different colours: red, B. serrata; green, D. revoluta; blue, E. piperita;
purple, L. longifolia. Each graph illustrates a different index, each on a
different response scale. All data are independent
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treatments cause opposite effects in these spectral indices, but
the control and combined treatment were typically found with
an intermediate response. This suggests that decreased water
availability and pathogen infection induces a different stress
response in plants. It also highlights the potential difficulty in
interpreting a plant that is both infected and water stressed and
indeed plants in the combined treatment group had the highest
mean variance by the end of the experiment (data not shown).
This difficulty was evident, for example, in the PRI index
92 days after inoculation, when L. longifolia demonstrated
the least responses to the pathogen compared to the other
species, yet had the greatest responses in the combined treat-
ment, which would likely be the result of it also having the
greatest responses to water stress. That is, the strong spectro-
scopic response in combined treatment was likely the conse-
quence of water stress and not infection, in this species.
Successful delineation of diseased and healthy plants in either
case may be achieved by the addition of other spectral regions
and physiological features. If plants can first be separated on
the basis of their water status, for example, using the water
feature at 1150 nm, the NDWI and WBI, it may then be pos-
sible to separate infected and non-infected plants using a se-
lection of the other indices which detected differences in phys-
iological changes other than cellular water content. While

infection of plants with P. cinnamomiwas associated with loss
in water content, symptoms associated with infection as well
as the production of chemicals associated with defence also
have the capacity to alter the spectral signal (e.g. anthocyanin,
Gitelson et al. 2001; phenols and tannins, Asner et al. 2011).
These other signals, which do not occur because of water loss
alone, may offer a means to delineate between water stress
alone and water stress associated with infection. For example,
the CI3 index typically increased in all four species for plants
in the inoculated treatment, decreased for those in the water
stress treatment and therefore plants in the combined treatment
had a broad range of responses and were often not significant-
ly different from the control. DetectingP. cinnamomi infection
in plants may therefore be possible using a multi-step ap-
proach, regardless of their water content. A two-step dichoto-
mous key was reported by Rumpf et al. (2010) who used
hyperspectral reflectance to firstly delineate between healthy
and diseased plants, and then secondly to identify which of
three diseases the plants were infected with. Similarly,
Devadas et al. (2009) sequentially applied different indices
to delineate between three wheat diseases. An additional ben-
efit of this approach is that plants that have not been found to
be experiencing water stress can still be assessed for disease,
albeit with slightly less statistical certainty.

Table 6 Differences in water stress and inoculation of plants with P. cinnamomi, as detected in six vegetation indices

B. serrata D. revoluta

Index

WBI NDWI 1150 C1 C3 G1 R740:
R800

R750:
R800

WBI NDWI 1150 C1 C3 G1 R740:
R800

R750:
R800

D.A.I. −13 * *

21

36 * * *

50 *

64 * * * *** * *

78 ** * * * ** * *** ** ** *** ** ** ** **

92 *** *** ** ** ** ** ** ** *** *** * ** ** ** ** **

E. piperita L. longifolia

Index

WBI NDWI 1150 C1 C3 G1 R740:
R800

R750:
R800

WBI NDWI 1150 C1 C3 G1 R740:
R800

R750:
R800

D.A.I. −13
21

36 •

50 * * ** *

64 * * * * * ** ** ** ** **

78 ** ** ** ** *** ** ** ** * ** ** ** ** ** **

92 ** ** ** *** * ** ** ** * ** ** ** ** **

Levels of significance as follows: * <0.05; ** <0.001; *** <0.0001.Where no significant differencewas found between the water stressed and inoculated
treatment group, cells have been left empty. Differences were detected with linear regression and a Tukey’s HSD on D.A.I. (days after inoculation). All
data are independent
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Using a two-step approach is potentially applicable to
asymptomatic species or hosts with early disease infection in
which, although not visible, are having a response to the path-
ogen. Such has been found possible with the pre-symptoms
detected in chlorophyll fluorescence or visible and infrared
spectroscopy (Chaerle et al. 2007; Delalieux et al. 2009;
Rousseau et al. 2013; Krezhova et al. 2014; Behmann et al.
2015; Baranowski et al. 2015). As expected, the four species
expressed different responses to P. cinnamomi, with the effect
of inoculation identified from the hyperspectral data in the two
susceptible species, B. serrata and D. revoluta. The effect of
inoculation was more difficult to interpret in the moderalty
susceptible/field resistant species, E. piperita. This is despite
a 46% isolation rate for plants in the inoculated treatment
group. It should be noted that part of the difficulty in
interpreting the spectroscopic responses of E. piperita to
P. cinnamomi would have resulted from the loss of these po-
tentially highly informative replicates during the experiment,
weakening statistical inference. These responses are in con-
trast, however, to field resistant species L. longifolia, which
showed the least response to inoculation and had 0% positive
isolations of the pathogen. It was not often that significant
differences existed between inoculated and uninoculated con-
trols during the experiment, highlighting the difficulty in
interpreting potential infection in asymptomatic or non-
susceptible hosts. That being said, spectroscopic differences
were detected, particularly in the R750:R710 index, indicating
that the pathogen, although possibly not invading L. longifolia
tissue, did elicit a detectable response from this species.
Spectroscopic analysis has been used to delineate between
resistant and susceptible hosts (Chaerle et al. 2007;
Bergstrasser et al. 2015), and is in fact applied to so called
‘phenotyping’ or screening for resistant cultivars in a rapid
and non-destructive manner (Mahlein 2016).

While either stress caused similar responses in indices in
each of the four species, means were typically different for the
same treatment or the same for different treatments. This
makes it difficult to make quantitative comparisons between
species, but also indicates that none of the indices assessed
here can be used to identify P. cinnamomi infection with a
‘rule of thumb’. This is in contrast to other vegetation indices
such as the normalised vegetation index (NDVI), where spe-
cific values infer, for example, vegetation density or substrate.
The implication of this is that other information is required to
identify plants infected with P. cinnamomi, namely, reference
values of healthy plants of the same species. We have demon-
strated that the analysis of water indices, plant pigments and
chlorophyll fluorescence, as detected through hyperspectral
data, can be used to assess changes in leaf reflectance associ-
ated with inoculation of plants with P. cinnamomi. Secondly,
we have shown that the spectral response is species-specific.
Detection was easier in susceptible species and with increas-
ing duration of exposure to the pathogen. Importantly, this

latter finding indicates the hyperspectral reflectance can be
used to detect infection in asymptomatic or presymptomatic
hosts. Running the experiment longer would possibly have
strengthened the interpretation of the data; however, the loss
of replicates to either stressor made this difficult. Despite the
ability to identify patterns in the spectroscopic responses to
inoculation, caution is needed in the interpretation of results
given the rate of isolation in uninoculated plants (particularly
E. piperita), as well as the low rate of isolation and survival of
inoculated plants. Pathogen isolation from uninoculated plants
will have diluted the spectroscopic response of the group as a
whole, thereby weakening the interpretation of a disease sig-
nal from inoculated plants. Isolation ofP. cinnamomi is known
to be difficult (Pryce et al. 2002; Davison and Tay 2005;
O'Brien et al. 2009) and it is therefore possible that the pro-
portion of infected plants was higher than that inferred by the
re-isolation results, thus enhancing the spectroscopic response
associated with disease. Either way, it is important to consider
that these signals are not indicative of P. cinnamomi infection
alone, as similar responses have been reported for other biotic
and abiotic stresses. That is, spectral reflectance can be used to
identify stress but typically cannot identify the specific cause
(Bock et al. 2010; Mahlein et al. 2013). As such the use of
hyperspectral reflectance to diagnose P. cinnamomi infection
would need to be associated with a prior knowledge of the
pathogen’s presence or subsequent ground-truthing and path-
ogen isolation, to assign cause. It does, however, provide a
means to identify areas that warrant further investigation, ex-
pediting disease quantification and directing resources
efficiently.

This study provides the first indication that spectroscopic
indices derived from hyperspectral data are able to identify
P. cinnamomi infection of plants and delineate this stress from
spectroscopic changes caused by water stress alone. This
study has investigated differences at the leaf scale but further
work needs to be done to detect disease at the canopy scale. If
similar relationships can be established at the canopy level this
would indicate that airborne or satellite data may also be suc-
cessfully used to identify early stages of P. cinnamomi infec-
tion greatly enhancing the ability to identify and manage dis-
ease caused by this pathogen in natural and agricultural
systems.

Conclusions

1. Water, pigment and chlorophyll fluorescence indices de-
rived from hyperspectral data provided evidence of infec-
tion of plants with P. cinnamomi.

2. The separation of the water stress treatment from the in-
oculation treatment was possible with the application of
specific indices.
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3. The response of each species to inoculation was different,
although general relationships between treatments as ob-
served in select indices typically remained the same.

4. Spectroscopic changes associated with inoculation were
detectable in the asymptomatic host, L. longifolia, despite
a lack of visible symptoms.

5. The application of spectral indices for disease detection
may require the characterisation of water status first, and
would likely require additional information to assign
P. cinnamomi as the cause of other spectroscopic changes.
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