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Abstract

Eucalyptus dieback is a severe phenomenon impacting the health of Eucalyptus
pauciflora subsp. niphophila (snow gum) in Kosciuszko National Park.
Ectomycorrhizal (ECM) colonies within the feeder roots of species such as E.
pauciflora subsp. niphophila can greatly improve tree health in light of dieback stress.
We investigated if there was greater ECM presence in healthy E. pauciflora subsp.
niphophila than in those suffering from severe dieback. Feeder root samples were
compared between healthy E. pauciflora subsp. niphophila stands in Perisher Valley
and dieback-affected E. pauciflora subsp. niphophila stands 500 m from Perisher
Valley. Across the sites, 42.92% of healthy feeder roots from 13 trees were colonised
by ECM, compared to 32.77% of dieback-affected feeder roots in 13 trees. However,
this difference was not statistically significant. Interestingly, a post hoc observation
noted dieback trees had fewer available feeder roots. Although this study was unable
to demonstrate if fewer available feeder roots were a cause or effect of dieback, it was
unsurprising that fewer roots sustain trees in poorer health condition, such as those
affected by dieback. These novel findings stress the need for further research into the
causes of widespread dieback in E. pauciflora subsp. niphophila, including a
microbiome study to classify ECM samples as a function of fungal diversity and a more
robust analysis of root counts to better understand the dieback phenomena.

Running Title: Ectomycorrhizae in dieback-affected Eucalyptus pauciflora subsp.
niphophila
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Introduction

Tree dieback, the chronic deterioration and premature death of tree stands (Jurskis &
Turner 2002; Ross & Brack 2015), threatens global tree health, while its causes and possible
mitigation methods remain ‘enigmatic’ (Ishaq et al. 2016). Each tree experiences a range of
dieback symptoms at different times (Ross & Brack 2017). Dieback has been observed in
many species, including Eucalyptus species through parts of Eastern Australia (Jurkis &
Turner 2002). Dieback in Eucalypts has three stages of classification marked by symptom
severity: Stage [, mild; Stage II, severe; and Stage IV, dead (Ward-Jones 2020). The
phenomenon of dieback has recently extended through vulnerable Australian alpine areas,
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including Kosciuszko National Park (KNP), NSW, here it may prove irreversible, given that
higher altitudes to which species can migrate are limited (Sritharan et al. 2021).

Previous literature hypothesised that dieback in Eucalyptus species may be attributed to
abiotic factors, biotic factors or both, with multiple stressors accelerating the process (Ross
& Brack 2015). These include wood-boring Phoracantha longicorn (longicorn), infrequent
burning, imbalances in soil nitrogen and essential nutrients, drought stress, and root fungal
pathogens (Jurskis 2016; Ross & Brack 2015, 2017). According to a theory proposed by Ross
and Brack (2015) for dieback in Eucalyptus viminalis (manna gum), faced with severe
dieback symptoms, trees re-direct nutrients towards the growth of epicormic shoots to
conserve resources; however, this incidentally increases epicormic shoot palatability,
leaving Eucalypts highly vulnerable to secondary defoliator attacks (Ross & Brack 2015,
2017). Thus, a positive feedback loop develops, gradually leading to irreversible tree health
decline across a dieback-affected landscape.

One unexplored dieback-related factor is how changes to soil microbiology and root
functioning can either impair or improve responses in tree heath to dieback. Mycorrhizal
fungi form an important nutritional symbiosis with host plants at their roots (Kariman et al.
2014). Mycorrhizae are vital for increasing root surface area for efficient nutrient exchange,
particularly in recovery from stress (Launonen et al. 1999), improving plant nutrient and
water uptake in exchange for carbon as part of the symbiotic process (Tedersoo & Bahram
2019; Kariman et al. 2014; Scott et al. 2013). Ectomycorrhizae (ECM) is a key type of
mycorrhizae for tree-stress protection, with 6,000 identified species across 30 plant
lineages (Tedersoo & Bram 2019; Lilleskov et al. 2011). ECM forms a sheath-like mantle on
the outside of feeder roots, providing them with outer protection; mycorrhizae improves
water uptake, fights drought stress, increases root biomass and defends host plants against
soil pathogens (Tedersoo & Bahram 2019; Kariman et al. 2014; Adams et al. 2006; de Witte
et al. 2017; Weidlich et al. 2020). ECM almost entirely dominates feeder roots in mature
Eucalypts (Teste et al. 2020).

In Eucalyptus species, both improved and declining tree health may be associated with ECM
presence. Ishaq et al. (2013) demonstrated the importance of mycorrhizae presence in
mitigating stress faced by Eucalyptus gomphocephala (tuart) seedlings. Examining the
proportion of ECM and arbuscular (AM) fungi colonisation, the authors found a ‘probable
link’ between increased ECM presence and healthier tree canopies (Ishaq et al. 2013). This
work is supported by Scott et al. (2013), who found that declining E. gomphocephala
seedlings had significantly lower fine root counts and ECM presence. Horton et al. (2013)
also concluded that ECM species richness was lowest where Eucalyptus delegatensis (alpine
ash) was severely declining. Thus, improved tree health can predict increased ECM
composition within host roots. However, it is unknown if greater ECM presence is linked to
better tree health - or, conversely, if lesser ECM facilitates dieback, or even if dieback is
linked to a decline in ECM composition (Sapsford et al. 2017). For instance, inoculation of
ECM colonies in Castanea (chestnut) improved plant growth and recovery from water stress
(Aryal et al. 2021). Addressing this causality dilemma will aid in understanding how ECM
presence may mitigate dieback.

This study focuses on the health of Eucalyptus pauciflora subsp. niphophila (snow gum), an
endemic Eucalypt found in high and dry altitudes in the Kosciuszko National Park (Halter et
al. 1997; Worboys & Good 2011). Dieback in E. pauciflora subsp. niphophila is currently vast,
visually prevalent and escalating in severity throughout KNP. However, dieback in the
species is critically understudied, and knowledge of how severe dieback symptoms impact
its health and functioning is limited (Ross & Brack 2017). We aimed to determine if there
was greater ECM presence in healthy E. pauciflora subsp. niphophila than in those suffering
from severe Stage Il dieback. We hypothesised: (1) healthy E. pauciflora subsp. niphophila
trees would have a greater feeder root ECM presence than dieback-affected (Stage II) E.
pauciflora subsp. niphophila trees, due to the many benefits of ECM in hosts. We predicted:
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(2) this would present as a strong statistical difference in ECM presence between healthy
and dieback-affected trees; thus, (3) if healthy trees were associated with greater ECM
presence, a lack of ECM colonies could be subsequently associated with dieback-affected
trees.

Methods

Data from feeder root samples were analysed to observe ECM presence and post hoc root
count between healthy and dieback-affected E. paucifiora feeder roots.

Site description

Root samples were collected from 30 November to 2 December 2021 under dry conditions.
Samples were collected from two sites in Perisher Valley, NSW (36.24'35”S, 148.24’43"E,
25°slope, elevation: 1,760m ASL) and another two sites 500 m from Perisher Valley. All sites
had similar surrounding understory cover with grasses and small woody shrubs (such as
Hovea montana), elevation (~1,800m), terrain and slope (25°-28°). Each site had some
degree of disturbance and dieback presence, identified by consistency in epicormic
branches.

Root sample collection

Root samples were collected from two mature populations of E. pauciflora subsp.
niphophila. Trees were selected on the basis of dieback scores, with their diameter at breast
height (DBH) varying from approximately 10 cm to 50 cm. The first population included 13
living E. pauciflora subsp. niphophila, scored as suffering from Stage Il dieback at the
Perisher Valley sites (n = 13). We chose to collect feeder roots from trees suffering from
Stage II dieback, as this was the most visually abundant and easiest to identify (whereas
Stage I is mild, with minor bark cracking and red weeping trunk holes; (Ward-Jones 2020).
We identified Stage II dieback from the formation of progressive horizontal galleries,
defoliated sparse canopy cover, dull leaves, presence of epicormic shoots and severe bark
peeling (Ward-Jones 2020). The second population of E. pauciflora subsp. niphophila
included 13 living trees at sites 500 m from Perisher Valley. These trees were scored as
healthy, with no or minor dieback symptoms (n = 13). At each tree, after scrub was cleared,
approximately 50 feeder roots were collected per sample by shovelling two to three holes
around the base of the trunk, 10 to 30 cm deep by 30 cm wide, and 1 m from the base of the
trunk. Feeder roots were defined as roots < 2 mm diameter (Scott et al. 2013), with E.
pauciflora subsp. niphophila roots identified as a dark brown, smooth and thin. Prior to
counting, samples were labelled, bagged and stored at 10°C.

Ectomycorrhizal identification

To assess for ectomycorrhizal presence, feeder roots from each tree sample were examined
under a stereo microscope using a root assay, following a method of identification similar
to that employed by Ishaq et al. (2013) and Agerer (2001). Observer blinding was
performed using a letter code for each tree. Three root branches were randomly selected
from each sample, severed and rinsed, cut into three sections each, and placed onto a petri
dish. Ten random sections of the root on each dish were assessed in the same field of view
(FOV) to determine presence of ECM on feeder roots. ECM presence was defined by a cream-
coloured, velvet-like sheath appearance on short, fat feeder roots (Tendersoo & Bahram
2019). Suberised roots (roots absent of ECM) were defined as clear, long and thin. Per dish,
the number of ECM colonised feeder roots and un-colonised suberised roots were counted
with notes made for unusual appearances.

Data analysis
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Data were recorded in Microsoft Excel. A sum of the number of colonised roots per tree was
calculated. A post hoc total root count per tree was found by adding up colonised and un-
colonised ECM presence counts for individual trees. A percentage of colonised or un-
colonised roots relative to the total root count per tree was calculated (TCS). Samples were
then unblinded. Across all trees, the percentage of colonised roots for healthy affected trees
was calculated (HCS), and repeated for dieback-affected tree samples (DCS):

HCS or DCS (%) = TCS per healthy (or dieback af fected) tree < 100
or o) Total TCS across all samples

For both HCS and DCS, mean, minimum, maximum, standard deviation (SD) and standard
error (SE) were calculated. In R, boxplots for ECM presence and root counts for healthy and
dieback-affected E. pauciflora subsp. niphophila were created. A Shapiro-Wilk normality test
assessed normal distributions of ECM presence and root counts. A Mann Whitney Wilcoxon
U-Test examined differences in ECM presence and root counts between healthy and
dieback-affected E. pauciflora subsp. niphophila populations.

Results

General observations

We repeatedly noted that dieback-affected tree root samples had very few feeder roots
available to examine microscopically. Feeder roots in the dieback-affected trees were
observationally sparse and spread out across the main root, compared to dense feeder root
presence in healthy feeder root samples. It took much longer to search for and collect
dieback-affected feeder roots, as these trees had notably very few roots available, with some
trees possessing no roots at all.

Ectomycorrhizal presence

Of 13 healthy E. pauciflora subsp. niphophila individuals examined, healthy feeder roots
contained greater numbers of ECM. On average, 42.92% of healthy feeder roots examined
were colonised by ECM, with a minimum of 6% and a maximum of 97% (SD #* 0.29, SE +
0.08; Figure 1). Of 13 dieback-affected E. pauciflora subsp. niphophila individuals examined,
dieback-affected feeder roots contained fewer numbers of ECM. On average, 32.77% of
dieback-affected feeder roots were colonised by ECM, with a minimum of 0% and a
maximum of 84% (SD * 0.32, SE + 0.09; Figure 1).
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Figure 1. Comparison of the percentage of ectomycorrhizal colonised feeder roots between healthy (n = 13) and
dieback-affected (n = 13) root samples across four populations of E. pauciflora subsp. niphophila in Perisher Valley,
NSW.

The percentage of ECM colonisation in feeder root samples was compared to the health
status of their respective E. pauciflora subsp. niphophila tree (healthy or dieback-affected).
Assessing for normality of the ECM colonisation data, a Shapiro-Wilk Normality test
recorded a significant p-value (W = 0.886, p = 0.008). This indicated that ECM colonisation
data were not normally distributed between healthy and dieback-affected feeder root
samples. A non-parametric Mann Whitney Wilcoxon U-Test, comparing unpaired samples
within a non-normal distribution (van Emden 2008) found a non-significant p-value (W =
112, p =0.166), indicating a non-significant difference in ECM colonisation between healthy
and dieback-affected E. pauciflora subsp. niphophila feeder roots.

Root counts

A post hoc trend was observed in feeder root counts. Dieback-affected E. pauciflora subsp.
niphophila root samples contained notably fewer feeder roots than healthy E. pauciflora
subsp. niphophila (Figure 2). Noting that an outlier of 315 roots was included from a healthy
tree; healthy samples had a mean count of 95 feeder roots (n = 13, SD + 72.01, SE + 19.97;
Figure 2) compared to a mean count of 68.46 feeder roots in dieback-affected samples (n =
13, SD + 39.01, SE + 10.82; Figure 2). Assessing for normality of the root counts, a Shapiro-
Wilk Normality test recorded a significant p-value (W = 0.748, p = 2.611e-05). A non-
parametric Mann Whitney Wilcoxon U-Test found a non-significant p-value (W = 111, p =
0.1823), indicating a non-significant difference in root counts between healthy and dieback-
affected E. pauciflora subsp. niphophila feeder roots.
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Figure 2: Comparison of root counts between healthy (n = 13) and dieback-affected (n = 13) root samples across four
populations of E. pauciflora subsp. niphophila in Perisher Valley, NSW. An outlier in healthy tree samples is included.

Discussion

This study aimed to identify and compare ECM presence between healthy E. pauciflora
subsp. niphophila and dieback-affected (Stage II) E. paucifiora subsp. niphophila. As ECM
presence was, on average, common to both healthy and dieback-affected E. pauciflora subsp.
niphophila feeder roots (Figure 1), we successfully met this aim. We also aimed to determine
if there was greater ECM presence in healthy E. pauciflora subsp. niphophila than in those
suffering from severe dieback, hypothesising that healthy E. pauciflora subsp. niphophila
trees would have greater ECM presence than dieback-affected trees (1). However, despite
healthy E. pauciflora subsp. niphophila feeder roots containing a greater percentage of ECM
colonies than dieback-affected feeder roots, this difference was not statistically significant,
rejecting our initial hypothesis (1) and prediction (2) (Figure 1). This suggests that an
abundance of ECM colonies is not directly associated with healthier E. pauciflora subsp.
niphophila. It may also indicate that a lack of ECM colonies may not be directly associated
with dieback-associated decline in E. pauciflora subsp. niphophila, contrary to our
prediction (3).

These results contrast with observations of previous studies where a higher proportion of
ECM colonies was associated with healthier trees in E. gomphocephala (Ishaq et al. 2018;
Ishaq et al. 2013), as well as with healthier canopies in a comparison of healthy and
declining E. gomphocephala (Scott et al. 2013). In the present study, it was generally
observed that trees severely affected by dieback possessed far fewer roots that were harder
to find than healthy trees. This was evidenced in the minimum ECM presence count for
dieback feeder roots, as well as the gap in mean root counts between healthy and dieback-
affected samples (Figures 1 & 2). It is important to note that this difference was not
statistically significant. However, there was an abundance of healthy feeder root samples to
analyse, as demonstrated by the inclusion of a root count outlier within healthy samples
(Figure 2). As root area correlates with tree canopy size, Eucalyptus species suffering from
more severe dieback symptoms have reduced capacity to allocate resources to roots (Scott
et al. 2013), a possible contributor to reduced root biomass, just as we observed.
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Sapsford et al. (2017) found that both abiotic and biotic stressors can lead to a loss of ECM
diversity and functioning. This loss, according to Ishaq et al. (2018), negatively impacts the
health of other Eucalyptus species such as E. gomphocephala. Thus, mean discrepancies in
available feeder roots between our dieback-affected and healthy samples may explain our
null result. Our results suggest that dieback-affected trees may possess fewer roots;
however, further testing is needed. We predict that a lack of roots may negatively impact
trees’ nutrient and water uptake. This result is particularly alarming, as reduced root
biomass can contribute to rapid tree decline by impairing root functioning (Jurskis & Turner
2002). Therefore, we can surmise that dieback-affected trees may reduce their root
abundance in response to dieback-related stressors. However, to confirm this
interpretation, additional formal and statistical tests are necessary, particularly as our root
count results were not significantly different. These tests must include a wider range of
samples, as in Ishaq et al. (2018), as well as a multi-factor ANOVA, as in Adams et al. (2006).
We could expect this testing approach to produce more robust and potentially statistically
significant results. These tests should also identify if (and how) reduced root abundance
impacts root and tissue functioning of the entire E. paucifiora subsp. niphophila tree.

Our post hoc, visually observed lack of root abundance in dieback-affected trees is
significantin relation to ECM prevalence. Many lineages of host plants have evolved to select
more efficient root fungi and thus extract greater benefits from their symbiosis (Kiers et al.
2011). Host plants rewarded ECM colonies on particular roots with greater nutrients in
exchange for increased carbohydrate uptake by those colonies; the two partners reward
each other (Kiers et al. 2011). However, hosts cannot discriminate between fungal partners
once colonisation is finalised (Kiers et al. 2011). Where multiple trees are faced with
dieback-related stressors (for instance, carbohydrate depletion and P. longicorns wood
boring), trees are unable to selectively preference efficient ECM colonies, and instead direct
their nutrients towards growing epicormic shoots (Ross & Brack 2015). As a trade-off
response, ECM presence subsequently reduces and is replaced by less-efficient arbuscular
mycorrhizal (AM) fungi (Ishaq et al. 2018, Ishaq et al. 2013; Tedersoo & Bahram 2019).
Therefore, in dieback-affected trees, the reallocation of essential resources to epicormic
shoots may lead to reduced ECM presence as a trade-off response to dieback symptoms.
Thus, it is unsurprising that fewer roots are required to sustain dieback-affected trees. This
conflicts with our prediction that if healthy trees have greater ECM presence, a lack of ECM
colonies could thereby contribute to dieback symptoms (3). Findings from Simard et al
(2012) support this conclusion, as feedback loops via networks of mycorrhizae and their
hosts heavily influenced forest structure and function in response to stressors. Further,
altered nutrient compositions across NSW dieback sites gradually eliminated root
mycorrhizae, impairing root functioning and accelerating dieback (Jurskis & Turner 2002).

The ECM variation in E. pauciflora subsp. niphophila observed in this study may be a
response to dieback-related reductions in root abundance, rather than a cause of dieback
itself. This is likely to have been confirmed if we had examined more feeder roots in equal
numbers across healthy and dieback-affected trees. However, we cannot demonstrate that
dieback-related decline in E. pauciflora subsp. niphophila samples was the sole contributor
to reduced ECM presence. While disturbance can impact ECM presence (lordache et al
2009), we observed dieback symptoms across trees in all sites, with all sites located within
proximity to ski resorts. The difficulty in attributing a cause or contributor to ECM reduction
in Eucalyptus species similar to E. pauciflora subsp. niphophila is supported by many well-
evidenced examples (Ishaq et al. 2018; Scott et al. 2013; Sapsford et al. 2017). In addition,
ECM presence is not only influenced by host health and may also be influenced by
microbiome competition (Adams et al. 2006). Further, declines in ECM presence were
attributed to non-dieback-related stressors such as temperature, respiration acclimation,
changes to soil enzymes, drought stressors and climate change (Malcolm et al. 2009; Nickel
et al. 2018). Stress induced by one change, such as differences in ECM presence, is not the
sole cause of dieback (Ross & Brack 2017). Therefore, we can suggest that dieback does not
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present equally across a site, as shown by variance in ECM presence between individuals
(Figure 1).

Our study could have used more robust methods across a greater breadth of sampling sites.
For instance, Ishaq et al. (2018) studied four trees in each of 12 sites, collecting two soil
cores 5 m from each tree. By comparison, we only examined 13 trees in two locations,
shovelling shallow pits of soil at the base of each tree. Further, we did not explicitly account
for age differences between trees, which also may impact ECM presence (Ishaq et al. 2018).
In the future, to include root count as a co-variate, we would need to extract intact soil cores
from tree samples of a standardised age, thus efficiently quantifying root counts per tree
(Sapsford et al. 2017). Furthermore, a future study could classify ECM samples as a function
of fungal diversity, rather than examine the presence or absence of ECM alone. Powell and
Rillig (2018) note that richness is the most efficient measure of fungi functional diversity,
while classifying ECM into distinct categories is important when analysing function (Agerer
2001). Using a microbiome study to examine ECM fungal diversity may also be useful, as
successfully demonstrated by Ishaq et al. (2018). To establish a more robust method, a
future microbial study could involve a visual examination of root feeders after root staining,
as well as calculation of the percentage of ECM colonisation using a gridline intersect
method, as in Vierheilig and Piché (1998). This study could also use metabarcoding to
describe specific variations in ECM species among healthy and dieback-affected trees
(Sapsford et al. 2017). Future research could additionally involve inoculation of E. paucifiora
subsp. niphophila seedlings with ECM communities and monitoring of any changes to
comparative health factors (such as seedling survival, growth rate, and biomass) over three
months, as in Valdés et al. (2019).

Knowledge of how ECM interacts with a dieback-affected E. pauciflora subsp. niphophila
host is useful, particularly as damage in one part of the tree quickly moves around the rest
of it (Scott et al. 2013). Changes to ECM communities significantly impact entire ecosystem
functioning and tree survival through the vital influence of mycorrhizal networks on host
structure and functioning (Horton et al. 2013; Simard et al. 2012). Therefore, our
unexpected finding of no significant difference between dieback-affected and healthy E.
pauciflora subsp. niphophila is alarming given the apparent accelerating rate of dieback
throughout the KNP. Despite inconclusive results with our predictions, our null finding also
indicates a lack of understanding of dieback in E. pauciflora subsp. niphophila, highlighting
the need for further timely and thorough exploration of this subject.

Conclusions

There was no significant difference in feeder root ECM prevalence between dieback-affected
and healthy E. pauciflora subsp. niphophila trees. However, as root count was reduced in
dieback-affected tree samples, this potentially indicated a reallocation of resources to other
parts of the tree. Thus, we highlighted the novel finding that dieback-affected trees may
reduce their root abundance as a response to dieback-related stressors, potentially linked
to reduced ECM presence. Given the rapid spread of dieback in the KNP and a conspicuous
lack of knowledge on the subject, further research on dieback and ECM fungal diversity in
E. pauciflora subsp. niphophila is urgently needed.
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