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Abstract
Plant fungal relationships should vary with abiotic and biotic factors to minimise plant stress and are likely to vary seasonally and
with age.We investigated how fungal colonisation, specifically arbuscular mycorrhizal fungi and dark septate fungal endophytes,
would vary with species identity and season, and how these interactions changewith ontogeny. Plant roots of adults and seedlings
of 9 species were collected from heathland and coastal dune habitats along the Australian east coast in New South Wales. Roots
were stained and investigated for arbuscular mycorrhizal fungi and dark septate endophyte structures to determine colonisation
strength. Species identity was the most important factor driving colonisation strength, while low rainfall and heatwaves were
associated with declining arbuscular mycorrhizal fungi colonisation in the warmest sampling period. AMF colonisation may be
supressed by plants under heat and water stress as a way of avoiding loss of limited photosynthates. Dark septate endophyte
colonisation was more common in this time period and may assist with the stress of the warmer, drier conditions. Colonisation by
arbuscular mycorrhizal fungi differed with age but in unpredictable ways and, along with dark septate endophytes, was evident
even in plants that are considered non-mycorrhizal, although more extensive in known mycorrhizal species. The lack of
arbuscular mycorrhizal fungi colonisation and the increase in dark septate endophyte colonisation during the most stressful
period suggest an uncoupling mechanism in the symbiotic relationship which needs further investigation.
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Abbreviations
AMF Arbuscular Mycorrhizal Fungi
DSE Dark Septate Endophyte
EM Ericoid Mycorrhizae

1 Introduction

Plants interact with soil microbes such as bacteria and fungi in
a range of facilitatory interactions (Van der Heijden et al.
1998). Root-associated fungi include symbiotic mycorrhizal
species, such as arbuscular mycorrhizal fungi (AMF), but also
a range of pathogenic fungi and dark septate endophytes
(DSE) (Zobel et al. 1997; Jumpponen and Trappe 1998).
Symbiotic relationships with fungi assist plants by providing

improved tolerance to stress and drought, protection from
pathogens and disease, and increased soil stability
(Rodriguez et al. 2004; Van Der Heijden and Horton 2009;
Singh et al. 2011; Hodge and Fitter 2013). They are crucial to
the structure, function, feedback and health of plant commu-
nities (Redman et al. 2001; Bücking et al. 2012). Endophytic
AMF from the subphylum Glomeromycota commonly colo-
nise herbaceous and woody plant families (Mandyam and
Jumpponen 2005; Bücking et al. 2012; Spatafora et al.
2016) and show little selectivity (Klironomos and Hart
2002; Brundrett 2004). Ericoid mycorrhizae (EM) have been
found in the roots of the Family Ericaceae (Cairney and
Ashford 2002) and are considered central to the success of
the Ericaceae family in stressful environments such as heath-
land (Midgley et al. 2004).

The relationship between plant and fungal endophytes may
vary from parasitic through to facilitatory and varies with spe-
cies (Logan et al. 1989), season (Meney et al. 1993; Mandyam
and Jumpponen 2008), and through a plant’s life (termed the
mutualist-parasitic continuum) (Moora and Zobel 1996; Lu
et al. 2007). The relationship is influenced by a plant’s depen-
dency on fungi as well as abiotic variables such as pH,
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temperature and nutrients (Brundrett and Kendrick 1990;
Mandyam and Jumpponen 2008; Dumbrell et al. 2011;
Hazard et al. 2013). Such a dynamic and diverse endophyte-
host plant relationship has meant that predictable patterns of
variation are still elusive and poorly understood.

Dark septate endophytes (DSE) are considered to be as
abundant as AMF and known to occur in the roots of at least
600 plants (Kivlin et al. 2013). Despite their abundance, their
presence is often ignored in studies and little is known about
their ecological role (Mandyam et al. 2012; Muthukumar et al.
2014). The co-occurrence of AMF and DSE has led to the
suggestion that DSEmay play a similar role to AMF, although
without the saprophytic capabilities of AMF (Fracchia et al.
2011; Kivlin et al. 2013; Huusko et al. 2017). Associations
with DSE differ from those with mycorrhizae as they lack a
localised interface to transfer nutrients with their host plant
(Brundrett 2004). The direct flow of carbohydrates between
DSE and a host has not been observed, however, DSE can
produce extracellular enzymes to process nutrients that accu-
mulate in organic pools, which are available for uptake by
plants (Caldwell et al. 2000; Huusko et al. 2017). Unlike some
cases of AMF association, DSE do not form pathogenic asso-
ciations with the host and have been found to positively influ-
ence root morphology and structure (Newsham 2011; Li et al.
2019; Liu and Wei 2019). Plants can benefit indirectly from
associations with endophytic fungi such as DSE through in-
creased resistance to herbivores, pathogens and stress
(Brundrett 2004). DSE may have various functions and their
lack of nutritional exchange does not necessarily correlate to a
lack of importance in natural systems (Mandyam and
Jumpponen 2005).

Mycorrhizal fungi are usually most active just behind the
growing tip of the root. As roots are constantly growing, en-
dophytic fungi must constantly recolonise newly growing tips
to establish a continual relationship. This gives the potential
for a varying strength in colonisation rate through time and is
likely to be affected by the abiotic conditions influencing
growth rates of both the fungi and the plant. Thus, there is
an expectation that seasonal patterns in colonisation associat-
ed with the speed of root growth and soil temperature are
likely to occur.

Changes in abiotic variables as a result of seasonality can
also influence colonisation of AMF (Muthukumar and
Udaiyan 2002; Lingfei et al. 2005; Mandyam and
Jumpponen 2008). Changes in light levels can increase pho-
tosynthetic capacity with more carbon being available for nu-
trient exchange (Kothamasi et al. 2001; Redman et al. 2001).
Changing seasons can impact soil moisture content and tem-
perature, which in turn influences the composition and colo-
nisation strength of mycorrhizal fungi (Dumbrell et al. 2011;
Montero Sommerfeld et al. 2013). Dumbrell et al. (2011) and
Montero Sommerfeld et al. (2013) found lower AMF growth
in winter in the UK and Chile respectively, while Mandyam

and Jumpponen (2008) found lower colonisation in spring in
Kansas, USA. Colonisation levels may also be influenced by
wider landscape differences. In Australia, soils are
characterised by low nutrients, especially nitrogen and phos-
phorous, which are essential to plant growth (Thomson and
Leishman 2004). Many Australian habitats such as heathland
and coastal dunes are stressful environments with high light-
intensity, poor soil structure, low nutrients, harsh winds,
drought and salinity (Hesp 1991; Kothamasi et al. 2001;
Keith 2004). In order to survive in these conditions many
plant species have specialised belowground adaptations in-
cluding clustered or hairy roots, dauciform roots, sand-
binding roots or associations with nitrogen fixing organisms
and mycorrhizal fungi (Thomson and Leishman 2004).
Previous studies have shown that AMF colonise plants in
these environments (Logan et al. 1989; Mclean et al. 1999;
Cairney and Ashford 2002; Gooden et al. 2019). The effect of
seasonality can change among plant families; for example,
two members of the Cyperaceae family, a family commonly
considered non-mycorrhizal, were found to form associations
with AMF, with the highest colonisation in winter (Logan
et al. 1989; Meney et al. 1993; Brundrett 2009).

Seasonal changes have also been investigated in DSE
(Ruotsalainen et al. 2002; Lingfei et al. 2005; Mandyam and
Jumpponen 2008). Themelanin in DSE is thought to be useful
in stressful situations such as high temperatures or drought
(Muthukumar et al. 2014). Ruotsalainen et al. (2002) found
no seasonal variation while Mandyam and Jumpponen (2008)
found DSE colonisation was highest in spring. Although rare-
ly investigated, root colonisation by DSE appears to be influ-
enced by changes in environmental conditions (Mandyam and
Jumpponen 2008; Huusko et al. 2017). Mandyam and
Jumpponen (2008) found AMF and DSE colonisation follow-
ed dissimilar seasonal trends which may suggest complemen-
tary functioning between these two endophytes.

AMF have been suggested to greatly benefit the establish-
ment phase of seedlings – a time of high stress for plants
(Abbaspour et al. 2012). This benefit has been found to be a
result of AMF making stressful conditions more tolerable
through improved soil structure, accumulation of osmotic ad-
justment compounds, and nutrient acquisition which promotes
plant growth and survival (Veenendaal et al. 1992; Moora and
Zobel 1998; Jones and Smith 2004; Lu et al. 2007; Abbaspour
et al. 2012). Colonisation of seedlings byAMFmay also assist
in balancing competition with already established adults
(Moora and Zobel 1996; Van Der Heijden 2004). As plants
age, their resource requirements and ability to obtain these
also change and, as such, dependency on mycorrhizae may
vary with age (Van Der Heijden 2004; Pietikäinen and
Kytöviita 2007; Miller et al. 2014).

Less is known about how relationships between DSE and
plants differs across life stages (Andrade-Linares et al. 2011).
DSE has been suggested to be of importance to young
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seedlings more so than to adults (Mandyam and Jumpponen
2005; Andrade-Linares et al. 2011; Muthukumar et al. 2014).
Muthukumar et al. (2014) suggested seedlings may preferen-
tially interact with DSE when competition for AMF colonisa-
tion is high. In fact, in some habitats DSE colonisation has
been found to be higher than AMF or ectomycorrhizae in
seedlings (Mandyam and Jumpponen 2005).

This study aimed to investigate the intricacy of plant/ fun-
gal relationships across species and time in landscapes where
plant species are known to interact with mycorrhizal fungi.
Specifically, three variables known to impact colonisation
levels were investigated; species identity, plant age, and sea-
sonality. Three questions were posed:

1) Does the level of fungal colonisation (AMF, EM and
DSE) vary between adults and seedlings?

2) Does fungal colonisation vary through seasonal changes?
3) How does fungal colonisation vary with species?

2 Materials and methods

2.1 Study region and habitat

Plant roots were collected from various locations of heathland
and coastal dune habitats along the New South Wales (NSW)
coast from the Sydney and the South East Coast bioregions.
Sites spanned a distance of 307 km from North Durras on the
southern NSW coast (35°38′31.48”S 150°18′11.11″E) to Ku-
ring-gai Chase National park in Northern Sydney (33°35′
55.71”S 151°17′33.62″E). Heathland plants were chosen as
plants have adapted to withstand harsh conditions (Keith
2004) including skeletal soils low in nutrients with fire occur-
ring periodically and often at high intensity (NSW Office of
Environment and Heritage n.d.). Coastal dunes form an im-
portant ecological transition zone between marine and terres-
trial environments where plants must overcome unstable sand,
harsh winds, high stress from salt and drought, and limited
nutrients (Hesp 1991). Species choice was first determined
through the encounter of seedlings, followed by collection of
adults from a different site. Families with specialised root
structures such as proteoid roots were avoided as these are
unlikely to have mycorrhizae (Brundrett 2008). Two species
of Ericaceae were also collected to investigate EM. Table 1
contains the list of plant species collected and their current
known mycorrhizal associations.

2.2 Seasonal collection

Samples were collected over three time periods with different
climatic variables; May – June 2017 was the coldest sample
with temperature increasing from the second samples

collected in the warmer months of August 2017 and the last
samples collected between the hot months of December 2017
and January 2018. Average maximum and minimum temper-
ature, and average rainfall were collected for the three time
periods from Bureau of Meteorology (BOM) weather stations
within the study range and compared to the expected averages
for these time periods (Table 2). This study was interested in
investigating broad patterns across time rather than site spe-
cific microclimates. Köppen Climate Classifications across
the study region are Cfa (humid Subtropical) and Cfb
(Oceanic) (Climate-data.org n.d.), as a result the temperature
and rainfall was similar at each site within a sample period.

2.3 Experimental design and field techniques

Nine species were collected; each with three replicate plant
samples collected for each life stage and for each season for a
total of 162 samples. Adults and seedlings of the same species
were collected from different locations each season, with at
least one kilometre between sites to maintain independence of
samples. Individual plants were separated by at least 50 m to
increase spatial variability. Maximising distance between
samples minimises the likelihood of sampling similar AMF
communities and as this study was focused on larger land-
scape processes it is important to avoid local patterns on oc-
currence of fungi to be sure colonisation of a species was not
confounded by local rhizosphere communities (Brundrett
2009). As soil microbe communities can vary over short dis-
tances, 50 m was considered far enough apart to maintain
independence (Hazard et al. 2013; Huusko et al. 2017).
Samples were collected by removing debris around the base
of the specimen, digging soil away from the top 10–15 cm of
the plant and following the taproot to finer root hairs which
were collected. Seedlings were characterised by being less
than 10 cm tall and lacking mature reproductive organs, while
adults were characterised by being reproductively mature and
at least 20 cm tall or long.

2.4 Root staining and investigation

Fungal root colonisation was investigated using a mycorrhizal
staining technique adapted fromMcGonigle et al. (1990). For
each specimen, at least 15 thin root segments (<2 mm diam-
eter) were cut into 1 cm pieces and placed in 10% KOH in a
90o C water bath for 60 mins, after which they were rinsed
with distilled water. More lignified root segments, such as the
Ericaceae, required longer clearing and were placed in the
bath for 10 min increments until sufficiently cleared or for a
maximum time of 90 mins. Subsequently, the roots were cov-
ered with 1% HCl overnight and rinsed the following morn-
ing. Specimen jars were filled with 2% Quink in 1% HCl and
placed in a 60o C bath for 30 mins to stain the roots. This
solution was again rinsed from the roots and they were
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covered with a de-staining solution for three nights. This pro-
cess acts to clear excess stain from the root allowing fungal
tissue to be seen. At this point, 10 root segments of each
specimen were mounted on a slide for investigation.

For each slide the presence of fungal structures, both my-
corrhizal and non-mycorrhizal, were calculated using a mod-
ification of the magnified intersections method outlined by
McGonigle et al. (1990). Using a compound microscope at
40 x magnification, 100 root intersections on each slide were
investigated. At each intersection, if the microscope crosshair
touched a feature of AMF, EM or DSE its presence was re-
corded. AMF are characterised by aseptate hyphae, vesicles
and arbuscules, while DSE are characterised by septate

hyphae and microsclerotia (Likar et al. 2008; Bücking et al.
2012). EM are fungal endophytes characterised by fungal
coils that form in fine root hairs (Chambers et al. 2008). For
each AMF, DSE and EM structure, a sum was taken of each
sample to provide a percentage (%) root colonisation of a
given species.

2.5 Data analysis

Three-factor ANOVAs investigated differences amongst sea-
sonality, age and species for aseptate hyphae, arbuscules, ves-
icles (collectively AMF), septate hyphae and microsclerotia
(collectively DSE) (JMP ® Pro; Version 11, SAS Institute

Table 2 Comparison of temperature and rainfall among the three
sampling time periods. Average minimum and maximum temperature is
compared to the expected temperature for the months, as modelled by
Bureau of Meteorology. The range of rainfall of two weather stations

within the study region is also compared to the expected total, as
modelled by the Bureau of Meteorology. GPS locations for the Weather
stations were data was gathered are given

Time period / seasonal
temperature

Temp range (°C)
(Average Min and
Max)

Cf. expected temp Rainfall
range
(mm)

Cf.
expected
rainfall

Sources Weather Station

May–June 2017 / cool
season

17.8–21.2 Warmer 39.2–105.4 Below
average

(Bureau of
Meterology
2017c, 2017a)

Kiama (33°42′02.9”S
151°12′34.1″E)

Terry Hills (33°42′
02.9”S 151°12′
34.1″E)

August 2017 / warm
season

17.6–25.3 Maximum temp =warmer
than average

Minimum temp = cooler than
average

20–35.2 Below
average

(Bureau of
Meterology
2017b)

Kiama
Terry Hills

December – January
2017/18 / hot sea-
son

25.2–36.8 Warmer than average with
heatwaves and
thunderstorms

57.7–59.6 Average (Bureau of
Meterology
2018a, 2018b)

Kiama
Bellambi (34°22′

08.9”S 150°55′
44.9″E)

Table 1 Current knownmycorrhizal association in Australia of the nine
plant species sampled. AMF status represents three options or a
combination where; AMF signifies the plant is an obligate mycotroph
(i.e. cannot exist without the association), NM signifies a lack of

association, often in favour of other adaptations that offer a similar
advantage, NM-AM plants are facultative mycotrophs, forming associa-
tions depending on nutrient limitation (Jones and Smith 2004; Brundrett
2009). Edited from Brundrett (2008)

Family Species AMF status Reference

Asteraceae Actites megalocarpa AMF (Sward et al. 1978; Brundrett and Abbott 1991)

Geraniaceae Pelargonium australe AMF (Logan et al. 1989)

Rutaceae Correa alba AMF (Sward et al. 1978; Logan et al. 1989; Bellgard 1991;
Brundrett and Abbott 1991; Gehring and Connell 2006)

Cyperaceae Caustis recurvata var. hirsuta NM (NM-AM) NM; (Logan et al. 1989; Bellgard 1991)
AMF in winter; (Meney et al. 1993)

Cyperaceae Ficinia nodosa NM (NM-AM) NM; (Logan et al. 1989; Bellgard 1991)
AMF in winter; (Meney et al. 1993)

Cyperaceae Lepidosperma viscidum NM (NM-AM) NM; (Logan et al. 1989; Bellgard 1991)
AMF in winter; (Meney et al. 1993)

Ericaceae Epacris longiflora Ericoid (occ. AMF) (Sward et al. 1978; Bellgard 1991)

Ericaceae Woollsia pungens Ericoid (occ. AMF) (Sward et al. 1978; Bellgard 1991)

Aizoaceae Carpobrotus glaucescens NM (Logan et al. 1989)
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Inc., Cary, NC). As only two EM structures were observed, no
analyses were undertaken. For all variables, assumptions of
normality of residuals were tested graphically and Cochran’s
test was performed to test for homogeneity of variances. Both
aseptate hyphae and septate hyphae analyses met assumptions
and were not transformed. Arbuscules and microsclerotia
were transformed using a log(x + 1) transformation and vesi-
cle data was transformed using a log10 transformation. Where
ANOVA produced a significant output, post hoc Tukey’s tests
were performed to investigate differences among means. For
each species, an analysis of covariance investigated whether
colonisation of aseptate hyphae was associated with levels of
colonisation of septate hyphae with season and ontogeny in-
cluded in a factorial design.

3 Results

3.1 Arbuscular Mycorrhizal Fungi

AMF colonisation was found frequently in many species. The
percentage of aseptate hyphae colonisation varied among spe-
cies (F8,53 = 3.002, p < 0.0001), ranging from 26 to 80.2%
(Table 3, Fig. 1). Colonisation in A. megalocarpa was four
times greater than that of C. glaucescens. All other species
showed intermediate levels of colonisation. The two erica-
ceous species were colonised by aseptate hyphae at equivalent
rates to other species. The effect of season on the percentage
of aseptate hyphae colonisation differed with ontogeny
(F2,53 = 3.002, p = 0.0025) (Table 3). In cool weather both
adults and seedlings had similar levels of colonisation while
for both the warm and hot seasons colonisation varied signif-
icantly but in opposite ways (Fig. 2). In the warm season,
aseptate hyphae colonisation was greater in seedlings by
10 + 7.8% while in the hot season the inverse was true, with
adults having higher colonisation than seedlings by
14 + 9.9%.

The effect of season on the presence of arbuscules varied
between ontogeny and species (three-way interaction;
F16,53 = 3.91, p = 0.019) (Table 3). The abundance of
arbuscules in roots was highly variable among species with
abundance during any season ranging from 0 to 71%, but the
nine species examined contained arbuscules in a minimum of
2/3 seasons for both adults and seedlings suggesting all may
benefit from mycorrhizal associations. For each species, the
presence of arbuscules in adults and seedlings were compared
in each season (Fig. 3). For most species, differences in the
abundance of arbuscules were not evident and did not show a
consistent pattern either across season or between adult and
juvenile plants. Only one species, P. australe, had higher col-
onisation in seedlings compared to adults; a result of no adult
plants having arbuscules in the warm season. For

C. glaucescens, there was a tendency for higher arbuscule
colonisation in adults across all three seasons.

It was noted that most of the higher abundances of
arbuscules in plants occurred in the cool season samples. To
facilitate interpretation of this 3-way interaction we also in-
vestigated changes in percent colonisation through seasons for
both adults and seedlings of each species. For both adults and
seedlings 4 species A. megalocarpa, E. longiflora, C.
glaucescens and F. nodosa, showed a decrease in colonisation
with the change to hotter seasons. E. longiflora was the only
species to have a complete absence of arbuscules for both
adults and seedlings in the hot season.

Vesicles were found in all species, although at much lower
abundances compared with the other AMF structures and dif-
fered among species (F8,53 = 2.807, p < 0.0001, Table 3).
A. megalocarpa had levels of colonisation three times higher
than the second most colonised species F. nodosa. For most
species, vesicle colonisation was extremely lowwith 4 species
averaging vesicle colonisation levels less than 1%.
Seasonality influenced the number of vesicles among adults
and seedlings (F2,53 = 2.807, p = 0.046, Table 3, Fig. 4). In
both the cool season and the warm season, vesicle colonisa-
tion appeared higher in seedlings however this variation was
not significant (Fig. 5). The presence of vesicles varied signif-
icantly in the hot season with adults containing more vesicles
than seedlings.

For most species colonisation of aseptate hyphae was not
correlated with levels of colonisation of septate hyphae
(p > 0.1). For the two Ericaceae species, there was a signifi-
cant interaction between ontogeny and septate hyphae but the
direction of the trend line in seedlings and adults did not give
similar patterns of colonisation for each species (W. pungens,
F1,11 = 2.420, p = 0.022; E. longiflora, F1,11 = 4.527, p =
0.0227). We conclude that the relationship was not in a pre-
dictable direction.

3.2 Dark Septate Endophytes

As with AMF, DSE colonisation was found in all species.
Septate hyphae colonisation was lower than aseptate hyphae
colonisation for all species (Fig. 1, Fig. 6). Septate hyphae
colonisation differed among species (F8,53 = 2.658, p =
0.0001). The highest colonisation occurred in C. recurvata
which was twice the level of colonisation of P. australe, the
least colonised species. Septate hyphae colonisation was
higher in the hot season than the other seasons (F2,53 =
2.658, p < 0.0001, Fig. 7) but did not vary with age of plant
(Table 3). DSE formed intracellular microsclerotia in all spe-
cies sampled but varied in colonisation with few consistent
patterns (F16,53 = 2.718, p = 0.0071, Table 3). Levels were
greatest in the cool season for seven species while for
A. megalocarpa and C. alba, colonisation was highest in the
hot season (Fig. 8).
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4 Discussion

4.1 Arbuscular Mycorrhizal Fungi

Variable patterns of AMF colonisation were able to identify
some responses to changes in climate where the effect of cli-
mate on colonisation differed with age. In this climate, sum-
mer is the most stressful season in heathland and coastal dune
environments (Hesp 1991; Kothamasi et al. 2001; Keith 2004)
and plants would be predicted to maximise positive biotic

interactions during this season, however our results for hyphal
and arbuscule colonisation do not support this hypothesis. For
most species, aseptate hyphae and arbuscules were not signif-
icantly higher in the warmer sampling times. If arbuscules are
an indication of a positive interaction between plant and fungi
(Zobel et al. 1997; Brundrett 2004), then these appeared to be
haphazard in colonisation through time and with age of plant
and were not clearly associated with age of plant or season.

The best predictor for levels of colonisation was species
identity suggesting species-specific factors are important in

Table 3 Summary of p values of ANOVA tests for AMF (Aspetate
hyphae, arbuscules, vesicles) and DSE characterstics (Septate hyphae,
microsclerotia) for the combined samples subject to different variables
(species, season and ontogeny). Degrees of freedom of tests are in

brackets. ANOVA results that were significantly different are indicated
in bold. See Figs. 1, 2, 3, 4, 5, 6, 7 and 8 to see where differences lie for
Tukey’s tests

Variable Transformation ANOVA factor P

Aseptate Hyphae Season (2, 53) 0.2337

Species (8,53) <0.0001

Ontogeny (1,53) 0.8101

Season*Species (16,53) 0.0575

Season*Ontogeny (2,53) 0.0025

Species*Ontogeny (8,53) 0.6233

Season*Species*Ontogeny (16,53) 0.3512

Arbuscules Logx+1 Season (2, 53) <0.0001

Species (8,53) <0.0001

Ontogeny (1,53) 0.3491

Season*Species (16,53) 0.0646

Season*Ontogeny (2,53) 0.4852

Species*Ontogeny (8,53) 0.6883

Season*Species*Ontogeny (16,53) 0.0186

Vesicles Log10 Season (2, 53) 0.0314

Species (8,53) <0.0001

Ontogeny (1,53) 0.6476

Season*Species (16,53) 0.9837

Season*Ontogeny (2,53) 0.0466

Species*Ontogeny (8,53) 0.3077

Season*Species*Ontogeny (16,53) 0.5403

Septate Hyphae Season (2, 53) <0.0001

Species (8,53) <0.0001

Ontogeny (1,53) 0.8904

Season*Species (16,53) 0.4336

Season*Ontogeny (2,53) 0.2133

Species*Ontogeny (8,53) 0.1897

Season*Species*Ontogeny (16,53) 0.7028

Microsclerotia Logx+1 Season (2, 53) <0.0001

Species (8,53) 0.0312

Ontogeny (1,53) 0.3948

Season*Species (16,53) 0.0071

Season*Ontogeny (2,53) 0.5244

Species*Ontogeny (8,53) 0.2751

Season*Species*Ontogeny (16,53) 0.1297
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determining rates of colonisation. Levels of colonisation
should correlate to dependency on the plant-fungal relation-
ship for growth and nutrient acquisition (Meney et al. 1993;
Allen et al. 2003; Treseder 2013; Soudzilovskaia et al. 2015).
In a meta-analysis Treseder (2013) found a consistent correla-
tion between the percent root length colonised by AMF and
plant benefit through improved growth and phosphorus up-
take, the latter of which varied with plant functional group.
Species were chosen from a wide range of recorded prefer-
ences for AMF (Table 1) to assess the validity of these record-
ed preferences. While there was variation through time, spe-
cies that have been recorded as obligate mycotrophs tended to
have higher colonisation levels of both hyphae and arbuscules
(Fig. 1, Fig. 3). P. australe, C. alba and A. megalocarpa all
showed consistently high levels of colonisation for all charac-
teristics. However, all species showed colonisation of AMF,
including arbuscules, even those recorded as being non-

mycorrhizal, suggesting that the terminology of non-
mycorrhizal is not particularly useful. Colonisation of roots
varies in two ways; through their relationship with AMF and
through changes to standing root length where root colonisa-
tion can vary as roots grow and may be unrelated to AMF
abundance (Treseder 2013). As arbuscules are points of nutri-
ent transfer, all species likely gained some benefits from col-
onisation. What is yet to be assessed is the level of transfer of
nutrients at all levels of arbuscule colonisation and how this is
mediated by species-specific root growth rates and overall
root availability below ground as habitat available for
colonisation.

Interactions are predicted to vary in accordance with the
stress-gradient hypothesis where facilitation is more likely in
stressful situations while competition will be higher when con-
ditions are favourable (Bertness and Callaway 1994; Bertness
et al. 2003). The presence of AMF in all coastal species in our

Fig. 2 Percentage (%) aseptate
hyphae root colonisation among
adults and seedlings over the three
seasonal sampling periods (+SD).
For a given sampling time adults
and seedlings not connected by
the same letter indicate statistic
differences
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study reflects this broad pattern and mirrors the study by Logan
et al. (1989) which found 87% of species in NSW coastal hab-
itats were mycorrhizal. At the scale of habitat, therefore, the
stress-gradient hypothesis may explain why all species showed
evidence of mycorrhizal associations, even those suggested to
be non-mycorrhizal. However, under the stress-gradient

hypothesis, AMF would also be predicted to be higher during
more stressful seasons, such as summer, which was not found.

A number of explanations could be considered for the lack of
an increase in summer colonisation in our species.While soils are
well buffered from ambient temperatures and are less likely to
heat to lethal levels over summer, high moisture evaporation
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associated with heatwaves and hot days may yield lower spore
availability for colonisation. Secondly, if DSE are more capable
of coping with these warmer and potentially drier conditions,
then their higher colonisation in plants during warmer times
may reduce AMF colonisation, suggesting a level of competi-
tion, which needs further investigation. Finally plants may pref-
erably lower their association in response to high stress; an alter-
native opposing model to the stress-gradient hypothesis. Rainfall
in December was average but fell in quick bursts in association
with thunderstorms. Coupled with above average temperatures
and heatwaves this precipitation was likely drawn away from the
skeletal sandy soil quickly by plants and through evaporation,
creating a high stress environment. Stress was likely exacerbated
by below average rainfall and warmer than average temperatures
in the previous two sampling periods (Bureau of Meterology
2017a, 2017b, 2017c). Under plentiful water, there is little cost
to plants in providing photosynthates to AMF, however, under
water stress, plants will reduce photosynthesis, reducing photo-
synthates that may be allocated to AMF (Gao et al. 2016). The

decline in colonisation suggests there is an uncoupling of the
relationships amongst fungi and plants that is predicted under
the stress-gradient hypothesis, whereby there is no increase in
colonisation when plants are under drought stress asmycorrhizae
are suppressed and receiving fewer photosynthate benefits.
Under progressive drought stress, arbuscule colonisation in roots
can be supressed (Gehring et al. 2017; Sun et al. 2017). Our
results, in part, reflect a positive association to water stress with
four plant species showing highest arbuscule colonisation in
May, when rainfall was highest, and a decline over the sampling
period correlated with increasing drought conditions. The short-
term variation in this symbiosis over summer may be offset by
long-term gains thereby maintaining the importance of the sym-
biosis (Johnson et al. 1997; Pietikäinen and Kytöviita 2007).

The relationship between plants under water stress and
fungal colonisation is not clear. There are conflicting reports
on the relationship between precipitation and AMFwith some
studies noting a negative correlation (Rabatin 1979;
Muthukumar and Udaiyan 2002; Abbaspour et al. 2012) and

Fig. 6 Percentage (%) of septate
hyphae colonisation of roots of
the nine species sampled (+-SD).
Species are listed in order of AMF
association according to Table 1.
Species not connected by the
same letter are significantly
different

Fig. 5 Colonisation by vesicles
among adults and seedlings over
the three seasonal sampling
periods (+-SD). For a given
sampling period adults and
seedlings not connected by the
same letter indicate statistic
differences. NB: Tukey’s
undertaken on transformed data
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others finding a positive correlation (Sigüenza et al. 1996;
Allen et al. 1998; Apple et al. 2004). Gao et al. (2016) exam-
ined mycorrhizal community responses to precipitation and
warming over six years and found fungi responded most
strongly to increased precipitation regardless of warming.
Similarly, Trent et al. (1994) found higher mycorrhizal colo-
nisation at sites associated with higher soil moisture and lower
nutrient availability. While there is evidence of an uncoupling
as environmental variables shift, more work is needed to dis-
tinguish the role of precipitation and stress in plant-fungal
relationships through seasons.

4.2 Dark Septate Endophytes

Septate hyphae colonisation occurred in all species, althoughwas
less abundant than AMF. Evidence from a range of studies sug-
gests that although DSE are not mycorrhizal endophytes, their
presence may have a beneficial effect on plants. Furthermore as
no disease symptoms are evident in plants there is no evidence of
a negative impact. DSE differ from AMF in the absence of a
localised interface of specialised hyphaewhere nutrient exchange
would occur, but they may interact with the host plant and pro-
vide benefits. A meta-analysis measuring plant performance
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influenced by DSE found no negative effects and suggested im-
proved plant performance under controlled conditions
(Newsham 2011). While this study was unable to determine if
DSE were providing positive impacts to the plant species DSE
may play an important role during water-limitation and could
sustain plant cells during extended drought through enhanced
nutrient and water transport (Barrow 2003; Knapp et al. 2012).
Li et al. (2019) found shoot biomass was increased when DSE
were present, with both well-watered and water stressed condi-
tions having increased root and total biomass of seedlings. Li
et al. (2019) determined plants infected with DSE fungi had
increased C and N absorption. While DSE cannot improve up-
take of C and N through direct transfer they have been found to
process detrital C N and P polymers, in environments where
these accumulate in organic pools, which can allow increased
access to a host plant (Caldwell et al. 2000).

In the current study, opposite seasonal trends were observed
for septate hyphae compared to AMF, with an increase in septate
hyphae over summer while microsclerotia had higher colonisa-
tion inwinter. Themelanin content inDSE is known to be related
to stress, particularly, drought stress (Knapp et al. 2012). DSE
may have been involved in providing stress relief for host plants.
Liu and Wei (2019) inoculated seedlings with a strain of DSE
and found inoculated seedlings had improved ability to over-
come drought stress, maintaining organelle structure and
influencing root morphology through regulation of hormone
content levels. At the time of this study, 2017/18was thewarmest
on record for NSW and the driest year since 2006 (Bureau of
Meterology 2018). Thismay have influenced the soil rhizosphere
and the community of mycorrhizal fungi and other fungal endo-
phytes present. During an extended drought in South West
United States DSE was found to exclusively colonise the roots
(Barrow and Aaltonen 2001). Newsham (2011) found DSE in-
fection was able to improve plant growth by up to 140% andwas
particularly helpful where nutrient availability was low. While
we cannot make a direct link between DSE and benefits to our
study species, our pattern of colonisation suggests the increased
colonisation of DSE may provide drought tolerance. Future re-
search to examine direct links between DSE colonisation and
benefits to plants in an Australian context is needed.

The higher presence of microsclerotia in winter compared
to septate hyphae may be indicative of microsclerotia as a
vegetative propagule. Increased moisture and lower tempera-
tures may promote the production of DSE storage organs
while higher temperatures promoted the production of septate
hyphae (Mandyam and Jumpponen 2008).

4.3 Co-colonisation

Colonisation levels of AMF were not related to colonisation
levels of DSE for most species, confirming the low correlation
found in other habitats (Lingfei et al. 2005; Mandyam and
Jumpponen 2008; John et al. 2014), suggesting the factors

influencing plant-fungal associations vary between the two
endophyte types. The lack of relationship between AMF and
DSE colonisation suggests they do not influence each other’s
ability to colonise roots.

Plants growing in low-nutrient, high stress environments
develop unique mechanisms to cope with and alleviate stress,
including symbiotic association which may enhance nutrient
uptake and survival (Barrow and Aaltonen 2001). This study
suggests that AMF and DSE colonisation are highly variable
in colonisation levels with both age and season and only par-
tially conform to broad general patterns.We could not confirm
any age-related patterns and while colonisation varied through
the seasons, it was not in a particularly predictable way. There
was evidence of an uncoupling between AMF and plants as
environmental variables became more stressful while DSE
may have provided relief to the host plants as drought stress
intensified. More work is needed to understand the relation-
ship of mycorrhizal fungi and DSE with host plants in the
context of environmental shifts.
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