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ARTICLE INFO ABSTRACT
Article history: Among the huge array of hypogeous ectomycorrhizal  fungi so far documented from Aus-
Received 13 November 2008 tralia, six genera and more than 30 species occur within the family Mesophelliaceae,  all
Accepted 24 February 2009 of which show various adaptations for surviving in fire-prone landscapes. These mostly
Published ~ online 6 March 2009 endemic fungi are critical to postfire reestablishment  of regenerating vegetation, and their
Corresponding Editor: Roy Halling fruit-bodies provide essential food resources for diverse ground-dwelling fauna. We devel-
oped habitat models for five common representatives  of the Mesophelliaceae  based on re-
Keywords: peat collections of their fruit-bodies from 136 study plots situated along a series of
Ecology environmental  gradients across the south-eastern  mainland of Australia. At a meso- or
Fungi landscape scale, temperature influenced the occurrence of Castoreum radicatum, Mesophellia
Habitat clelandii and Nothocastoreum cretaceum, with the type of response varying. Below a threshold,
Hypogeous C. radicatum preferred sites with cooler mean annual temperatures. In contrast, M. clelandii
Modelling and N. crefaceum had optimal ranges of temperature, above and below which the probabil-

ity of detecting them dropped. Also at a landscape scale, C.radicatum was more likely to be
detected at sites with lower levels of precipitation during the driest quarter of the year. At
a micro-site  scale, M. clelandii and N. crefaceum were more likely to occur in stands with an
intermediate  number of host eucalypt stems, likely relating to successional age of the
stand. Sites with a higher number of large fallen trees were more likely to have N. creta-
ceum, while sites with intermediate litter depths were more likely to have C. radicatum
and M. clelandii. Mesophellia glauca and M. trabalis showed no consistent patterns. They
are apparently the most broadly adaptable in terms of the independent variables tested. Al-
though fire has been previously suggested to be heavily implicated in the life cycle of sev-
eral members of the Mesophelliaceae, we found no relationship between time since
disturbance by fire and other factors and likelihood of occurrence. Instead, other habitat

attributes  appeared to be more important in explaining their distribution. The complex

» Corresponding  author. Department of Environment and Climate Change, Parks and Wildlife Group, Planning and Performance Unit,
Southern Branch, P.O. Box 733, Queanbeyan, New South Wales 2620, Australia. Tel.: +61 2 6229 7000; fax: +61 2 6229 7001.
E-mail it i
0953-7562/$ - see front matter © 2009 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
doi: 10.1016/j.mycres.2009.02.014


mailto:address:andrew.c1aridge@environment.nsw.gov.au
esipp
Text Box
This file was created by scanning the printed publication.  Text errors identified by the software have been corrected: however some errors may remain.


Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Volume 15 Pact6-7 June/July 2009 @

‘ [Mycological
Researcn

/s in charagterizing fkgal
communilies 5
Rusts on€hrysanthemum

This article appeared in ajournal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier's archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright



http://www.elsevier.com/copyright

Diversity and habitat relationships of hypogeous fungi

793

and differing responses of the species of Mesophelliaceaestudied here, to features of their
environment, reinforce the need to manage multiple-use forest landscapes across the re-
gion for a diversity of attributes.

© 2009The British MycologicalSociety. Published by Elsevier Ltd. All rights reserved.

Introduction

In a recent commentary, Lilleskov & Parrent (2007)observed
that knowledge about factors influencing the distribution
and occurrence of mycorrhizal fungi across forested land-
scapes is still in its infancy. This is certainly true for Australia,
where the diversity of mycorrhizal fungi in Eucalyptus-domi-
nated forests, particularly that of hypogeous (underground-
fruiting) species, is only just being recognised (Claridge2002).
The taxonomy of Australian hypogeous fungi has been notably
advanced over the past few decades, thanks in considerable
part to traditional morphological methods and more recently
to the availability of molecular tools (Hosaka et al. 2006).
Knowledge of the ecology of these species lags far behind
that of taxonomy, however, an unfortunate circumstance in
light of their apparent importance as ectomycorrhizal associ-
ates oftrees and shrubs and as majorfood resources for diverse
animals, including several that are threatened or endangered
(see Claridge & May 1994;Claridge 2002).

Recognising this deficiency, we designed a study to com-
bine research on taxonomy and ecology of hypogeous fungi
by sampling them from different forested sites in southeast-
ern mainland Australia. Preliminary results were described
in Claridge etal. (2000a,2000b). Relationships between the dif-
ferent fungal species collected and their ectomycorrhizal host
trees, as revealed from our data, have also been reported
(Jumpponen etal. 2004).Since our earlier studies, we have re-
peated samplings of hypogeous fungi from each study site
over a longer time, collecting many more species and increas-
ing the encounter rate of individual species to further exam-
ine patterns in the occurrence of more commonly collected
taxa. In this paper we present results of our modelling of hab-
itat relationships of selected fire-adapted species in the gen-
era Castoreum, Mesophellia, and Nothocastoreum, family
Mesophelliaceae.

The Mesophelliaceae is endemic to Australasia, with most
species known only from Australia. Fruit-bodies of species
within the family typically survive the wildfires commonplace
in Eucalyptus-dominated forests across the continent. This is
partly because oftheir anatomy and partly because many fruit
deeply enough in the soil to avoid lethal heat (Johnson 1995;
Claridge et al. 2001; Claridge 2002; Claridge & Trappe 2004;
Vernes et a. 2004). Accordingly, they can be vital to postfire
survival of small marsupials such as rat-kangaroos (bettongs
and potoroos) and bandicoots, which feed on them preferen-
tially when other food resources may be initially scarce in
the postfire environment.

Molecular phylogenetic analyses have established that the
Mesophelliaceae belong in the order Hysterangiales (Hosaka
etal. 2006).The family includes Mesophellia (including Malajc-
zukia),the type genus; plus Andebbia, Gummiglobus,
Gummivena, —and Nothocastoreumn. The genus Malajczukia, — segre-
gated from Mesophellia on morphological grounds (Trappe etal.

Castoreum,

1992), has since been found by molecular analysis to be conge-
neric with Mesophelia (Hosaka et a. 2006; W. Colgan and J.M.
Trappe, unpublished data).

Members ofthe Mesophelliaceae allproduce a powdery spore
mass but have various unique morphological characters so far
without parallel in the Kingdom Fungi. Mesophellia (Figl) and
Andebbia are constructed with a thin, brittle outer peridium. Un-
derlying that surface layer is a thick, soft layer permeated with
ectomycorrhizae of associated Eucalyptus ectomycorrhizae.
Within that layer is a relatively thin endoperidium. The centre
of the basidiomata is occupied by a rubbery core attached to
the endoperidium by trabeculae, i.e. minute to robust columns.
The spores are born in the space between the endoperidium
and core amongst the connecting columns (Dell et a. 1990;

Fig 1 - Cross-section through the fruit-body of Mesophellia
clelandii, highlighting major morphological features com-
mon to the genus.
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Trappe et al. 1992,1996).The manner in which these structures
enable spore dispersal by animal mycophagy has been described
by Claridge et al. (2001) and Claridge & Trappe (2004). Castoreum,
Gummiglobusand Gummivena lack the unique central core of
the two aforementioned genera but characteristically have
gummy, elastic tissue in the peridium (Dell etal. 1990;Trappe &
Castellano 1996;Trappe & Bougher 2002).This tissue, composed
of gelatinised hyphae that can be stretched from diameters of
5+um to <1 um before breaking, is novel to these genera so far
as we know. Its function is unknown but may relate to protecting
the basidiomata from attack by arthropods. Nothocastoreum lacks
the central core of Mesophellia and the gummy hyphae of the
other three genera (Beaton& Weste 1984).instead, it fruits near
the soil surface and its peridium becomes thin and brittle at ma-
turity. When raked out by a mycologist or scraped out by an an-
imal, the top of the peridium breaks away and spores are
released into the air.

Mesophellia,including Malajczukia,was mono graphed with
22 species by Trappe et al. (1992,1996);we have since discov-
ered a few new, as yet unpublished species. In our study
area we encountered M. clelandii,M. glauca, and M. trabalis,
each on enough plots to be included in our habitat modelling.
The genus Castoreum has not been monographed in total; our
draft manuscript on this genus contains seven species (J.M.
Trappe & A.W. Claridge, unpublished data); only C. radicatum
occurred with enough frequency for habitat analysis. One spe-
cies of Nothocastoreum, N. cretaceum (Beaton & Weste 1984),has
been described. It occurred on enough plots for habitat analy-
sis. Gummiglobus agglutinosporusand Andebbia pachythrix  oc-
curred on our plots but at too low a frequency for analysis.
Gummivena is known only from Western Australia so was
not found in the study.

Materials and methods
Study area and site selection strategy

The study area within the eastern part of Victoria (East Gipps-
land) and adjacent New South Wales in southeastern main-
land Australia comprises a rectangle of forested land
bounded by the longitudes 147°30'E and 150 0'E and latitudes
36°30'S and 38°0'S (Claridge et al. 2000a, 2000b). Within this
geographic area we selected a series of sites for sampling
fruit-bodies of hypogeous fungi, representing a stratified sam-
ple of the climatic, geological and topographic features of the
region. We linked a 250 x 250m digital elevation model to the
climate prediction system BIOCLIM (Busby 1986;Nix 1986)to
derive spatial estimates of nine important climatic parame-
ters. Values for these estimates for each grid cell within the
study area were then run through an ordination process by
the pattern analysis software PATN (Belbin 1989)to derive 20
higher order 'climate groups'. Output from the climate strati-
fication scheme was then overlayed on to a geological map for
the entire study area, and from this overlay a series of climate
group-geological classes were derived. For practical reasons
we sampled a reduced set of these: the 24 combinations
chosen were typically more broadly distributed across the
landscape and readily accessible all-year-round by public
road. As a final level of stratification, sites were chosen within

four major topographic strata (ridge/upper slope, sheltered
slope, exposed slope and gully/lower slope). A final set of 136
sites, each measuring 50 x 20 m in dimension, were identified
for sampling. Further details about site selection, including in-
formation on the source of primary data used in the stratifica-
tion process, are described in Claridge et al. (2000a,2000b).

Detection and processing of fungi

We used the presence of fruit-bodies on each study plot as
a means of assessing the occurrence of different hypogeous
fungi. In brief, on each sampling event, we collected the
fruit-bodies of such fungi within each 50x20m plot by
a time constraint method. Four people raked the soil-litter
surface within each plot for a total of 100 person-minutes
each time, using four-tined garden cultivators. The time taken
to sample fruit-bodies was previously determined to allow the
number of species within each plot to be sampled with high
precision (Claridgeetal. 2000a).All fruit-bodies excavated dur-
ing raking were collected in wax-paper bags,labelled for date,
site and collector. Characteristics of fresh fungal fruit-bodies
were noted at the end ofeach field day, particularly size range,
shape, surface texture and colour, colour changes with bruis-
ing, and odour. For each collection of members of the Meso-
phelliaceae, sub-samples of fruit-bodies were cut in vertical
slices with a sharp razor-blade and notes recorded on the
thickness and layering of the peridium (outer skin), the glebal
(spore mass) colour and general structure. Based on these
features, each collection was ascribed tentatively to genus.
Collections were then dried in a food dehydrator (45°C for 8-
10h), weighed and then placed in labelled paper envelopes.
In the laboratory, these were identified to species by one of
us (J.M.Trappe), using existing published and unpublished
taxonomic literature (i.e. Beaton & Weste 1984; Trappe et al.
1996).

Time constraint searches for fruit-bodies of hypogeous
fungi were conducted on each ofthe 136 plots on five separate
occasions: autumn (May-June) and spring (November) 1996,
autumn 1999, autumn 2001,and autumn 2003. Autumn sam-
pling was emphasised because earlier research had identified
it as the time in south-eastern mainland Australia when the
greatest diversity of hypogeous fungi produce fruit-bodies
(Claridge et al. 1993),a conclusion reinforced by our results
in our spring sampling in 1996 (Claridge et al. 2000a).

Measurement of environmental attributes

A series of meso- and microscale environmental attributes were
measured for each site (Claridge et al. 2000a, 2000b).Initially,
raw values for the nine climatic parameters used in the survey
stratification process were estimated for each study site using
BIOCLIM (Claridge et al. 2000a). These values, together with
data on geology,comprised the meso-scale or 'upper level' vari-
ables used in subsequent statistical modelling. On-site, we also
measured a series of habitat attributes, including features ofto-
pography, disturbance history, vegetation floristics and struc-
ture, structure of nonliving components of habitat and
substrate. Collectively, these represented the microscale or
'lower level' variables. The rationale for, and measurement of,
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each ofthese attributes is described brieflybelow. Claridge etal.
(2000a,2000b) provide detail about these variables.

Slope and aspect influence the occurrence and relative
abundance of different hypogeous fungi in some forest habi-
tats (Claridgeet al. 1993). Aspect particularly influences the
level of solar radiation a site receives and in turn helps regu-
late soil moisture. Dry and exposed aspects may produce
fewer fruit-bodies than sheltered protected aspects or favour
the occurrence of species that produce desiccation resistant
fruit-bodies (Claridge et al. 1993).In our study, slope was mea-
sured in degrees by clinometer from a point in the centre of
each 50m x 20m site, while azimuth (aspect) was measured
in degrees using a compass from the same point. Forlater sta-
tistical analyses, aspects were grouped into four major clas-
ses: N (45-315°),E (45-135°),S (135-225°),and W (225-315°).
Where possible, sites were selected for no signs ofrecent log-
ging or fire, but most had experienced some form of past dis-
turbance. Within the 50x 20m boundaries of each site the
number of cut stumps was counted. Presence of fire scars on
trees was also recorded at each site, linking these with avail-
able fire history information to establish both the time since
last fire and the type of last fire (prescribed vs. wildfire). Fire
histories provided by regional land management offices
were in a combination ofhard-copy and digital form. Forlater
statistical analysis, fires were either classed as prescribed (cat-
egory 1)or wild (category 2). This separation was deemed nec-
essary because prescribed fire is likely to influence
understorey vegetation composition and structure more
greatly than wildfire, particularly when applied frequently
(Catling 1991) Times since last fire were grouped into four cat-
egories: 1 =0-10y, 2= 10-20y, 3 - 20-30y, and 4->30y.

The diversity of potential ectomycorrhizal host plant spe-
cies was counted at each study site. Existing literature indi-
cated that while the host-specificity of nearly all Australian
hypogeous fungi is unclear, a broad range of tree and shrub
species might be involved (Warcup 1980; Warcup & McGee
1983; Beaton et al. 1985; McGee 1986; Brundrett & Abbott
1991;Reddell & Milnes 1992; Tumpponen et al. 2004). Accord-
ingly, potential eucalypt and noneucalypt ectomycorrhizal
host species were recorded. The presence of nonhost plant
species that contributed significantly to ground cover was
also documented, including various ground ferns, tree ferns
and sedges. Various structural attributes of the vegetation at
each site were measured. Attributes of the eucalypts (basal
area, number of stems and upper canopy cover) provided
measures of the potential availability of hosts and indirectly
indicated the availability of carbohydrates for the fungi: this
is important because fruiting othypogeous fungiundoubtedly
relates to supply of carbohydrates from hosts to fungi (Maser
et al. 1978).For ease of recording, these were measured from
a 20x 20m subplot within the 50x 20m boundaries of each
site (the centre of the 20x20m subplot corresponding to
that ofthe 50x 20m site). Basal area of eucalypts per hectare
and number of eucalypt stems per hectare were calculated
from the DBH ofalllivetrees within the subplot. Canopy cover
was measured for noneucalypt host plant species at each site.
These included various indices of cover for each of three
height strata: small-sized (0.5-2.0m) shrubs, medium-sized
(2.0-5.0m) shrubs and large-sized (>5.0m) shrubs. The same
indices of cover were used to record the relative abundance

of tree ferns, ground ferns and grasses and sedges. Although
these latter groups ofplants are not hosts forhypogeous fungi,
except for sporocarpic arbuscular fungi in the genus Glomus,
they might provide important microhabitat for the ectomy-
corrhizal species.

Hypogeous fungi are influenced by nonliving structural
features of microhabitat. Accordingly, attributes such as the
number of stags (dead standing trees) and fallen trees within
each from the Northern
Hemisphere have shown that the abundance of fallen trees
particularly influences the occurrence and abundance of
fruit-bodies of various hypogeous fungi. Well decayed fallen
trees provide more or less continuously moist microhabitat
that prolongs production of fruit-bodies (Amaranthus et al.
1994) Orientation ofthese trees on the slope has further influ-
ences: fallen trees lying along the contour accumulate other
fallen nutrient-containing debris and litter on the uphill side
(Maser & Trappe 1984).Accumulations of litter provide suit-
able habitat for some hypogeous fungi (Beatonetal. 1985;Clar-
idge et al. 1993;Johnson 1994).Detailed measures of the litter
were not recorded because of the relatively large scale
(50m x 20m) of sites. Instead, the litter depth (cm)and litter
range (cm) were measured at 13 random points within the
same 20m x 20m subplot used to measure the abundance
and basal area of eucalypts. Percentage cover of litter was

site were measured. Studies

also visually estimated for the same subplot.

In addition to the measures of microhabitat described
above, on-site soil characteristics were evaluated. Factors
such as soil texture and nutrient status influence the occur-
rence and relative abundance ofhypogeous mycorrhizal fungi
(Perryet al. 1987;Claridge et al. 1993; Johnson 1994). At each
site approximately 100g ofraked soil were collected at two lo-
cations and sealed in separately labelled zip-lock bags. From
the same samples, soil texture was characterised by the tech-
niques described by Northcote (1979).For statistical analysis
four categories of soil texture were recognised: (i) clay, (ii)
loam, (iii) clay-loam, and (iv)sand. Soil remaining from the
samples was then air-dried and sieved through a 2x 2mm
mesh. From these sieved samples, total nitrogen (N)and total
phosphorus  (P) concentrations
a bench-top auto-analyser at the (then) Department of For-
estry, the Australian National University. Values used in sub-
sequent statistical analyses for soil moisture content, texture,
and Nand P content were the means of each duplicate set of
samples.

were determined with

Statistical modelling procedures

Relationships between occurrence of each hypogeous fungus
within the Mesophelliaceae and environmental (climatic,
landscape, and site-based) variables were modelled by use of
binomial generalised additive models (GAMs)with spline
smoothing functions applied to each predictor variable (Hastie
& Tibshirani 1990;Yee & Mitchell 1991; Leathwick 1995).This
form of analysis was chosen due to the ability of GAMsto
deal with possible nonlinear relationships between the bino-
mial response variable (presence or absence of a given fungal
species) and the predictor variables.

Models were fitted for each of the five qualifying spe-
cies of Mesophelliaceae by first adding climate covariates
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separately and testing for significance. For pairs of covari-
ates that were correlated, only one was fitted. All habitat/

site covariates were then added and the final model deter-

mined by backwards stepwise elimination (see Claridge
et al. 2000b for further details). A binomial error distribu-

tion was used and a drop-in-deviance test with p =0.05
level of significance used for inclusion of variables in the

model. The process of elimination of variables stopped

when no remaining variables could be removed from the

model without causing a significant increase in residual

deviance. All significant and nonsignificant terms were

then retested against the final model as a last check. All
models were fitted using the GAM procedure in S-PLUS
2000 (Mathsoft Inc.).

Results
Model for the occurrenceof Castoreum radicatum

Fruit-bodies of C. radicatum were collected from 35 of the

136 study sites (26%). Three significant variables were in-
cluded in the final explanatory model for the species:

mean annual temperature (°C) (p < 0.01), precipitation of
the wettest quarter of the year (mm) (p =0.05), and aver-

age litter depth (cm) (p <0.05). The probability of occur-

rence of C. radicatum decreased from a maximum of
approximately 97% at 6.3° Cto 20% at 10°C, or around
20% with each increasing 1°C temperature change. Above

that threshold the probability of occurrence of the species

remained similarly low. In relation to precipitation of the

wettest quarter of the year the probability of occurrence

of c. radicatum peaked at approximately 27% at 270mm,

declining to around only 3 % at 500mm. Finally, in relation

to average litter depth, the occurrence of the species

remained around 25-30% in the range 2-4 cm. Above and

below this range the occurrence of the species declined

to 8% when litter was near absent and 0% when litter

depth was 6 cm or more. The general response of C. radica-
tum to each of the three significant explanatory variables is
indicated in Fig 2.

Modelfor the occurrence of Mesophellia clelandii

Fruit-bodies of M. clelandii were collected from 17 of the 136
study sites (13%). Three significant variables were included
in the final explanatory model for the species: minimum tem-
perature of the coldest month of the year (°C) (p —0.05),the
number of eucalypt stems present on a plot (p <0.01), and
the average litter depth (mm) (p — 0.03). Between the range
in minimum temperature of the coldest month of -3.2-
0.8°C, the probability of occurrence of M. clelandii increased
approximately linearly from 0 to 30%. Abovethis temperature
threshold the probability of occurrence of the species
decreased to around 10% at 3.2°C.In relation to number of
eucalypt stems on a plot, the probability of occurrence of
M. clelandii increased from approximately 20% at 10stems
ha™' to over 90% at 25stems ha-'" Above this threshold, the
occurrence of the species declined, to approximately 20%
once the density of eucalypt stems reached 40stems ha-!.

A.W. Claridge et al.
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Fig 2 - GAM model developed for probability of occurrence
of fruit-bodies of Castoreum radicatum, showing nature of
effect of significant variables.

Finally, the probability of occurrence of M. clelandii reached
a maximum of approximately 45% when average litter depth
was 4 cm. Either side of this threshold, the occurrence of the
species declined to less than 10% at depths of around 0.6cm
and 3% at depths of 8 cm. The general response of M.clelandii
to each of the three significant explanatory variables is indi-
cated in Fig3.
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Modelfor the occurrence of the Nothocastoreum cretaceum
Fruit-bodies of N. cretaceum were collected from 14 of the 136
study sites (10%). Three significant variables were included
in the final explanatory model for the species: the number of
eucalypt stems (ha-'5 (p =0.05), the number of fallen trees

on a plot (p=0.05) and mean annual temperature (°C)

fire-adapted

797

(p =0.03). The probability of occurrence of N. cretaceum
peaked at around 45 % when the number of eucalypt stems
Below this threshold it de-
creased to 0% when the number of trees was Sha™' or less,
while above it decreased to 0% when the number of trees
exceeded 40ha™'. Inrelation to number of fallen trees, the oc-
currence ofthe species increased from around 7% when there
were 5 trees on a plot to approximately 98% when there were
12trees on a plot, or by 13% with each additional tree. Finally,
the occurrence of N. cretaceum reached a peak of approxi-
mately 30 % when mean annual temperature was 12.85°C,de-
clining to 6.5% when temperature was around 10°C, and 0%
at 15°C or above. The general response of N.cretaceum to each
of the three explanatory significant variables is indicated in
Fig4.

was approximately 25 trees ha-'

Nonsignificance of variables for Mesophellia glauca
and M. trabalis

Fruit-bodies of M. glauca were collected from 37 of 136 sites

(27%) and M.trabalis from 20 of the 136 sites (15%). No signif-
icant variables were detected for either species, so neither

could be modelled.

Discussion

Meso- and microscale factors influencing
hypogeous fungi

the distribution of

Recent reviews have highlighted the paucity of information
about factors influencing the occurrence of fungi (i.e.Lilleskov
& Parrent 2007). Acknowledging this deficiency, we set out to
describe features of the environment that might help explain
the distribution of fivemembers of the Mesophelliacae, a fam-
ily of hypogeous fungi mostly endemic to Australia. To that
end we determined that a range of measures of habitat, at
both a meso- and microscale, were variously involved. At
a meso- or landscapescale, climatic variables influenced the
occurrence of all three species examined. Annual mean tem-
perature was a significant variable in the models developed
for Castoreum radicatum and Nothocastoreum  cretaceum. The oc-
currence of Mesophellia clelandii fruit-bodies similarly altered
in relation to average minimum temperature of the coldest
month ofthe year. The varying responses ofthe three species
to temperature-related parameters highlights that different
habitat preferences.
Within our study region, temperature regimes are influenced
by altitude, with sites at higher elevations having cooler an-
nual mean temperatures and cooler average minimum tem-
peratures during the coldest parts of the year (Neave et al.
1996a,1996b; Claridge et al. 2000b). Fora species such as C.rad-
icatum, for example, the higher detection rates at sites with

taxa have differing landscape-scale

colder minimum temperatures imply it is more likely to occur
at higher elevations. In comparison, N. cretaceum was more
likely to be detected in warmer sites at lower elevations. These
preferences may well relate to different patterns in host-plant
species distribution since many species of plants are also re-
stricted in distribution (elevation) and/or growth by climatic
factors such as temperature (i.e. Lindenmayer et a/. 1997).In
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Fig 4- GAM model developed for probability of occurrence of
Nothocastoreum cretaceum, showing nature of effects of sig-
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related work, jumpporien etal. (2004)identified that other hy-
pogeous fungal species within our study area were more likely
to be found in the presence of certain taxa of Eucalyptusand
Acaciathan others. These possible relationships need to be
further explored among members of the Mesophelliaceae.
The nonlinear response of M. clelandiiand N. cretaceum to
is also in keeping with studies of
distribution of plants within eastern
mainland Australia, where species often occur at optima

temperature parameters
the landscape-scale

A.W. Claridge et al.

within a range in accordance with niche theory (ie. Austin &
Heyligers 1989).

Precipitation of the wettest quarter of the year influenced
the chances of detecting C.radicatum, with higher likelihood
of finding its fruit-bodies at sites with lower levels of rainfall.
Although observed at a landscape-scale, this pattern corrobo-
rates the results ofJohnson (1995),who closely studied fruiting
of hypogeous fungi at a single eucalypt forest site in Tasma-
nia. There, the abundance of fruit-bodies of C. tasmanicum,
a close relative of C. radicatum, only increased after periods
of low rainfall. On the basis of these combined studies, it
would appear that members of this genus are tolerant of re-
duced moisture levels. This response contrasts with that of
other species of hypogeous fungi that rely on periods of high
moisture for fruit-body production, or those whose distribu-
tion is limited to areas with high annual rainfall (seeJohnson
1995; Claridge et al. 2000b).

On-site, the stocking density of host eucalypt trees influ-
enced the probability of occurrence of fruit-bodies of C.radica-
tum and N.cretaceum, with both species being more likely to be
detected at sites with an intermediate number of stems.
Above and below stem densities of approximately 20-
30 trees ha'l, the likelihood of finding these species dropped,
such that the overall shape of the response was bell-shaped.
To some extent this type of response may well relate to suc-
cessional stage ofthe individual sites. In eucalypt forests, sites
with few stems per hectare are likely to be old-growth stands,
while sites with many trees per hectare are more likely to be
younger successional stands. Researchers elsewhere have de-
termined that the species composition of hypogeous fungal
communities may change with age of forest stand. For exam-
ple, in the U.S.A.in north-eastern California, Waters et al.
(1997) found that fruit-bodies of species such as Hysterangium
crassirhachis and H. coriaceum were more numerous in old-
growth fir (Abiessp.) stands than in 100-year-old fir stands.
In contrast, other taxa such as Gautieria monticolaand Thaxter-
ogasterpingue were more prevalent in the 100-year-old stands.
On northwestern Washington State, North et al. (1997) deter-
mined that fruit-bodies of Elaphomyces granulatus, in particu-
lar, were far more prevalent in old-growth stands dominated
by Sitka Spruce (Piceasitchensis)and Douglas-fir (Pseudotsuga
menzeisii) than in managed young stands of these same tree
species. Compositional changes in hypogeous fungal commu-
nities were also noted by Luoma et al. (1991) in different aged
Douglas-fir stands in southern Oregon. In each of those stud-
ies, forest type was constrained, unlike our study that sam-
pled fungi across many different vegetation types. Sampling
for C.radicatum and N. cretaceum at sites with the same domi-
nant eucalypt species but different regeneration histories may
help clarify the relationship between stem density and chance
of detection.

In our study, the probability of occurrence of fruit-bodies of
N.cretaceum increased with increasing numbers of large fallen
trees (logs)on the forest floor. In eucalypt forests, such logs
perform arange of ecosystem services including the recycling
of nutrients, creating ground-layer heterogeneity and provid-
ing foraging and shelter sites for a range of biota, including
fungi (Lindenmayer et al. 2002). When well decayed, fallen
trees may provide a vital substrate for increased mycorrhizal
activity as well as fruiting of fungi, including hypogeous
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forms. For example, in southern Oregon Amaranthus et al.
(1994) found a strong positive association between production
of fruit-bodies of a range of different hypogeous fungi and rot-
ted coarse woody debris, relative to that in mineral soil. They
noted that sites with high levels of rotted debris retained
moisture better than sites without, extending fruit-body pro-
duction during drier times of the year. North & Greenburg
(1998) similarly noted a positive relationship between occur-
rence and density of fruit-bodies of E. granulatus and organic
matter in the upper soil profile. In a field situation, we have of-
ten noted N.cretaceum fruit-bodies around other wood struc-
tures such as cut stumps or decaying sheets of bark (A.W.
Claridge, unpublished data). It would appear that it is a fav-
oured microhabitat for fruiting of this hypogeous fungus.

Organic matter levels in forest soils may also be regulated
in part by the accumulation and decay of leaf litter. Average
litter depth was an explanatory factor for describing the oc-
currence of C.radicatum and M.clelandii. C.radicatum fruit-bod-
ies were more likely to be found at sites with intermediate
litter depths: at either end of the spectrum (i.e. very shallow
or very deep litter) the chance of detecting them decreased,
such that a bell-shaped response curve was recorded. The re-
sponse curve of M. clelandii fruit-bodies to litter depth was
similarly bell-shaped, again being most likely to be detected
at sites with intermediate litter depths. Within the same study
sites, we had previously determined that the occurrence of
two other hypogeous taxa, Hysterangium infiatum and Zellero-
myces sp. nov., increased with increasing litter depth. In dry
habitats or in drought conditions, hypogeous fungi have
been found only under litter-covered soil, never in bare soil,
in several studies in northern Victoria and southeastern
New South Wales (J.M.Trappe, unpublished data). In contrast,
fruit-bodies of Chamonixia vittatispora and Hymenogasterlevis-
porus are more likely to occur at sites with minimal litter (Clar-
idge et al. 2000b).These varying responses highlight that the
patchiness of the leaf litter layer, in terms of depth, may
help regulate the availability of preferred microsites for occur-
rence of different hypogeous species. In theory then, distur-
bances that result in homogenisation of the leaf litter layer,
for example repeated fire events, would be expected to reduce
the diversity ofhypogeous fungi. Similarly, long-term absence
of disturbance, allowing uniform accumulation of deeper lit-
ter layers, may favour some species while reducing microhab-
itat for others. In the future it would be well worthwhile
closely examining the influence of litter depths on these or-
ganisms in a series of manipulative experiments.

None of the independent variables in our study correlated
with the occurrence of M. glauca or M.trabalis. This lack ofre-
sponse suggests a wide adaptability to environmental condi-
tions within our study area, although it could also be that
they respond to habitat variables that we did not measure.
Management of the Mesophelliaceae in multiple-use forests
Inrecent times, much has been made ofthe apparent associa-
tion of members of the Mesophelliaceae with fire,with some au-
thors suggesting a close relationship between time since fire
and relative abundance of these organisms (i.e. Taylor 1991;
Johnson 1995;Vernes et al. 2004; summarised in Claridge &
Trappe 2004).Atface value, the Mesophelliaceae are supremely

adapted to surviving through fire, with fruit-bodies capable of
withstanding heat and smoke. Postfire, these fruit-bodies are
readily located by mycophagous mammals and their spores
are dispersed back into the environment (Claridge 1992).This
sets them apart from most other species of hypogeous fungi
in Australia, particularly those whose fruit-bodies are elimi-
nated when litter layers are temporarily removed in fires
(Trappeet al. 2006) While it is tempting to focus on the fire phe-
nomenon, across our study area we found no clear relationship
between past fire history and the occurrence ofthe fivespecies
of Mesophelliaceae examined. Instead, other environmental
parameters were found to be significant, or in the case of Meso-
phellia glauca and M. trabalis,none were significant. This sug-
gests that it would be unwise to focus too much on the role of
fire in promoting these fungi in isolation from other features
of habitat that may play an equally important if not greater
role in their occurrence. Fire may alter and even limit key attri-
butes ofhabitat such as litter, fallentrees and stand density: our
findings highlight that these structures are variously important

for Castoreum radicatum, Mesophellia clelandii and Nothocastoreum

cretaceum. Our data also suggest that fire does not alter habitats
to favour M. glauca and M.trabalis, as indicated by lack of signit-
icance of time since last fire to their occurrence.

The complexity and varying responses of members of the
Mesophelliaceae studied here to features of their environ-
ment, corroborates our earlier findings on a range of different
and unrelated taxa (Claridge etal. 2000b). In combination, this
reinforces the notion that multiple-use forests within our
study region should be managed for a diversity of attributes
to conserve fungal diversity: be that retaining large fallen
trees, patchy litter layers of differing depth or changing tree
stem densities across time and space. Management strategies
that reduce such structural complexity, such as intensive log-
ging regimes or broad acre fire regimes of too high frequency,
may reduce microhabitat availability for different species of
hypogeous fungi with varying environmental preferences.
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