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a b s t r a c t

Litter in the tall, wet Eucalyptus obliqua forests of southern Tasmania supports rich and

diverse macrofungal assemblages, with a total of 146 macrofungal species found fruiting in

or on litter in a 1 ha area of native forest encompassing a range of fire histories. Of these,

less than half (65 species) can be considered as preferring litter as a substratum, the

remainder being more commonly found on soil or wood. Although each plot of differing

wildfire history had a characteristic litter mycota, this distinctiveness was not so

pronounced as for the macrofungal assemblages associated with soil and wood. The time

line for the fruiting of most litter-preferring macrofungal species was narrower than that

for species on wood and soil, with peak fruiting occurring during AprileJuly. Fruiting at

other times correlated with rainfall events in warm dry weather. Species richness and

diversity were correlated with the three main vegetation types which generated the litter.

ª 2010 Elsevier Ltd and The British Mycological Society. All rights reserved.

Introduction

Litter macrofungi are primarily decomposers; their activity is

important as it releases nutrients in forms that are available

for plant uptake. However, some litter macrofungi can have

roles other than that of decomposition. The rhizomorphs and

fruit bodies of macrofungi have a high concentration of bio-

logically important elements and are able to retain these

elements against leaching (Stark 1972; Lodge 1993). The

retention of such elements in the litter, which can be released

gradually over time, is very important to the nutritional

quality of the litter. Other roles include the binding of litter

into mats that retard the loss of soil organic matter by erosion

(Lodge & Asbury 1988; Lodge et al. 2008) and the involvement

in nitrogen transfer by ectomycorrhizal fungi associated with

the roots of trees (Lindeberg 1981). In the Northern Hemi-

sphere, the composition of decomposer communities has

been shown to be one of the primary controllers of decom-

position rates in gymnosperm and angiosperm forests (e.g.

Daubenmire & Prusso 1963; Berg et al. 1993). Studies in Japa-

nese temperate beech (Fagus crenata) forests (e.g. Tanesaka

et al. 1993; Osono & Takeda 2002) have highlighted the

importance of a diverse array of macrofungi occupying

different ecological niches in the ecosystem. Despite the

contribution of macrofungi to litter decomposition, litter

macrofungi are a highly neglected group (Hering 1982; Boddy
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1984; Cooke & Rayner 1984; Tanesaka et al. 1993;

Hättenschwiler et al. 2005).

There appears to be a high degree of substratum specificity

among unit-restricted fungi (i.e. species that are unable to

grow from one substratum to another), with many species

and even genera showing preferential association with

a substratum (Boddy 1984; Lodge 1996). Many species of

Mycena and Marasmius are not only host specific but are

specific to a certain part of the leaf, e.g. the midrib vein or the

phylloplane (Desjardin et al. 1992). This high degree of speci-

ficity means that there may be a lower resilience among

macrofungal litter species assemblages after a disturbance.

The great majority of litter studies in Australian eucalypt

forests (e.g. Attiwill 1968, 1979; Wood 1974; Attiwill et al. 1978;

Birk & Simpson 1980; Woods & Raison 1983; Turnbull &

Madden 1986; O’Connell 1987, 1988, 1997; Ward et al. 1991)

relate to biomass production and nutrient cycling during

decomposition with scant reference to the organisms

responsible for this decomposition. The studies of Macauley &

Thrower (1966) and Ashton & Macauley (1972) refer to micro-

fungi rather thanmacrofungi. Another study by Ashton (1975),

although primarily concerned with decay rates and nutrient

return, also assessed the litter fauna in detail and at least

acknowledged the presence of macrofungi. Paulus et al. (2003,

2006) studied microfungi, but in a tropical Australian rain-

forest rather than a eucalypt forest.

Litter and the associated macrofungal assemblages are

usually totally consumed after wildfire and forestry regener-

ation fires. Gates et al. (2005, 2009) found that the litter mac-

rofungi returned much more quickly to a wildfire site than to

a silvicultural site as the trees, although being completely

denuded of canopy, were coppicing after 4 months and

producing new litter. Robinson (2001), in a study examining

the response of macrofungi to fire in Karri (Eucalyptus diversi-

color) and Jarrah (Eucalyptus marginata) forests in Western

Australia, found a rapid build up of litter-inhabiting species

(mostlyMycena spp.,Marasmius spp. and Crepidotus spp.), such

that their fruit body abundance 3 yr after a fire was approxi-

mately half that recorded in unburnt forest. Generally, in

Australia, although surveys have been carried out on macro-

fungal species assemblages after disturbances, the litter

decomposermacrofungi have not been analyzed as a separate

entity. The aims of the study reported here were to investigate

and describe the diversity and phenology of fruit bodies of the

relatively unknown litter macrofungal assemblages in

a native wet eucalypt forest of southern Tasmania in different

stages of regeneration after the natural disturbance of wild-

fire. We investigated whether stand age, higher vascular plant

community, and weather variables affected the diversity and

phenology of the litter macrofungal assemblages.

Materials and methods

Study area, plots and subplots

Site characteristics, plot establishment, and surveying and

documentingmethodswerepresented indetail inGates (2009).

In brief, four 0.25 ha plots of known but differing fire history

were chosen along the ‘Bird Track’ at the Warra Long Term

Ecological Research site in southern Tasmania, west of Gee-

veston. The forest type was a tall, wet, naturally regenerated

native forestdominatedbyEucalyptus obliqua. Thenamesgiven

to these plots were, respectively, ‘Old growth’ (unburnt for

�200 yr), ‘1898’ (thought to have been last burnt 108 yr previ-

ously, but later in the study it was found that parts of it had

a second fire in 1934), ‘1934’ (last burnt 72 yr previously) and

‘1898/1934’ (last two fires 72 and 108 yr previously). The plots

measured 50� 50 m and were divided into 25 10� 10 m

subplots. The subplots were mapped for their coarse woody

debris and also for their standing live vegetation. The diameter

at breast height of each living tree was recorded, and the

positions of all trees with stems �10 cm were determined.

Soil types

The soils of ‘Old growth’, ‘1898’ and ‘1898/1934’ are best

described as intermediate between two soil types ‘15.3’ and

‘15.4’ (Grant et al. 1995), i.e. yellowish brown mottled clayey

soils under wet forest and redebrown clayey soils under wet

forests, respectively. These soil types are widespread in Tas-

mania where annual rainfall is above 1000 mm. The soils are

derived from Jurassic dolerite and Quaternary dolerite talus

on low, rolling hills to steep mountains. The soil of ‘1934’ is

closer to ‘14.2’ (Grant et al. 1995), i.e. sandy over clayey soils

under wet forest, derived from Triassic sandstone.

Macrofungal survey methods and laboratory methods

Visits to each plot were made approximately fortnightly over

14months fromMay 2006eJul. 2007, with all macrofungal fruit

bodies recorded on all substrata. In this paper, only the mac-

rofungi associated with litter are considered. However, as

macrofungal litter decomposers may colonize several

substrata, we have included here under the definition of litter

all leaves, fruits, flowers, twigs, roots and bark, thereby rep-

resenting broad substratum delimitation. If the fruit body and

the mycelium of the macrofungus were lying on and

spreading through surface litter, rather than the stipe

emerging from soil, then the macrofungus was considered

a litter dweller rather than fruiting on soil. Each of the 25

subplots of each of the four plots was traversed five times to

emulate a transect 2 m wide to ensure that the whole subplot

was completely surveyed. All visible fruit bodies of macro-

fungi found on any substratum within the subplot were

recorded as properly named and described species or as ‘tag

names’ where the species is still to be described. Those

species new to the authorswere described from freshmaterial

with written descriptions (colour followed Kornerup &

Wanscher 1978), photographs, drawings and micrographs of

microscopic features. Fruit bodies of all species were then

dried for 24 hr in a Sunbeamª food dehydrator to provide

voucher material for deposit in the Tasmanian Herbarium

(HO).

Species nomenclature

The taxonomy of Australian fungi is poorly known with only

a small percentage of the species actually named and a further

small percentage knownbutnot named (Bougher&Syme1998).
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Validnamesof the species belonging to theBasidiomycotawere

taken from May & Wood (1997) and May et al. (2002) or the

interactive catalogue of fungi on the website of the Royal Bota-

nic Gardens Melbourne (http://www.rbg.vic.gov.au, viewed

2006e2009). As there is no Australian catalogue to the Austra-

lian Ascomycota, the names used here are based on those in

current use by Australian authors or obtained from websites

including Index Fungorum (http://www.speciesfungorum.org/

Names/Names.asp, viewed 2006e2009) and New Zealand

Landcare Research (http://nzfungi.landcareresearch.co.nz/

html/mycology.asp, viewed 2006e2009). All but a handful of the

‘tag species’ were confidently assigned to genus level with very

few identifiedonly to family. Lifemodes (i.e. ectomycorrhizal or

decomposer) were determined using Trappe (1962), Warcup

(1980), Bougher (1995), Bougher & Syme (1998) and Hood (2003).

Statistical analysis

Data were obtained from 30 fortnightly visits to each of the 25

subplots of each of the four plots; only the presence/absence

of a species was recorded. The statistical analyses included

descriptive methods such as counting the number of times

each of the distinct macrofungal species was obtained, and

classifying it according to its phylum (Ascomycota vs. Basi-

diomycota), its life mode (ectomycorrhizal vs. decomposer)

and its preferred substratum (soil, wood, litter). Inferential

methods relied heavily on the suite of programs for multi-

variate ecological data developed by Anderson and available

as an add-on (PERMANOVAþ) to PRIMER v6 (Clarke & Gorley

2006; Anderson et al. 2008). The fortnightly visits provided

pseudoreplication, enabling multivariate tests such as multi-

variate analysis of variance (PERMANOVA), canonical

discriminant analysis (CAPeCDA), canonical correlations

analysis (CAPeCCorA), and distance-based redundancy anal-

ysis (dbRDA and DISTLM) to be used without having to make

the unrealistic distributional assumption of multivariate

normality. Starting with the basic data tables of the presence

or absence of each macrofungal species recorded on litter,

similarity (resemblance) was defined using the Bray-Curtis

measure. Significance levels were provided by permutation

trials, using 9 999 random permutations of the observed data

set. The ordination diagrams that ensue from some of the

routines available in the PERMANOVAþ package enable the

user and the readers to visualize the differences between

the four plots. Two major questions were tested using the

PERMANOVAþ suite of programs. The first question was

whether there were differences in the macrofungal species

assemblages on litter among the four plots. The species lists

obtained from the repeated visits to each plot enabled

a formal test of the null hypothesis of no differences in species

composition among plots to be performed using the routine

PERMANOVA (Anderson et al. 2008). If the null hypothesis was

rejected, then this test was followed by use of CAPeCDA

(Anderson et al. 2008), to visualize plot differences by

providing graphical output in the form of an ordination

diagram, something that PERMANOVA does not provide. The

second major question that was tested was whether there is

an association between themacrofungal species lists obtained

from the subplots and the living vascular plant species

present in each subplot. This was achieved using a two-stage

procedure. In the first stage, permutation tests were per-

formed using canonical correlations analysis (CAPeCCorA)

employing the two data matrices (one containing the resem-

blances among themacrofungal species lists in each of the 100

subplots and the other containing the abundances of the

vascular plant species present in each of the 100 subplots). If

a significant correlation was obtained, then DISTLMmodeling

was used in the second stage to establish which of the

vascular species best explained the differences among

themacrofungal species assemblages at the subplot level, and

the graph available from dbRDA was used to visualize them.

The routine DISTLM modeling was used to regress the mac-

rofungal species resemblance matrix upon the abundances of

the 21 vascular plant species, transformed using log(Xþ 1) to

reduce the effect of markedly unequal abundances. To

increase the likelihood of obtaining an ecologically interpret-

able result, the modeling was restricted to the 88 subplots

which could clearly be identified as being characterized by one

of three vegetation types: (1) abundant rainforest species; (2)

abundant Pomaderris apetala; or (3) abundant Monotoca glauca.

The 12 subplots that did not fall into anymain vegetation type

were omitted from this analysis.

Results

Soil profiles and litter layer

Measurements of soil pH in the four plots gave the following

averages: ‘Old growth’ 4.7; ‘1898’ 5.0; ‘1934’ 4.3; and ‘1898/1934’

5.6. Soil profiles from each plot revealed a thin, superficial

litter layer of insignificant depth with little humus.

Species richness of macrofungi on litter

There were 3007 records comprising 146 species of macro-

fungi, 76 named and 70 unnamed, supported by litter. Of the

146 species, 65 showed a preference for litter. The number of

species that occurred on litter was considerably lower in the

‘1934’ plot, with only 50 species compared to a range of 70e78

species in the other three plots. See Table 1 for the number of

records found and the classification of the litter species

arranged according to phylum, life mode and preferred

substratum.

Correlations of weather variables with litter macrofungi

Species numbers peaked in May and June in both years, but

the richness was higher in 2007 (Fig 1). In spite of the high

rainfall during Sep.eOct. 2006, therewere very lownumbers of

litter macrofungal species in all plots from Sep. 2006eFeb.

2007 (Fig 1). The ‘1898/1934’ and ‘1898’ plots had higher

numbers of species on litter during MayeJul. 2006 and

MayeJun. 2007 than the ‘Old growth’ and ‘1934’ plots, but

during the period Jan.eApr. 2007, species richness was high in

the ‘Old growth’ and ‘1898’ plots, and low in the ‘1898/1934’

plot. Species richness on litter was greatest during late

autumn and early winter.
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Species assemblages of litter macrofungi at each visit

The formal test of the null hypothesis of no differences in mac-

rofungal species composition among plots using the PERMA-

NOVA routine gave a P-value of 0.0001, obtained from 9999

permutations, thereby strongly rejecting the null hypothesis. As

PERMANOVAoffersnographical output, thiswas followedbyuse

of CAPeCDA, which also gave a P-value of 0.0001 and provided

a graphical output in the form of an ordination diagram (Fig 2).

Despite thehighly significant indication of plot differences, there

was a considerable overlap of the points for each plot, reflecting

the high misclassification rate of 37.8 % (see Table 2). However,

fromFig 2 there appears to be some separation of the older forest

plots (‘Old growth’ and ‘1898’,whichhavemostlynegative values

on Axis 2) from the younger ones (‘1934’ and ‘1898/1934’, which

have mostly positive values on Axis 2). Axis 3 did not further

separate the plots and is not presented here.

Macrofungal species assemblages correlated with vascular
plant species

CAPeCCorA revealed a significant correlation (P-value 0.0001

from 9999 permutations) between the resemblance matrix

derived from the macrofungal species lists in the 100 subplots

and the abundance matrix for the 21 vascular plant species

found overall in those subplots. In the second stage, the best

DISTLM model, determined using adjusted R2 as the stopping

criterion, selected Pomaderris apetala as the most important

explanatory variable, followed by Monotoca glauca and then

Olearia argophylla. For each variable, the probability of inclu-

sion was P< 0.001, and the final model was highly significant.

To visualize this result, the dbRDA routine was used, with

plotting symbols chosen that reflect a combination of the plot

in which the subplot occurs and one of the three predominant

vegetation types. Using these plotting symbols, Axis 1 (Fig 3)

visually separated the macrofungal assemblages on litter in

the ‘Pomaderris’ forest type from the other two forest types,

and Axis 2 separated the ‘Rainforest’ and ‘Monotoca’ forest

types. Within the ‘Pomaderris’ forest type, there was consid-

erable overlap of the points representing the subplots of the

‘1898’ and ‘1898/1934’ plots. Similarly, for the points repre-

senting the ‘Rainforest’ forest type, there was no clear sepa-

ration between the ‘Old growth’ and ‘1898’ plots.

Phenology for macrofungal species on litter

The time lines for all species of macrofungi with five or more

records on litter are presented in Table 3. The species

Fig 1 e Number of macrofungal species fruiting on litter in each plot as a function of rainfall and temperature on a calendar

month basis.

Table 1 e Number of macrofungal records on litter, species numbers, and summary of the classification according to
phylum, life mode and preferred substratum

Plot Macrofungal
records

Macrofungal
species

Phyluma Life modeb Preferred substratec

‘Old growth’ 660 71 4A, 67B 4EcM, 67D 20S, 18W, 33L

‘1898’ 767 70 5A, 65B 5EcM, 65D 16S, 13W, 41L

‘1934’ 693 50 2A, 48B 3EcM, 47D 5S, 20W, 25L

‘1898/1934’ 887 78 7A, 71B 4EcM, 74D 14S, 23W, 41L

All plots combined 3 007 146 12A, 134B 12EcM, 134D 41S, 40W, 65L

a Note: phylum: A¼Ascomycota; B¼ Basidiomycota.

b Note: life mode: EcM¼ ectomycorrhizal; D¼ decomposer.

c Note: preferred substratum: S¼ Soil; W¼wood; L¼ litter.
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belonged predominantly to the generaMycena andMarasmius,

with 19 species from these two genera fruiting from March to

July. The remainder appeared to emerge inconsistently over

the 14 months survey period.

Discussion

Species richness of litter fungi did not differ as much among

plots (Table 1) as for wood decay fungi and soil fungi (Gates

2009). This suggests that in the wet eucalypt forest, litter

fungi may be more resilient to disturbance than fungi that

fruit on wood or soil. Despite the presence of E. obliqua in all

plots with its slowly decomposing sclerophyllous leaves

(Turnbull & Madden 1986), there were differences in the litter

composition of each plot reflecting the composition of the

higher vascular plant community composition in each plot

(Gates 2009). The ‘1898/1934’ plot had the largest number of

macrofungal species and records (Table 1). It also contained

832 living stems of P. apetala (Gates 2009) with broad, soft

leaves, forming an easily decomposable resource. In contrast,

the lowest number of macrofungal species was found in the

‘1934’ plot, fromwhich P. apetalawas absent. Instead, this plot

had Monotoca glauca, which has small, sclerophyllous leaves,

as its prevailing understory species (174 living stems).

Litter macrofungal assemblages had a strong relationship

with the living vegetation, the three main types being ‘Rain-

forest’, ‘Monotoca’ and ‘Pomaderris’ (Fig 3). The ‘Pomaderris’

type occurred in two plots, ‘1898’ and ‘1898/1934’, but the points

in Fig 3 representing the macrofungal species lists of the

subplots of this type were scattered rather than clustered

according to plot, suggesting that vegetation type is a stronger

determinant of the macrofungal assemblages than the plot to

which the subplot belonged. Similarly, the ‘Rainforest’ vegeta-

tion typealsospreadover twoplots (‘1898’ and ‘Oldgrowth’), but

once again the points representing the subplots were not

strongly clusteredwithin aplot. However, itmust be considered

that the apparent strong influence of vegetation type may be

a reflection of other variables, e.g. soil type, pH, slope, aspect or

an interaction of these variables, all of which help determine

the vegetation. For example, the ‘Monotoca’ vegetation type

was limited to the ‘1934’ plot thatwasshowntohavea lowersoil

pH than the other plots (Gates 2009), and these more acidic

conditions are conducive to the growth ofM. glauca rather than

P. apetala (Grant et al. 1995). The higher vascular plant commu-

nity is related to plant succession in a forest regenerating after

Table 2 e Classification table for CAPeCDA on litter, grouped by plots, using visits as replication

Original group Classified into groups

‘Old growth’ ‘1898’ ‘1934’ ‘1898/1934’ Total visits % Misclassifieda

‘Old growth’ 19 3 3 0 25 24.0 %

‘1898’ 4 12 3 3 22 45.5 %

‘1934’ 6 2 12 2 22 45.5 %

‘1898/1934’ 0 4 4 13 21 38.1 %

a Overall misclassification rate¼ 100*34/90¼ 37.8 %.

Fig 2 e CAPeCDA ordination diagram for macrofungal

species fruiting on litter in the four plots, using visits as

replication.

Fig 3 e dbRDA graph of best DISTLM model, showing

positions of 88 subplots grouped into five vegetation

groups combining vegetation type and plot of occurrence.

72 G.M. Gates et al.



Author's personal copy

Table 3 e Time lines for fruiting of macrofungal litter species
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disturbance. For litter macrofungal assemblages, there was

some separation of mature forest plots from the two younger

forests (Fig 2). While these differences were significant, the

separation (as was also observed for species richness) was not

asmarked as itwas for the substratawood (Gates et al. 2011) and

soil (Gates 2009), and there were a substantial number of

misclassifications using the ‘leave one out’ classification

procedure (Table 2). Vegetation type was also attributed,

although indirectly, to macrofungal species composition by

Braga-Neto et al. (2008), who found that marasmioid, crep-

idotoid and collybioid morphospecies in a tropical evergreen

forest in central Brazil was influenced by clay content, which

was possibly a proxy for the effect of plant community.

The incorporation of litter into the soil in discrete layering

is typically absent in eucalypt forests (Turnbull & Madden

1986). Consequently, it is difficult to stratify basidiomycete

decomposer communities as in Hering (1982) and Hedger

(1985). In the present study, species of the decomposer

genera Clitocybe, Collybia, Entoloma and Hygrocybe, usually

found on soil, were found on top of the thin superficial leaf

litter, rather than emerging from buried resources (as in the

study of Hedger 1985). Some of the Mycena species

(viz. M. cystidiosa, M. epipterygia and M. kuurkacea) found in

litter were also found on wood, inhabiting the fine woody

component of the litter derived from the constant fall of small

branches, a feature of eucalypt forests (Jacobs 1955). This

suggests that these species of Mycena possess the ligno-

cellulolytic enzymes for decomposing wood. The Marasmius

and Marasmiellus species were rarely found on wood, sug-

gesting specificity to leaf-derived litter.

The greatest number of macrofungal species on litter was

found during late autumn and early winter, aswas also true for

macrofungi on wood and soil (Gates 2009). Litter decomposers

are small, delicate and fragile as in the case of many Mycena

species or small tough with wiry stipes and frequently mar-

cescent (having the ability to losewater and rehydrate) as in the

case of most species of Marasmius and Marasmiellus. These

species can appear and disappear very quickly and are among

the first to appear at any time given the right conditions. Hering

(1982) suggested that as their fruit bodies are small and form

primordia at relatively shallow depths, fluctuations inmoisture

have more effect than on other groups of macrofungi. The

required spatial domain is very small and the leaf petiole or

blade or a very fine twig can support many species and many

fruit bodies. Suchsmall piecesof substratumarequicklywetted

and dried out again even during a period as short as 24 hr. Any

re-emergence in species seems to correspond to a rainfall event

during the hot, dry months (Fig 1), similar to a study in tropical

native forest by Singer & Araujo (1979). This suggests an

opportunistic survival strategy to fruit and sporulate when

conditions become favourable. Although it is commonly

thought that large numbers of emerging fruit bodies are related

to the amount of rainfall received prior to that emergence, less

fungi were found in 2007 than in 2006, despite 2007 being the

wetter year (Fig 2). This suggests that there are other variables,

e.g. genetic (Wösten &Wessels 2006) and amount of light (Kües

& Liu 2000), or an interaction of variables that contribute to fruit

body emergence.

In conclusion, this study has shown that littermacrofungal

assemblages in Tasmanian wet eucalypt forests are likely to

be influenced by the vegetation from which the litter is

derived. The vegetation in the plots of this study is directly

linked to stand age after wildfire and the soil type resulting

from the parent rock. Litter macrofungi were less affected by

stand age than wood- or soil-inhabiting macrofungi, although

many species that are more commonly associated with wood

and soil were also found on litter. Nevertheless, it is difficult to

determine exactly which variables are responsible for the

differing assemblages, as there are unidentified interactions

among several variables.
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