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Abstract Understanding the contribution of genetic vari-
ation within foundation species to community-level pattern
and diversity represents the cornerstone of the developing
field of community genetics. We assessed the relative
importance of intraspecific genetic variation, spatial varia-
tion within a forest and microhabitat variation on a macrof-
ungal decay community developing on logs of the
Australian forest tree, Eucalyptus globulus. Uniform logs
were harvested from trees from eight geographic races of E.
globulus growing in a 15-year-old genetic trial. Logs were
placed as designed grids within a native E. globulus forest
and after 3 years of natural colonisation the presence of 62
macrofungal taxa were recorded from eight microhabitats
on each log. The key factor found to drive macrofungal dis-
tribution and biodiversity on structurally uniform coarse
woody debris was log-microhabitat, explaining 42% of the
total variation in richness. Differences between log-micro-
habitats appeared to be due to variation in aspect, substrate
(bark vs wood) and area/time of exposure to colonisation.
This findings demonstrates the importance of considering
fine-scale (within substrate) variation in the conservation
and management of macrofungal biodiversity, an area that
has received little previous attention. While a number of
recent studies have demonstrated that the genetics of foun-
dation tree species can influence dependent communities,
this was not found to be the case for the early log decay
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community associated with E. globulus. Despite genetic
variation in wood and bark properties existing within this
species, there was no significant effect of tree genetics on
macrofungal community richness or composition. This
finding highlights the variation that may exist among guilds
of organisms in their response to genetic variation within
foundation species, an important consideration in a promis-
ing new area of research.

Keywords Community genetics - Distal community
phenotype - Microhabitat - Macrofungi - Coarse woody
debris (CWD)

Introduction

The developing field of community genetics promises new
insights into the genetic basis of species interactions and
the evolutionary consequences of interactions at the com-
munity level (Johnson and Stinchcombe 2007; Wade 2007;
Whitham et al. 2006, 2008). Studies in this field have dem-
onstrated that the genetics of foundation species, such as
forest trees, can act to structure associated communities of
micro-organisms, fungi, arthropods and vertebrates
(reviewed in Whitham et al. 2006). This work has typically
been focused on the responses to genetic variation within
hybrid systems or selected genotypes of individual species,
in genera such as Eucalyptus, Populus, Oenothera, Quer-
cus, Salix and Solidago (Whitham et al. 2006). Such herita-
ble community phenotypes have been readily detected in
communities that are directly associated with the living
tree, i.e. herbivores, pathogens and commensalates of living
foliage. Increasingly, however, there is evidence that these
genetic effects may extend to more distal communities
(LeRoy etal. 2006; Schweitzer etal. 2008), and even
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ecosystem processes (Madritch etal. 2006; Schweitzer
et al. 2004; Silfver et al. 2007).

Despite these findings, little work has assessed the com-
munity level consequences of natural patterns of intraspe-
cific genetic variation, typical of foundation species with
broad distributions. In forest trees, for example, decades of
research have demonstrated that substantial variation in
molecular and quantitative genetic traits is common at the
landscape levels of provenance or race (Eldridge et al.
1993; White et al. 2007). The division of the natural distri-
bution of species into geographic races provides a genetic
framework from which to assess the role of natural
patterns of intra-specific genetic variation in structuring
dependent communities. Understanding the relative
importance of such genetic variation is a key step in plac-
ing community genetics into an ecologically and evolu-
tionarily significant context (Johnson and Stinchcombe
2007; Thompson 2005).

Macrofungal decay communities represent a keystone
guild within forest ecosystems. As the primary decompos-
ers of plant material, including coarse woody debris, fungi
are implicit in nutrient cycling (Dighton et al. 2005; Dix
and Webster 1995), and play vital roles in the diversity of
invertebrate and microbial communities (Wheeler and
Blackwell 1984). In addition, some of the strongest coevo-
lutionary interactions found to exist (i.e. at the individual
gene level) have involved fungal pathogens and mutualists
with their host plants (Ellis et al. 2008; Martin et al. 2008).
Indeed, fungal endophyte (Bailey et al. 2005) and mycor-
rhizal (Gehring et al. 2006) communities have both been
found to be strongly driven by genetic (hybrid cross-type)
variation within common environment field trials, as have
specific foliage pathogens in response to intraspecific
genetic variation (in E. globulus for example; see Milgate
et al. 2005). However, no studies have used common envi-
ronment field trials to assess the relative importance of
intraspecific genetic variation on macrofungi at the commu-
nity level, or attempted to disentangle the autocorrelated
biotic and abiotic environmental factors that drive their dis-
tributions (i.e. Heilmann-Clausen and Christensen 2003,
2005; Jonsell et al. 1998; Rubino and McCarthy 2003).

Eucalyptus globulus is a widely distributed foundation
tree species that dominates many native forest communi-
ties across south-eastern Australia (Fig. 1). A large
amount of quantitative genetic variation exists within the
species in nature (Jordan et al. 1993). This variation is
spatially structured and has been summarised by partition-
ing the species into 13 geographic races (Dutkowski and
Potts 1999). A number of traits that vary amongst these
races have the potential to influence macrofungal wood
decay communities (Dighton et al. 2005; Dix and Webster
1995; Schmit 2005; Yu et al. 2003). These include wood
chemistry (Poke et al. 2006), wood density (Dutkowski
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Fig. 1 The natural distribution of Eucalyptus globulus across south-
east Australia (grey shading G.J. Jordan) and the delineated racial clas-
sifications of the species (black lines based on Dutkowski and Potts
1999). Only races assessed in the current work have been labelled.
Black squares indicate the locations of E. globulus field trials used in
the study

and Potts 1999; Hamilton et al. 2007; McDonald et al.
1997) and bark thickness (Hamilton et al. 2007). Rather
than displaying consistent geographic trends in their dis-
tribution, these traits tend to be idiosyncratic to each race
(Dutkowski and Potts 1999; Hamilton et al. 2007), sug-
gesting strong selection in response to the local environ-
ments (Steane et al. 2006). While limited assessment of
their role in driving fungal community assemblages has
been conducted in E. globulus, substantial racial variation
has been identified in the amount of heart-wood fungal
decay within living trees, ranging from 7 to 26% of the
trunk cross-sectional area (same trees used in current
study; Hamilton et al. 2007).

Based on these previous findings, the current study
aimed to address two hypotheses, firstly, that an influence
of tree-genetic variation in wood properties would be
detectable at the macrofungal community level, and, sec-
ondly, that these tree-genetic effects would be greater in
magnitude than local environmental effects. These hypothe-
ses were tested by assessing the diversity and composition
of a macrofungal decay community that had developed
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following colonisation of logs in a native E. globulus forest.
These even-aged logs were cut from trees of known
pedigree grown in a common environment field trial, and
their translocation into the native forest allowed the impor-
tance of tree genetics to be assessed relative to spatial vari-
ation within the forest and microhabitat (aspect and
substrate) variation across each decaying log.

Materials and methods
Genetic material and sampling

The wood-decay field experiment was established from
logs sourced from a 15-year-old E. globulus base popula-
tion progeny trial at West Ridgley, northern Tasmania
(Fig. 1; see Dutkowski and Potts 1999 for details). This
base population trial was established using open-pollinated
seed collections (families) from 451 trees sampled across
the known natural distribution of E. globulus (Fig. 1).
These families were arranged in a randomised incomplete
block design comprising five replicates and 23 incomplete
blocks (see Dutkowski and Potts 1999). Twenty trees from
eight races of E. globulus were sampled as part of a larger
study (Hamilton et al. 2007). The eight races encompassed
the broad geographic range of E. globulus (Fig. 1) and
documented diversity in wood traits that were expected to
influence decay fungi (Hamilton et al. 2007; McDonald
et al. 1997; Poke et al. 2006). Trees were selected for fell-
ing based on their good health and relative growth rates, as
well as providing an even distribution across replicates and
incomplete blocks of the trial. The logs were harvested
from the main stem, just below the major canopy branches
at approximately three-quarters of the tree height
(i.e. =20 m). This sampling high up the tree trunk was
conducted to minimise the racial genetic effects of heart
wood decay (Hamilton et al. 2007). All logs were cut to
40 cm in length, and were between 7 and 21 cm in diameter
over bark.

Wood-decay experiment

We established a wood-decay experiment in September
2004 on a 25° south-facing slope in a dry sclerophyll,
native eucalypt forest dominated by E. globulus in southern
Tasmania (Fig. 1). The experiment was established across
two areas within the forest, with each area receiving 80 logs
arranged as ten rows and eight columns, with 4 m of sepa-
ration between each log. Logs were arranged in a random-
ised block design with rows as blocks, so that each race was
represented once in each row. All logs were randomly ori-
entated with their cut ends facing north and south, follow-
ing the gradient of the slope.

Community assessment

For the purposes of the study, macrofungi were defined as
any fungus with a fruit body or spore-bearing surface
greater than 1 mm in breadth. All fungal phyla including
slime moulds were included in the study. Fungi were iden-
tified to species or genus where possible, or assigned to
morphotype groups where identification was not possible.
If fungi could not be classified in the field, small samples
were taken for later microscopic analysis. A specimen col-
lection has been maintained at the School of Plant Science,
University of Tasmania. Morphotype groups were based on
macro-morphological features such as colour (e.g. Salmon
corticioid), and where possible on spore morphology.
Basidiomycetes were identified to the genus level using a
key developed by Ratkowsky and Gates (2002), and Asco-
mycetes using keys developed by Breitenbach and Kréinzlin
(1984). Species identifications, where possible, were
achieved with the aid of Fuhrer (2005). For simplification,
all fungal species, and genus and morphotype groupings
and the single lichen species differentiated, are hereafter
referred to as taxa.

The decay community on each log was assessed based
on the presence/absence of 62 taxa within each of eight pre-
defined microhabitats on each of the 160 logs. The micro-
habitats were a visual division of the log into five sections
consisting of the two cut ends, the top and the two sides.
The top and sides of the log were then divided into micro-
habitats that consisted of bark and that where the bark had
peeled off to expose the underlying wood. Presence/absence
data was accumulated from assessments undertaken in
autumn (April), winter (June) and spring (November) of
2007. At this time, the logs fell into decay class 2 (wood
rather hard, a knife penetrating <1 cm into wood, and bark
starting to break up), as defined by Heilmann-Clausen and
Christensen (2003), and had been in the forest and available
for colonisation for ca. 3 years.

Statistical analysis

We calculated the richness and compositional variation
within the macrofungal community for each microhabitat.
The compositional variation was summarised by scores on
axes derived from a two dimensional (stress = 0.28), non-
metric multidimensional scaling (nMDS) ordination of the
Bray—Curtis dissimilarity matrix amongst the 1,280 sam-
ples (representing 160 logs). This analysis was undertaken
with PRIMER (version 6.1.9; Roborough, Plymouth, UK).
Once the richness and compositional summaries had been
calculated, a two-strata (between logs and within logs), lin-
ear mixed model was fitted with REML estimators to
microhabitat level data on decay community richness and
composition with PROC MIXED of SAS (version 9.1;
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Cary, NC, USA). At the log-level, we tested the fixed
effects of race of origin, area in the forest, the random
effects of row and column within areas and tree within race,
and the covariate of log diameter; at the within log level,
we tested the fixed effects of microhabitat and the race by
microhabitat interaction. To visualise the relative magni-
tude of these effects, we then fitted a model with all effects
treated as random and estimated the proportion of variation
attributed to each factor. The partition of the compositional
variation was achieved by summing variance components
across both nMDS axes for each factor. Finally, non-para-
metric Kruskal-Wallis tests were conducted using Proc
NPARIWAY of SAS to test the effect of race and micro-
habitat on individual taxa. The non-parametric analyses for
race were conducted on log-level presence/absence data.

Results
Community richness

In total, 62 fungal taxa were identified across the three sam-
pling periods of the study. The richness of this community
was not found to be significantly affected by tree race
(F7118=1.5, P=0.17 NS), area (¥ 1,=0.5, P=0.51 NS),
row within area (Z= 1.0, P =0.16 NS), column within area
(Z=13, P=0.09 NS), the covariate of log diameter
(F1971=2.8, P=0.09 NS) nor the race by microhabitat
interaction (Fy9497; =0.8, P=0.86 NS). Tree within race
(i.e. variation between logs of the same race; Z=4.5,
P <0.001) was found to be significant, representing the
general log-to-log variation that includes both tree genetic
and environmental effects, and explained 10% of the total
variation in richness. The effect of microhabitat, however,
was found to be substantial (F;q;, =127.4, P <0.001),
explaining 42% of the total variation in taxa richness. This
effect was mainly due to the low richness on the more
recently exposed wood surfaces compared to the bark
surfaces, as well as the greater richness on the south-facing
cut end of the logs compared to the north-facing end
(Fig. 2).

Community composition

The partitioning of the compositional variation along the
two nMDS axes demonstrated the same patterns of varia-
tion to those for richness. The effects of race (axis 1,
F;113=0.8, P=0.62 NS; axis 2, F;; ;13 = 1.7, P=0.13 NS),
area (axis 1, Fy,,=0.3, P=0.60 NS; axis 2, F,;,=0.3,
P =0.61 NS), row within area (axis 1, Z=0.2, P=0.42
NS; axis 2, Z=0.0 NS), column within area (axis 1,
Z=1.0, P=0.16 NS; axis 2, Z= 0.0 NS), the covariate of
log diameter (axis 1, Fyg7;;=1.9, P=0.17 NS; axis 2,
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Fig. 2 The effect of log-microhabitat on the richness of a macrofungal
community within a common environment wood-decay trial of Euca-
lyptus globulus

Fi971=1.9, P=0.17 NS) and the race by microhabitat
interaction (axis 1, Fh9071 = 0.9, P=0.58 NS; axis 2,
Fh9971=0.8, P=0.84 NS) were all non-significant. Tree
within race (axis 1, Z=4.4, P<0.001; axis 2, Z=3.8,
P <0.001) and microhabitat (axis 1, F;g; =455,
P <0.001; axis 2, F; 47, =46.8, P <0.001) were again sig-
nificant. Tree within race explained 11% and microhabitat
explained 21% of the total compositional variation. Plotting
of the microhabitat least-square means in the nMDS ordina-
tion space (Fig.3) summarised the significant composi-
tional differences which occurred between the decay
communities on the various microhabitats. The first axis
effectively separated the community on the more recently
exposed, de-pauperate wood surface microhabitats from
that on the bark and cut end substrates, while the second
axis describes the composition differences associated with
the decay communities on the log cut ends and bark micro-
habitats.

Responses of individual taxa

Following Bonferroni adjustment for multiple comparisons
(adjusted significance threshold, P <0.00081; Snedecor
and Cochrane 1980), the non-parametric Kruskal-Wallis
tests found the presence of no individual taxa to be signifi-
cantly affected by race. In contrast, at this adjusted signifi-
cance level, 21 taxa displayed a significant response to
microhabitat variation within logs. Thirteen of these taxa
were clearly more common on the south cut end of the logs
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Fig. 3 Two dimensional nMDS ordination summarising the effects of
log-microhabitat on the composition of a macrofungal community
within a common environment wood-decay trial of Eucalyptus globu-
lus. The mean values (£SE) for each microhabitat are shown

(e.g. Fig. 4e, Peniophora incarnata (Pers.) P. Karst.), while
three showed preference to the bark (e.g. Fig. 4c, Melano-
tus horizontalis (Bull.) P. D. Orton), two for the top side of
the bark surfaces (e.g. Fig. 4g, Mycena piringa Grgur.), two
for both log ends (e.g. Fig.4b, Ascomycete sp. ‘black
cups’), and one that was less frequent on the newly exposed
surface wood (Fig. 4d, Annulohypoxylon bovei var. micros-
porum (J. H. Mill.) Y. M. Ju, J. D. Rogers and H. M.
Hsieh).

Discussion

Despite significant genetically-based differences among the
E. globulus races studied, for wood and bark traits (Dut-
kowski and Potts 1999; Hamilton et al. 2007; McDonald
etal. 1997; Poke et al. 2006), susceptibility of living trees
to heart-wood decay (Hamilton et al. 2007) and variation in
canopy (Barbour et al. 2009), bark (Barbour et al., submit-
ted) and leaf litter (Barbour et al., submitted) communities
in common environment field trials, we were unable to
detect a statistically significant tree genetic (race) effect on
macrofungal community richness or composition.

In other plant genera, variation associated with different
hybrid cross-types and different genotypes of individual
species has also been found to affect communities associ-
ated with living foliage (i.e. Dungey et al. 2000; Johnson
and Agrawal 2005; Wimp et al. 2005), decaying foliage in
streams (LeRoy et al. 2006), soil (Schweitzer et al. 2008)
and internal plant tissue (Bailey et al. 2005). These findings
demonstrate that heritable community phenotypes of

foundation species can exist across a diverse range of
guilds, regardless of whether they are proximal or distal to
the living tree. However, given the lack of statistical evi-
dence for tree genetic effects in the current work, the broad
range in environmental variation that exists across the natu-
ral distribution of E. globulus (Jordan et al. 2000), and the
sensitivity of this guild to environmental rather than genetic
factors, it appears unlikely that the macrofungal guild will
contribute to the heritable community phenotype of
E. globulus.

Nevertheless, while significant decomposition of the
logs had occurred in the current work, 3 years for such
coarse woody debris represents an early stage in the entire
decomposition process, particularly in the dryer conditions
of the site assessed (Dighton etal. 2005; Lindhe et al.
2004). Consequently, we cannot exclude the possibility that
the influence of tree genetics may become stronger as the
decay process progresses (unpublished data associated with
LeRoy et al. 2006), nor that tree genetics may affect decay-
ing log communities in other ways. Tree genetics may
affect the type, size or temporal availability of coarse
woody debris in the forest. In E. globulus, for example,
genetic variation in tree architecture, such as the form and
extent of forking in the main stem (Lopez etal. 2002),
would be expected to affect the senescence of lower limbs
during stand development and the availability of coarse
woody debris for fungal colonisation. In addition, size and
shape variables such as the number of forks within a log
have been shown to have significant affects on fungal com-
munity richness (Heilmann-Clausen and Christensen 2003).
Genetic variation for tree mortality in response to stand
development has also been documented for this species
(Chambers etal. 1996), providing another example of
potential genetic affects on the availability of coarse woody
debris.

While there was significant variation between logs in our
experiment (i.e. the tree within race effect), which may be
due to tree genetic or environmental causes, the main factor
found to be affecting the macrofungal community was
expressed at the within-log level (i.e. the microhabitat
effect). Significant variation in community richness and
composition was seen between the bark and the habitat cre-
ated where the bark had peeled off to expose the underlying
wood. The low richness of the community on the more
recently exposed wood is likely to reflect the smaller sur-
face area of these microhabitats and/or differences in the
time that these microhabitats had been available for coloni-
sation (Dighton et al. 2005; Heilmann-Clausen and Chris-
tensen 2003, 2005). The difference seen between the north
and south cut ends of the logs, however, directly reflects a
marked aspect effect, with the richer community seen on the
wetter more shaded south end (Dix and Webster 1995;
Jonsell etal. 1998). Whether this degree of community
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Fig. 4 Responses of individual
macrofungal taxa to variation in
log-microhabitat within a com-
mon environment wood-decay
trial containing logs of Eucalyp-
tus globulus. The eight taxa pre- 6
sented were all found to display
significant variation across
microhabitats, as tested with

non-parametric Kruskal-Wallis 0
tests. The data show the percent-
age of times (n = 160) the taxa 30 1

was recorded in the microhabitat
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partitioning would be seen in a wet eucalypt forest, where
moister availability is less limiting, is still to be determined.
In a similar study to the current work, assessing plant
genetic (hybrid cross-type) and environmental (moisture
and site-to-site) influences on ectomycorrhizal and arbuscu-
lar mycorrhizal associations in Populus, Gehring et al.
(2006) also found that abiotic factors played a much stron-
ger role than genetic factors in determining community
organisation; however, in this case they did find a signifi-
cant genetic effect. While a number of studies have also
demonstrated the importance of log diameter in affecting
richness or composition of macrofungal communities
(Heilmann-Clausen and Christensen 2004; Lindhe et al.
2004; Lindner et al. 2006), this factor was not found to be
significant over the scale assessed in the current work,
using standardised coarse woody debris.

The use of a standardised substrate, i.e. logs of the same
age, species and site of origin, which were placed within a
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randomised field trial has identified that the vast majority
of assignable fungal community variation within a site can
be held at the within-substrate (microhabitat) level due to
variation in aspect, surface area and temporal availability
to colonisation. While considerable research has high-
lighted the importance of substrate type (i.e. logs, stumps,
litter and mineral soil) to fungal community structure and
diversity (Dighton et al. 2005; Goodman and Trofymow
1998; Tedersoo et al. 2003), no studies appear to have
experimentally quantified the effects of microhabitat
within these broader substrate types, especially in relation
to other environmental influences within a forest. The find-
ings of the current work, therefore, highlight the impor-
tance of considering such effects in understanding fungal
community ecology and the need to consider finer-scale
habitat variation in conservation strategies aimed at this
guild (Heilmann-Clausen and Christensen 2003, 2005;
Lonsdale et al. 2008).
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