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Although spore dispersal is the predominant mode of spread in fungi, the functional

ecology of offspring (spore) size and shape has received little attention. We investigated

the relationship between spore size (volume) and shape and various life history parameters

among 303 European polypore species. In an analysis of variance, basidiocarp size,

nutritional mode (parasitic vs. saprotrophic) and host (conifer vs. deciduous) accounted

for a significant part of the variation in spore size. Species producing large basidiocarps

also produce large spores, parasites produce larger spores than saprotrophs, and species

colonizing deciduous trees generally produce larger spores than those colonizing conifers.

There was a correlation between spore size and shape, with larger spores being more

spherical. The most important factors accounting for variation in spore shape were rot

type (white rot vs. brown rot) and nutritional mode, with white rot species and parasites

having more spherical spores compared to brown rotters and saprotrophs.

ª 2008 Elsevier Ltd. All rights reserved.
Introduction random event. Millions of spores are produced to increase
The polypores (Basidiomycota; Aphyllophorales) are a highly

polyphyletic group (Hibbett & Donoghue 1995; Binder &

Hibbett 2002), characterized by producing poroid annual or

perennial basidiocarps. Although some polypores are able to

establish ectomycorrhizal relationships, the majority of poly-

pores depend upon wood as their energy source and can act as

parasites, necrotrophs or saprotrophs. Wood can be consid-

ered as an isolated, island resource for colonization, exploita-

tion and dispersal within relatively short time spans (Rayner &

Boddy 1988). Agents of dispersal are diverse in the fungi, but

polypores apparently rely mostly upon airborne basidio-

spores. The basidiospore is typically a unicellular haploid

structure that transfers the genes into a new habitat. When

released, dispersal of the spores appears to be a completely
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the chance of finding a suitable resource, and represents

a considerable investment of carbon and nutrients.

Spore size and shape are widely used characters in the

taxonomy of fungi as diagnostic of species, sometimes even

genera (Parmasto & Parmasto 1987). However, evolutionary

theory in regard to spore size and shape in fungi has hitherto

received little attention (Parmasto & Parmasto 1992). Knowl-

edge of comparative phenotypic variation in spore size and

shape, whether genetic variation exists for these traits, or

possible selection forces shaping the phenotypic variation is

meager. Spore size and shape are subject to optimization by

natural selection and will favor whatever compromise yields

the highest sum of current and residual reproductive value.

In general, larger offspring tend to have higher fitness but

are more costly to produce (Stearns 1992). It remains to be
.
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seen whether this is also true for fungi. However, among

fungi, larger spores may not consistently have a higher fitness,

primarily because of aerodynamic constraints. For example,

heavy spores fall faster than light ones, and this will favor

small spores for more effective wind dispersal. Among

basidiospores, there are obviously high rates of density-

independent mortality, a selective regime known to favor

small offspring (Stearns 1992). On the other hand, the larger

a spore, the greater the nutrient supply it will carry to its

impact point, providing it with more time and ability to

overcome a hostile environment. Thus, we can speculate

that evolution favors a compromise between high number

and small size for expansive dispersal and large size for

nutrient reserves. Generally, larger offspring size means fewer

offspring (Stearns 1992), but this relationship remains un-

tested in fungi. Gregory (1952) suggested that spores of about

10 mm in length, a common spore size in polypores, represent

a compromise between efficient dispersal and deposition.

Even the slightest movement of the air will likely lift or

move spores measuring less that 10 mm in longest dimension.

Prevailing wind at the time of spore liberation will potentially

be a greater determinant of dispersal distance than gravity.

The shape of a spore is potentially important for many reasons.

Firstly, shape will influence aerodynamic properties. For

example, spherical spores probably have the ability to gain

higher speed, and thus, better insert themselves into an object

(tree bark and branches) compared to narrow spores (Deacon

1997). On the other hand, narrow spores probably float better

through the air and therefore, have the advantage of improved

wind dispersal. Spore shape also influences the surface to

volume ratio, which may be one of many important factors

in survival or reproductive investment for the polypore.

We investigate factors that could be decisive during the

evolution of spore size and shape in polypores. The relation-

ship between spore size and shape and various classifying

factors among 303 polypore species have been tested.
Materials and methods

Data from 303 European wood-decaying polypore species

(data available upon request) were compiled. Spore dimen-

sions, fruit body size, as well as ecological data for each
Table 1 – Variables included in the analyses (extracted
from Ryvarden & Gilbertson 1994)

Variables Description

Response variables

Spore size log10 volume

Spore shape ratio log10 spore length divided by width

Predictor variables

Basidiocarp size small, medium, large

Nutritional mode parasitic, saprotrophic, facultative (both)

Basidiocarp durability annual, perennial

Resource conifer, deciduous, both

Niche width mainly one host tree, more than one

Rot type white rot, brown rot

Distribution wide, boreal, south European
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species were obtained from Ryvarden & Gilbertson (1994)

(Table 1). Phylogenetic constraints were not considered in

this first investigation of the topic, since evolutionary rela-

tionships among the species included in this study are not

fully resolved. Average values of spore size and shape were

used. Spore volume was estimated from the equation of

a revolution ellipsoid: 4p/3 (length/2)*(width/2)2 (Gross 1972;

Meerts 1999). Spore shape was described by dividing spore

length by width. Both the spore volume and spore shape es-

timates were log10 transformed prior to analyses to normal-

ize the data. Analyses of variance (ANOVA) were performed

using the program S-plus (Venables & Ripley 1999) with

log10 spore volume and log10 spore ratio as response variables

(Table 1). The effects of all factors, as well as all interaction

terms, were first analyzed simultaneously in a factorial

ANOVA. Factors were then removed from the model by back-

ward selection (based upon p values), ending up with only

significant factors in the model ( p< 0.05). We investigated

whether the residuals were normally distributed by visual

inspection. After our log10 transformation, the residuals

were close to normally distributed. Furthermore, ANOVA is

robust against deviances from normal distributions when

the sample size is large. The correlation coefficient (Pearson)

between spore shape and size was calculated in S-plus.
Results

Spore size

The average basidiospore size (volume) of the 303 polypore

species was 51.51� 3.83 (SE Mean) mm3 and ranged from

0.94 mm3 (Chaetoporellus latitans) to 548.26 mm3 (Perenniporia

ochroleuca), representing a 580 times increase in volume.

Most species (85 %) had spore sizes less than 100 mm3. When

all factors were analyzed simultaneously in a factorial

ANOVA, the variables basidiocarp size, nutritional mode,

resource and the interaction term ‘rot type� resource’

accounted for a significant deviation from the null hypothesis

(Table 2 and Fig 1). Thus, polypores producing large basidio-

carps generally also produce large spores, and species

categorized as producing small, medium sized and large basi-

diocarps produced on average spores of 27.98� 3.42 mm3,

58.34� 8.59 mm3 and 77.98� 7.71 mm3, respectively. There

was a significant difference in spore size between parasitic

and saprotrophic species (106.63� 19.49 mm3 vs. 37.05�
3.17 mm3) and between species colonizing deciduous vs.
Table 2 – Significance of predictive variables in an
ANOVA, where spore size (log10 volume) was analyzed
against all predictor variables (Table 1) and their
interaction terms

Predictor variable Df F value

Basidiocarp size 1 90.3***

Nutritional mode 2 8.4***

Resource 2 5.2**

Rot type� Resource 3 5.3**

** p< 0.01 and> 0.001, *** p< 0.001.
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Fig 1 – The relationship between spore size (log10 volume) and the predictor variables accounting for a significant part of the

variation in spore size (Table 2).
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coniferous wood (57.95� 5.10 mm3 vs. 37.74� 5.74 mm3). White

rot species colonizing deciduous wood on average produced

larger spores than brown rot species occupying the same

resource type (60.0� 5.81 mm3 vs. 39.3� 8.39 mm3). Similarly,

white rot species colonizing coniferous wood on average pro-

duced larger spores than brown rot species (44.6� 10.26 mm3

vs. 31.7� 5.28 mm3).
Spore shape

The average spore shape ratio was 2.20� 0.06 (SE Mean). The

spore shape ratio ranged between 1, i.e. spherical, (in several

species) and 6.5 (Skeletocutis stellae), but most species (82 %)

had a spore shape ratio between 1 and 3. There was a negative

correlation (r¼�0.56) between spore volume and spore

shape, with larger spores being closest to spherical (Fig 2).

When all predictor variables were analyzed simultaneously

in a factorial ANOVA, the variables rot type, nutritional

mode, basidiocarp size, niche width, resource, distribution

and the interaction terms ‘rot type� resource’, ‘basidiocarp

size� basidiocarp durability’ and ‘basidiocarp size�
resource’, accounted significantly for the variation in spore

shape (Table 3 and Fig 3). The factors rot type and nutritional

mode accounted for most of the variation, where white rot
Fig 2 – The relationship between spore size (log10 spore

volume) and spore shape (log10 spore ratio – see text for

details) (correlation analysis, r [ L 0.55).
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species had spores that were significantly more spherical

than those of brown rot species (2.06� 0.07 vs. 2.61� 0.09),

and parasites had spores more spherical than saprotrophs

(1.47� 0.06 vs. 2.43� 0.07).
Discussion

Our results demonstrate that variation in spore size and

shape was related to several of the parameters investigated.

Variation in spore size was most closely related to variation

in basidiocarp size, where the largest basidiocarps also pro-

duced the largest spores. A similar relationship has previously

been seen among agarics (Meerts 1999), and this pattern

might be a general trend in fungi, at least among basidiomy-

cetes. In a polypore, the spores are produced from horizontal

basidia densely packed inside the pore. The width of a basid-

ium is in part dependent on the size (and shape) of the spores,

since there are four spores on top of the basidium. The larger

the spores, the less basidia there will be, and thus, less spores

will be produced per area of the hymenium. Species produc-

ing large spores might, therefore, need large basidiocarps to

produce a high number of spores. Examples of polypores

that produce both large basidiocarps and large spores are

Ganoderma pfeifferi, Polyporus squamosus, Inonotus hispidus and

Fomes fomentarius. The production of large spores might be
Table 3 – Significance of predictor variables in ANOVA,
where spore shape (log10 length divided by width) was
analyzed against all predictor variables (Table 1) and their
interaction terms

Predictor variable Df F value

Rot type 1 24.91***

Nutritional mode 2 15.93***

Basidiocarp size 1 10.02**

Niche width 1 7.33**

Resource 2 6.08**

Distribution 2 3.03*

Rot type� resource 2 3.78*

Bas. size� Bas. durability 2 3.76*

Bas. size� resource 2 3.25*

*p< 0.05 and> 0.01, ** p< 0.01 and> 0.001, *** p< 0.001.
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Fig 3 – The relationship between the spore shape (log10 spore ratio – see text for details) and predictor variables accounting

for a significant part of the variation in spore shape (Table 3).
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at the cost of producing many spores, a hypothesis that

remains to be tested.

The correlation between nutritional mode and spore size,

where parasitic (biotrophic; found only on living trees) spe-

cies produce significantly larger spores than saprotrophs,

may be explained by the parasitic species’ need for a high

inoculum potential, i.e. more energy supplies to defeat the

host’s resistance and colonize the tree. Saprotrophs do not

have to cope with an active host resistance and might need

fewer resources to colonize. However, they might have to

cope with combative fungi already established in the re-

source. Importantly, parasites normally produce basidiocarps

high above ground and therefore have a better chance to

disperse even if the spores are heavy. Species producing

basidiocarps closer to the ground might have to produce

smaller spores that can more easily be transported up by

air currents.

Basidiospores are deposited mainly by wind impaction,

sedimentation or rain wash-out from the atmosphere (Dix &

Webster 1995). Where impaction is probably more important

for parasitic species occupying living trees, sedimentation is

important for saprotrophs that often occupy resources in

ground contact. Wind tunnel experiments have shown that

most efficient impaction of spores occurs when large spores

are traveling at high speeds towards small cylinders (Carter

1965). This could be another reason why parasitic species

have larger spores than saprotrophs. It is known that fungi

that infect leaves often have large spores, with sufficient

momentum to impact at normal wind speeds (Deacon 1997).

However, high impaction efficiency might not be compatible

with extensive dispersal due to the weight of the spores.

Species with small spores might have difficulty in impacting
Please cite this article in press as: Håvard Kauserud, Jonathan E
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on standing trees, and might be adapted to colonize widely

distributed, non-specific resources.

The reasons why species colonizing deciduous wood pro-

duce significantly larger spores than those colonizing coniferous

wood are not obvious to us. Perhaps the evolutionary older

coniferous wood is more easily penetrated than angiosperm

wood and therefore, the spores do not need as much inoculum

potential (and energy supplies). Furthermore, the interaction

term ‘rot type� resource’ was significant. The difference in

spore size between white and brown rot species was more

distinct among species colonizing deciduous trees compared

to species colonizing conifer trees. Hence, it seems highly

important for white rot species attacking deciduous trees to

have large spores and potentially a high inoculum potential.

The close relationship between spore size and shape, with

the largest spores being most spherical, could be due to

internal physiological or anatomical constraints, i.e. that it is

difficult to produce both large and narrow spores. Water con-

servation might be another cause. Presumably, a large amount

of water will evaporate from narrow spores compared to

spherical spores (having a smaller surface to volume ratio).

The analyses revealed that white rot species produce more

spherical spores than brown rot species, but we cannot see

any obvious reasons for such a difference. Perhaps this is an

artificial relationship because white rot species in general

produce larger (and thus more spherical) spores than brown

rot species. Nutritional mode also accounted for a significant

part of the variation in spore shape, with parasitic species

producing almost spherical spores, while saprotrophic species

had more narrow spores. However, the variation in spore

shape was large among saprotrophic species (see Fig 3). Para-

sitic species might be favored by a higher impaction efficiency
. Colman, Leif Ryvarden, Relationship between basidiospore
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compared to saprotrophic species. Presumably, spherical

spores have the ability to travel with higher speed than nar-

rower spores and therefore impact better into objects. Large

basidiocarp-producing species had more spherical spores

compared to species that produce smaller basidiocarps. This

may simply be a partial correlation due to the relationship be-

tween spore size and shape (Fig 2), since species producing

large basidiocarps also produce the largest spores. Species col-

onizing deciduous trees tended to have more spherical spores

than those colonizing conifers, which also may be a correlative

effect of spore size. The fact that niche width also accounted

for a significant part of the variation, with specialists having

more spherical spores than generalists, could be due to the

fact that most generalists (93 %) are saprotrophs characterized

by having narrower spores than parasites.

We found several factors significantly related to the varia-

tion in spore size and shape. However, it is important to un-

derline that although these patterns are correlative, they are

not necessarily causative. Especially, the relationship be-

tween spore size and shape (Fig 2) may have caused many cor-

relative effects. To reveal causal relationships, we call for

experimental studies. In future studies dealing with offspring

size and shape of fungi, phylogenetic constraint should also

be considered.
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