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Introduction

The mycelium of woodland fungi can act both as a reservoir

and as a distribution system for nutrients, owing to its physiological and

developmental adaptations to life at the interface between organic and

mineral soil horizons. The mobility of accumulated nitrogen and phos-

phorus within the mycelial networks of cord-forming wood decay fungi

and ectomycorrhiza enables fungi to play key roles as wood decomposers

and root symbionts. The dynamics of nitrogen movement have been less

investigated than phosphorus owing to lack of a suitable tracer. We

have developed a new technique for tracing nitrogen translocation in real

time, using 14C as a marker for nitrogen by incorporating it into a non-

decomposed amino acid that tracks the mycelial free amino acid pool. Its

movement can be imaged by counting photon emissions from a scintillant

screen in contact with the mycelial system. This method allows real-time

imaging at high temporal and spatial resolution, for periods of weeks and

areas up to 1m2, in microcosms that mimic the mineral/organic soil inter-

face of the forest floor. The results reveal a hitherto unsuspected dynamism

and responsiveness in amino acid flows through mycelial networks of

cord-forming, wood-decomposing basidiomycetes. We interpret these in

the light of current understanding of the pivotal role of fungi in boreal and

temperate forest floor nutrient cycling, and attempt to formulate key

questions to investigate the effects of mycelial nitrogen translocation on

forest floor decomposition and nitrogen absorption.

Fungi in Biogeochemical Cycles, ed. G.M. Gadd. Published by Cambridge
University Press. # British Mycological Society 2006.
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Adaptive ecophysiology of wood decay fungi

Physiological adaptation for nitrogen scavenging

Wood, the main carbon and energy source of wood decay fungi, is

carbon rich but nitrogen poor, with a C/N ratio of up to 1250/1. The

physiological adaptations of wood decay fungi were investigated in a

classic series of papers (see Levi & Cowling, 1969). In defined media with

carbon and nitrogen sources (glucose and asparagine) in solution, a

carbon/energy supply was shown to be essential for nitrogen uptake, and

a proportion of available nitrogen remained unassimilated by the myce-

lium when the C/N ratio was below 40/1. In wood, both carbon and

nitrogen are in insoluble form, protected from decomposition by substan-

tial barriers. Cellulose, which is the main utilizable carbon component, is

masked by a lignin coating in the S1 and S3 cell wall layers, while the sparse

nitrogen content is embedded as protein (Rayner & Boddy, 1988).

Sequential activities of extracellular enzyme complexes, and the cell mem-

brane transport systems for the uptake of resulting monomers, are induced

and repressed during fungal degradation of plant cell walls.

Fungi specialized to utilize wood show a number of nitrogen-conserving

strategies, including nitrogen recycling from old to new mycelium (Lilly

et al., 1991), selective depletion of cell materials under nitrogen starvation

and the ability to utilize and select between many different chemical

compounds of nitrogen (Caddick, 2002, 2004). From gross measurements,

mycelial nitrogen appears to be retrieved from old mycelium and prefer-

entially allocated to sites of growth, for example nitrogen is moved from

decayed tree trunks into sporophores (Merrill & Cowling, 1966). Nitrogen

can be concentrated from wood, e.g. the mycelium of Serpula lacrymans,

growing out over a non-nutrient surface from wood blocks with an initial

nitrogen concentration of 0.38 and 0.67mg g�1 dry wt contained 16.4 and

36.8mgNg�1 dry wt (Watkinson et al., 1981). Levi and Cowling (1969)

measured a 40-fold difference, 0.2% to 8%, in total nitrogen content

between mycelium of a white-rot wood decay fungus growing on nitrogen-

poor and nitrogen-rich defined media.

Nitrogen scavenging involves metabolic regulation both for opportu-

nistic accumulation and storage, and for adjustment to starvation. Surplus

nitrogen is stored in an expandable free amino acid pool (Venables &

Watkinson, 1989; Griffin, 1994; Hanks et al., 2003), partly in the cyto-

plasm and partly as basic amino acids in vacuoles (Klionsky et al., 1990),

which may have a role in translocation (Bago et al., 2001). Protein accu-

mulated by fungi when nitrogen exceeds requirements may include specific
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storage proteins (e.g. Rosen et al., 1997). Nitrogen incorporated into chitin

in cell walls during mycelial growth may also serve as a reserve. Other

nitrogen compounds stored in mycelium have been less well investigated,

but include nucleic acids, polyamines (Davis, 1996) and allantoin (Cooper,

1996). Under conditions of nitrogen starvation, metabolic and trans-

port pathways for nitrogen acquisition, and for catabolism of reserves,

are activated by global regulators of gene expression (Marzluf, 1996;

Caddick, 2002, 2004), which control cellular sensing and response to

nitrogen starvation, sensed by unchanged tRNA when intracellular levels

of amino acid fall to very low levels (Marzluf, 1996; Caddick, 2002, 2004;

Winderickx & Taylor, 2004).

Development and function of translocating networks

The ability to develop and operate complex, extensive and persis-

tent translocation networks (Leake et al., 2004; Fricker et al., 2005) under-

lies the unique ecosystem function of woodland basidiomycetes (Fig. 7.1).

Sugars and sugar alcohols (Jennings, 1987, 1995), amino acids (Tlalka

et al., 2002, 2003) phosphate (Wells et al., 1998; 1999) and oxygen (Pareek,

Allaway & Ashford, unpublished) can all be translocated. Phosphate

translocation over areas in the order of square metres has been measured

in Hypholoma fasciculare, Phanerochaete velutina and Phallus impudicus

cord systems growing in woodland (Wells & Boddy, 1995). Translocation

pathways link sites of supply and demand to facilitate processes such as

advance over non-nutrient surfaces (Paustian& Schnurer, 1987;Davidson&

Olsson, 2000), the secretion and activities of lignocellulolytic enzymes in

massive woody remains (Sinsabaugh & Liptak, 1997), solubilization of

phosphate compounds in soil (Jacobs et al., 2002), and the supply of

energy to hyphal tips to maintain the hydrostatic pressure for invasive

hyphal growth, since 25% of hyphal ATP is used to drive active uptake

(Wessels, 1999). The mechanisms that allow both a circulatory transloca-

tion system (Olsson & Gray, 1998; Wells et al., 1998; Lindahl et al., 2001),

and mass flow (Jennings, 1987; Tlalka et al., 2002) remain obscure

(Cairney, 1992).

Continuous remodelling of the mycelium, with development of cords

and rhizomorphs (Cairney et al., 1989; Cairney, 1992; Fig. 7.2), opens new

nutrient flow pathways in response to the geometry of supply and demand.

The responsive growth of fungi searching for and colonizing woody

resource units is termed ‘foraging’ (Boddy, 1993, 1999; Olsson, 2001),

and involves coordinated context-dependent modulation of the network

(Fig. 7.3). It is not known how local capture of a fresh carbon resource cues
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a global reorganization of the colony but it is evident, from the simulta-

neous coordinated responses of the whole system, that local sensing

generates a propagated signal that elicits site-specific developmental

responses. There is hyphal aggregation and differentiation along those

hyphae that have made contact with the fresh resource, forming mycelial

cords connecting old and new resources. At the same time, distant myce-

lium that has not colonized a new resource dies back. Changes in

(a)

(b)

Fig. 7.1. Diagram illustrating the translocation demands on a mycelial
network. (A) Hypothetical microcosm, with mycelium growing from
a central resource, encountering carbon or nitrogen resources, or
autolysing in regions of the network where no further resources have
been acquired; (B) Spatial relationships of the mycelial network and its
resources in the forest floor.

154 S. Watkinson et al.
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intracellular hydrostatic pressure, intracellular amino acid concentration,

and electrical potentials, have been suggested as translocatable stimuli that

cue developmental changes (Rayner, 1991; 1994; Olsson &Hansson, 1995;

Rayner et al., 1995; Watkinson, 1999). Measuring the intracellular protein-

ase expression cued by remote resource contact could provide a marker to

report reception of a propagated stimulus. Starvation-induced proteinases

have been investigated with a view to developing a suitable reporter for

identifying sites in the mycelium where autolysis and regression are

induced. A serine proteinase activity was identified in Serpula lacrymans

with characteristics consistent with a role in mobilizing intracellular protein

stores from cytoplasm, as well as a lysosomal-type activity optimal at low

pH (Watkinson et al., 2001; Wadekar et al., 1995). Genes for serine
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Fig. 7.2. The structure of the translocation pathway in mycelial cords.
(A) Hyphae fanning out at the distal end of a cord of Phanerochaete
velutina (scanning electron microscopy by A. Yarwood); (B) Internal
structure of a cord of Serpula lacrymans, showing vessels and
cytoplasm-filled hyphae and extracellular matrix material. (C) Diagram
of the components of the translocation pathway (adapted from Cairney,
1992); (D) A cord system in beech woodland showing both corded
mycelium and diffuse growth in contact with the wood subtsrate.
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proteinases of several cord-forming wood decay fungi have been cloned

(Eastwood & Tlalka, unpublished; Eastwood & Higgins, unpublished) and

show homology to other fungal serine proteinases with putative roles in

internal protein mobilization (Kingsnorth et al., 2001). Autolysis associated

with development in fungi has features associated with apoptosis, and

caspase-like activity has been demonstrated in Aspergillus nidulans

(Thrane et al., 2004), but it is not known if the autolysis that occurs during

the development of cord formers is apoptotic.

Cord development is triggered not only by connection between resources,

but also by the nutrient status of the mycelium. Developmental responses

in saprotrophic cord formers may be caused by the changes in C/N balance

in individual hyphae resulting from a local rise in nutrient levels due to

uptake and translocation of nutrients within some hyphae but not others.

Development and biomass production are differentially affected by carbon

and nitrogen content and the C/N ratio in defined media (Watkinson,

1999; Fig. 7.4). Biomass increased with both sucrose and aspartate, while

Fig. 7.3. The effect of resource size on foraging patterns. The images show
the development of Phanerochaete velutina extending from 0.5 cm3 beech
(Fagus sylvatica; resource on left) wood resources to 0.5 cm3 (top row)
and 8 cm3 (bottom row), in 24� 24 cm trays of non-sterile soil after 11, 15,
20 and 27 days (from left to right). Note that when the new resource is the
same size as the inoculum (top row), the former is colonized and there is
then continued outgrowth from this resource. There are extensive
tangential anastomoses, joining mycelial cords to the new resource.
When the new resource is considerably larger than the inoculum, there
is considerable thickening of cords joining the two resources, and
regression of much of the non-connective mycelium. Colonization of
and subsequent outgrowth from the large new resource (not shown in
this series) takes considerably longer than from the small new resource.
Digital images were obtained from photographs taken by Rory Bolton.

156 S. Watkinson et al.
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cord development was greatest at the highest sucrose and lowest aspartate

content, suggesting that nitrogen limitation in the presence of surplus

carbon could be a stimulus to development. Nitrate, in contrast to gluta-

mate, suppressed secondary metabolism and accelerated the extension

rate, cord formation with the production of extracellular matrix material,

and the onset of autolysis. In heterogeneous microcosms, with cellulose as

sole carbon source and nitrate as nitrogen source (Watkinson et al., 1981),

cellulolysis was nitrogen-limited at the lowest nitrate levels but hyphal

extension was not. The rate of colony radial extension from a defined

resource over an adjacent non-nutrient surface was affected by nitrogen

in the resource, being maximal at intermediate levels. High nitrogen levels

in the resource induced abundant localized growth, and low levels sup-

ported only a very sparse outgrowth.

The genetics of the morphogenetic effect of intracellular nutrient levels

has been investigated mainly in Saccharomyces cerevisiae and in mammals

(Cooper, 2004; Roosen et al., 2004; Winderickx & Taylor, 2004). Yeast

and mammalian models have identified the proteins GCN2, GCN4, elF2

and TOR (Target of Rapamycin) as key components of intracellular

nutrient sensing and signalling to elicit metabolic and developmental cell

responses, such as pseudomycelium formation in yeast cells. The GCN4

encodes a transcription factor with homology to mammalian GATA

factors, which increases transcription of amino acid biosynthetic genes.
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Fig. 7.4. Differential effect of nutrient supply on biomass and cord
development in Serpula lacrymans. The fungus was inoculated centrally
on uniform defined agar media in a factorial experiment with 5, 10, 20, 40
and 80 g/l sucrose and 1.5, 3, 6 and 12.5 g/l sodium aspartate. Biomass
was measured as oven dry weight at 8 weeks, cords were counted crossing
a circular transect 3 cm from the inoculum disc. Left to right: C/N ratio of
each of the twenty combinations of carbon and nitrogen concentration;
biomass; cord development. (Adapted from Watkinson, 1975).
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The transcription regulator elF2 is implicated in sensing intracellular

amino acid via levels of uncharged tRNA. Target of Rapamycin has a

role in inducing autophagy via sensing intracellular amino acid starvation.

Specific amino acids may give developmental cues in fungi (e.g. Watkinson,

1977), and these can be sensed inside or outside the cell, although the

receptor–transduction–effector pathways are obscure. In fungi on uni-

formly nutrient-rich medium, the intracellular amino acid concentration

and content rises and falls with that of the medium (Griffin, 1994), but

in the absence of a supply in the immediate environment, hyphae that form a

translocation pathwaywill become relatively nutrient-rich, andmay support

further growth and development in their immediate vicinity.

Mycelial nitrogen accumulation and distribution in the forest floor

The forest floor

The forest floor litter layers, also termed the ‘O’ horizon (Currie,

1999; Currie et al., 1999), are persistent and stratified under conditions

where slow decomposition favours the accumulation of organic matter

overlying the mineral soil beneath. Litter depth varies, reflecting the decay

rate. Three layers can typically be distinguished: the intact surface litter (L)

with coarse woody particulate residues, lying above the fragmented litter

(F) and humus (H) sub-horizons. The main carbon input to the forest floor

is from canopy litter fall. In a warm temperate pine forest, Richter et al.

(1999) measured annual carbon input to the forest floor as 2.9mg ha�2

yr�1, of which 2.45 was in the form of canopy litter fall, 0.08 as dissolved

organic carbon and 0.37 came from root turnover. Carbon accumulated in

the forest floor was estimated as 13 years’ accretion, consisting of accu-

mulated woody litter and recalcitrant organic compounds. There is abun-

dant carbon in the form of dead leaves, seeds, branches and tree trunks

(Harmon et al., 1986), which give the surface layers of the forest floor their

physical structure, and plant nutrients flow into it from rain washing

through the canopy and surface litter (Table 7.1; Heal & Dighton, 1986;

Richter & Markowitz, 2001). The forest floor organic horizons are the

habitat of a highly specialized flora and fauna. In lower F, H and upper

A layers, cord systems of saprotrophs (Thompson, 1984) intermingle with

ectomycorrhizal mycelium (Agerer, 2001) and rootlets. Ectomycorrhizal

basidiomycetes are closely related to saprotrophic species from which they

have probably evolved relatively recently (Hibbett et al., 2000), and

can have the capacity to utilize plant litter, as well as living roots, as both

a nitrogen and a carbon source (Read, 1991; Bending & Read, 1995;

158 S. Watkinson et al.



//INTEGRAS/CUP/3-PAGINATION/FBC/2-PROOFS/3B2/0521845793C07.3D – 159 – [151–181] 18.10.2005 12:31PM

Perez-Moreno &Read, 2000). Decomposer fauna abound, including mites

and collembola, many of which are mycophagous (Maraun et al., 2003).

Most boreal and temperate forests are nitrogen-limited, becoming more

so with prolonged lack of disturbance (Vitousek & Howarth, 1991; Aber,

1992; Hart et al., 1994; Richter &Markewitz, 2001; Wardle, 2002; Wardle

et al., 2004b). In mature boreal forest the nitrogen present in the soil is held

in the biota, plant roots and microbial biomass, or is in the form of

chemical compounds such as amino-phenolic polymers that are highly

resistant to enzymic degradation with half-lives of many decades

(Northup et al., 1995). Nitrogen compounds in canopy through-fall are

immediately absorbed by plants and microbes (Bringmark, 1980; Heal &

Dighton, 1986; Downs et al., 1996). Amino acid (utilizable by boreal forest

plants, Nasholm et al., 1998) or inorganic ions, are available to soil

Table 7.1. Typical data for boreal and temperate forest floor nitrogen pools
and fluxes (g m�2; g m�2 yr�1 respectively), to illustrate potential capacity
of forest floor mycelium to absorb atmospheric reactive nitrogen

Source or pool for nitrogen Quantity Reference

Rain NH4
þ 6.4 gm�2 yr�1

NO3
� 6.6 ' '

Bringmark
(1980),
cited in

Canopy through-fall NH4
þ 4.2 gm�2 yr�1

NO3
� 6.3 ' '

Heal &
Dighton
(1986)

Litter leachate at 6 cm depth NH4
þ 1.1 gm�2 yr�1

NO3
� 0.55 ' '

Total solution input to
forest floor

0.8–1.4 gm�2 yr�1 Richter &
Markewitz,
(2001)

Typical atmospheric pollution 0.5–3.0 gm�2 yr�1 Sievering
(1999)

Fungal biomass, living and dead, in
boreal forest soil O and upper
A horizons

102 g drywtm�2 Bååth &
Söderström
(1979)

Total N in living and dead hyphae,
assuming ambient levels typical of
N-limited forest soil

2.7 gm�2 Bååth &
Söderström
(1979)

Total N in living hyphae (with fungal
biomass estimated from ergosterol
assay)

2.2–3.2 gm�2 Markkola
et al.,
(1995)

Total retention in forest floor litter 15 gm�2 Currie (1999)
Typical input as agricultural fertilizer 12.4 gm�2 Dafodu

(2003)
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microbes and plants only sporadically, as a result of disturbances such as

fire, wet–dry cycles, damage to individual trees, or clear-cutting. Available

nitrogen is competed for by plants and microbes (Tamm, 1982; Kaye &

Hart, 1997; Hodge et al., 2000; Guo et al. 2004). Nitrate is rapidly removed

(Cain et al., 1999) and may remain in the soil for periods of hours only

(Stark&Hart, 1997; Berntson&Aber, 2000). A pulsed addition of 15NO3
�

gave 16% enrichment of microbial biomass in 2 hours (Zogg et al., 2000),

and such rapid uptake may be critical in competition between microbes

and plants. Hirobe et al. (2003) found a very low net rate of nitrification in

upland moder soils under Cryptomeria forest, which they ascribed to

dynamic internal nitrogen cycling with immediate microbial consumption

of the low levels of nitrate produced. Freshly collected soil samples had no

measurable nitrate content, although after incubation (without further

carbon input) between 50 and 100 mg nitrate N per kg of soil was detected.

Nitrogen limitation affects the rate of litter decomposition. As a general

rule applicable to temperate forests, the higher the C/N ratio and lignin

content of plant litter, the more slowly it decomposes (Aber & Melillo,

1982; Dighton, 1997, 2003). The reasons for this are not straightforward,

and at the whole-organism level the C/N ratio has complex interactive

effects, e.g. raised ambient nitrogen may increase cellulase activity

(Watkinson et al., 1981) and decrease lignin degradation (Keyser et al.,

1978; Kirk & Fenn, 1982; Carreiro et al., 2000). In the field, application of

nitrogen has variable effects on litter decomposition (Neff et al., 2002;

Micks et al., 2004), and on enzymic activities of decomposers, including

polyphenol oxidation and polysaccharide hydrolysis (Sinsabaugh et al.,

2002; Waldrop et al., 2004).

Decomposition of woody litter in the slow-decomposing, nitrogen-

limited environment typical of most temperate forest soils does not release

inorganic nutrients directly into the soil (Wardle, 2002; Lal, 2004; Wardle

et al., 2004a, b). Lindahl et al. (2002) have proposed a model of boreal

forest floor nutrient cycling in which nitrogen from decomposing plant

litter is not released as nitrate, but retained within mycelium of decom-

poser fungi and translocated to nitrogen-poor, carbon-rich litter. This

contrasts with the conventional model for the role of decomposer microbes

in nitrogen cycling, based on agricultural soils, in whichmineral nitrogen is

thought to be released once the C/N ratio of the substrate falls below a

critical level (Swift et al., 1979). In the Lindahl model, nitrogen remains in

the decomposer mycelium until it is captured by other organisms such as

antagonistic ectomycorrhizal or saprotrophic fungi or grazing inverte-

brates. When nitrogen is released to the soil solution remains unclear

160 S. Watkinson et al.
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(Dighton & Boddy, 1989), but loss can occur during interspecific interac-

tions (J.M.Wells & L. Boddy, unpublished), and as a result of invertebrate

grazing (Anderson et al., 1983).

The fungal nitrogen reservoir

Nitrogen is scavenged by wood decay fungi from many sources

(Cromack & Caldwell, 1992), some discrete such as plant litter, colonies

of nitrogen-fixing bacteria, nematodes (Barron, 1992), collembola

(Klironomos & Hart, 2001), animal remains and excreta, and others

diffuse such as dilute solutions perfusing through the forest floor mycelial

network from canopy through-fall and leachates from surface litter layers

(Heal & Dighton, 1986; Richter &Markewitz, 2001). Phosphorus transfer

occurs between ectomycorrhizal and saprotrophic networks in micro-

cosms (Lindahl et al., 1999), but it is not known whether nitrogen is also

exchanged in these interactions. The different 15N depletion signatures

(Hobbie et al., 1999) of saprotrophic and ectomycorrhizal mycelium sug-

gest that exchange may not be significant. In microcosm studies using 15N

there was no evidence of capture of nitrogen by the saprotroph

Phanerochaete velutina or the ectomycorrhizal Paxillus involutus during

interactions when either fungus contained the isotope (Donnelly et al.,

unpublished observations). However, the nitrogen isotope was taken up

from sites of point application in soil and allocated tomycelium away from

interaction zones by both fungi.

The amounts of nitrogen that can be held in mycelium in the forest floor

are ecologically significant, in the sense that they potentially regulate

productivity via effects on plant growth and microbial decomposition

(Table 7.1). Most of the nitrogen in mature, unpolluted boreal forest

soils is biologically inert, being held in the biota or in the form of recalci-

trant soil organic compounds with long turnover times (Davidson et al.,

1992; Richter & Markowitz, 2001), so that nitrogen within fungal net-

works probably represents a large fraction of the more rapidly turning-

over soil nitrogen. Fungal biomass can be up to 100 g drywtm�2 of

mycelium in soil of mature boreal forest, in which basidiomycete hyphae

predominate and can reach hyphal lengths of up to 18 000m (g dry wt)�1

soil (Bååth & Söderström, 1979; Markkola et al., 1995). Bååth and

Söderström (1979) calculated that this mycelium can contain up to 20%

of total soil nitrogen, based on volume estimates from forest soil hyphal

lengths, mean diameter and nitrogen contents from mycelium cultured on

media with nitrogen concentration equivalent to that measured in litter.

The nitrogen contents of rhizomorphs and cords were 1%–2% in conifer
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litter (Stark, 1972) and 3.5% in broadleaf litter (Frankland, 1982), and

sporophores up to 6.6.% nitrogen (Lindahl et al., 2002). Variations in

nitrogen input into the forest floor occur seasonally with litter fall and, in

some areas from atmospheric deposition of nitrogen compounds. Because

the nitrogen content of mycelium of saprotrophic woodland fungi can vary

up to 40-fold in response to variations in external supply, as described

above (see p. 000), fungal mycelium could act as a fluctuating storage

reservoir that holds varying levels of available nitrogen according to

ambient supply, and thus have effects on rates of nitrogen-limited ecosys-

tem processes.

A third ecological effect of nitrogen limitation and fungal immobiliza-

tion has recently come to the fore. Some forests are now receiving dama-

ging nitrogen inputs in the form of atmospheric deposition of pollutant

reactive nitrogen (Fenn et al., 1997; Galloway et al., 2003). Initially this

can be accumulated and immobilized in the soil, but once saturation point

is reached, at a critical soil C/N ratio, nitrification produces nitrate, which

is mobile in the soil (Currie, 1999) and is leached out (Tietema et al., 1998)

as the forest ceases to absorb input. Damaging effects include eutrophica-

tion of watercourses and loss of ectomycorrhizal diversity (Arnolds, 1997;

Wallenda & Kottke, 1998), probably resulting from inhibition of mycor-

rhiza development associated with raised nitrogen content of the host tree

(Wallander &Nylund, 1991). Themechanisms by which a lowC/N ratio in

soil leads to the symptoms of nitrogen saturation are not understood.

The pre-saturated forest floor has a remarkable ability to respond to

nitrogen pollution by increasing its nitrogen-absorptive capacity. Currie

(1999) describes an experiment carried out in a Swedish forest, where

inorganic nitrogen input was artificially increased 6-fold over the ambient

level of 0.9 gNm�2 yr�1, resulting in a 6-fold increase in nitrogen retention

in the forest floor. Currie et al. (1999) hypothesized that ectomycorrhizal

fungi might be able to acquire the necessary carbon from their hosts to

support enhanced nitrogen uptake. Saprotrophic fungi were excluded

from consideration, because the amount of carbon in litter was not con-

sidered adequate to support the observed nitrogen assimilation. This con-

clusionwas based on themodel of Swift et al. (1979), which states that litter

decomposers release nitrogen as soon as the C/N ratio of their substrate

falls. However, in the alternative model of tightly coupled internal nitro-

gen cycling in the boreal forest floor proposed by Lindahl et al. (2002),

inorganic nitrogen is not released by mycelium but instead is accumulated,

translocated and imported into woody litter, thus enabling it to be utilized

to support further fungal growth. There seems no reason, therefore, to
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reject the possibility that mycelium of saprotrophic wood decay fungi

could also contribute to responsive forest floor nitrogen absorption,

since their ability to translocate nitrogen into the abundant forest floor

woody litter gives them access to a virtually unlimited supply of carbon

and energy. The expansion of nitrogen storage capacity in response to

added nitrogen described by Currie (1999) could arise because up to a

point (perhaps related to the nitrogen saturation point) the added nitrogen

could release the nitrogen-limitation of woody litter decomposition, allow-

ing the fungal network to grow and thus increase its volume for nitrogen

uptake. Micks et al. (2004) analysed the fate of 15N tracer added to various

types of litter during a long-term experiment, the Harvard Forest Nitrogen

Saturation Experiment, which compared the effects of ambient and ele-

vated nitrogen inputs on litter decomposition in hardwood and pine forest.

Elevated nitrogen led to enhanced retention of tracer in the litter, as well as

greater decomposition of the hardwood litter, although the effects on leaf

litter decomposition were variable between ecosystems. They suggested

that differences might be due to variability in the microbial decomposer

community, citing Blagodatskaya and Anderson, (1998) who demon-

strated that fungi predominate over bacteria among beech forest litter

decomposers at lower soil pH.

The fungal nitrogen distribution system

Mycelium is a significant absorptive nutrient reservoir at the O/A

interface of undisturbed soil. Its geometry, lying in the plane of the soil

horizons, and its connectivity via cords within the organic horizons, mean

that it is well positioned to forage for wood resources and to capture

nutrients from solution (Fig. 7.1). Nitrogen passes vertically into this

system, from above in canopy and litter through-fall and atmospheric

deposition (Richter & Markewitz, 2001), and from below by upward

translocation from the soil H and A horizons (Hart & Firestone, 1991).

Because they can take up and translocate nitrogen from soil, hyphae and

cords provide a route for soil nutrients frommineral soil into the microbial

decomposer community in the litter layers above. Spatial redistribution of

nitrogen through hyphae could influence the outcome of competition for

nitrogen between decomposer fungi and plant roots. In microcosms with

spatially heterogeneous distribution of nitrogen-poor and nitrogen-rich

carbon sources, containing competing decomposer microbes and plants,

the balance of nitrogen acquisition between the competitors was affected

by the distance between them (Wang & Bakken, 1997), with a distance of

3–6mm being critical (Korsaeth et al., 2001). Fungi that can rapidly
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sequester available nitrogen and control its spatial redistribution probably

have a competitive advantage in nitrogen capture from soils with patchy

nitrogen distribution. The ability to translocate nitrogen into resources

where high C/N ratio limits decomposition is an important distinction

between non-resource-restricted fungi and resource-restricted fungi or

unicellular micro-organisms as decomposers.

The wood wide web of lateral connections between ectomycorrhizal

host plants and nutrient sources in soil carries carbon (Simard et al.,

1997), phosphorus (Read, 1991) and nitrogen (Perez-Moreno & Read

2000, 2001a, b; Leake et al., 2004) through translocation pathways. The

connectivity of networks of wood decay saprotrophs is less well described,

though there is extensive work on the translocation of phosphorus in soil

microcosms (Wells et al., 1998, 1999; Boddy, 1999), some information on

mycelial connectedness in the field (Thompson, 1984) and evidence of

translocation of phosphorus through saprotrophic cord systems in wood-

land (Wells & Boddy, 1995). It has been shown that translocation through

mycelial connections can relieve nitrogen limitation of cellulolysis in

microcosms with heterogeneous resource distribution (Watkinson et al.,

1981). Further, in the field nitrogen translocation from soil into surface

litter can directly affect the rate of litter decomposition (Frey et al., 2000,

2003). In the words of Lindahl et al. (2002) ‘the ability to transport

nutrients and energy-rich carbohydrates implies that the acquisition of

energy and nutrients is spatially uncoupled’. In agricultural ecosystems

without tillage where low levels of soil disturbance allow hyphae to persist

across the O and A horizons, coarse crop residues lying on the soil surface

can be invaded by hyphae of mycelial networks that scavenge and import

nitrogen from the underlying mineral soil, and are the primary decom-

posers under this management regime (Beare et al., 1992; Frey et al., 2000).

Relatively stable spatial relationships develop in less disturbed ecosystems

and functional interactions can thus develop between above- and below-

ground biota (Ettema & Wardle, 2002). Nitrogen imported into leaf litter

in forests increases the decay rate (Lodge, 1993) and binds litter physically

(Lodge & Asbury, 1988). In forests where levels of disturbance are low,

and available soil nitrogen is scarce, hyphal systems persist (Miller &

Lodge, 1997), and the rate of decomposition of coarse woody litter on

the surface may be affected by fungal import of nitrogen from the under-

lying soil.

Translocation has important ecological effects over a range of scales

relating to the different adaptive niches of soil fungi. Different foraging

strategies endow some litter decomposer species with a propensity to
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exploit largewoody fragments separated by distances ofmetres (for example,

see Fig. 7.3) and others, finely comminuted leaf litter. The principal

difference is in the size of carbon resource required to switch mycelial

development between diffuse growth as separate hyphae, and the cords

that act as channels for mass flow (Fig. 7.2D; Cairney et al., 1989).

Phanerochaete velutina, a basidiomycete wood decomposer, extends pre-

dominantly as corded mycelium, with hyphal aggregation starting close

behind the diffuse mycelial margin, while Agaricus bisporus advances

mainly as separate closely ranked hyphae growing mainly on leaf litter

and their cords extend for relatively short distances. At smaller scales, soil

microfungi such as Rhizoctonia solani form translocating bridges across a

few micrometres between soil particles (Boswell et al., 2002). Resource

contact and nitrogen limitation, the cues for the foraging development of

cord-forming fungi described above, appear adaptive for exploiting the

upper forest floor habitat. In fungi utilizing scattered woody fragments,

both colonization of fresh carbon resources, and the onset of nitrogen

limitation, impose a requirement for the internal redistribution of resources.

Imaging mycelial nutrient dynamics: photon-counting

scintillation imaging (PCSI)

Although there are no convenient radioactive isotopes of nitrogen

for short-term dynamic studies, nitrogen translocation can be tracked

using the non-metabolized amino acid, 2-aminoisobutyric acid (AIB),

which is actively taken up into the mobile free amino acid pool, where it

can remain unchanged for periods as long as six months, and is translo-

cated both towards and away from the direction of growth (Watkinson,

1984). In PCSI, the fungus is placed in close proximity to a scintillation

screen and the movement of the radiolabelled compound is tracked from

the photons of light that result from collision of the radioactive emissions

from the compound with the screen (Fig. 7.5; Olsson 2002; Tlalka et al.,

2002). Imaging can continue for periods of up to six weeks. The distribu-

tion of AIB can be analysed in real time, as the time and x, y coordinates of

each photon are recorded. So far it has proved convenient to accumulate

counts over 30–60 minutes to achieve a reasonable signal to noise ratio.

The greatest resolution is constrained mainly by the spread of the radio-

active emission at high magnification, or the critical pixel spacing at low

magnification.

Transport of AIB has a pulsatile component (Tlalka et al., 2002). We do

not have a clear understanding of the origin of the pulses at present. We

can exclude oscillatory behaviour through a tight coupling to an ultradian/
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circadian clock as, although the oscillations persist in constant conditions,

they show amarked temperature dependence (Tlalka et al., 2003). Cyclical

changes in colony growth might result in apparent pulsatile transport.

Typically, the early growth phase in these microcosms is characterized by

fairly dense, relatively infrequently branched thin hyphae. After about 3–4

days, colony growth becomes progressively more complex. Radial expan-

sion continues at roughly the same rate, but branching becomes more

frequent. Some hyphae appear to regress and the initial radial symmetry

alters in favour of a more limited number of discrete point growth foci,

Fig. 7.5. Imaging system for photon-counting scintillation imaging
(PCSI). The diagram shows mycelium pre-grown over a scintillant
screen: 2-aminoisobutyric acid labelled in the carboxy–group with 14C
was added at the centre of the colony. Photons elicited by �-radiation
from the screen are cumulatively recorded by the photon-counting
camera. For use with soil systems an inverted camera is used, with the
screen placed on top of the mycelium growing over soil. (see Watkinson
et al., 2005).
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typical of the early stages in development of a corded system. There is no

obvious synchronization of these events throughout the colony with a

periodicity that might be associated with oscillations in 14C-AIB transport.

However, we cannot rule out subtle changes in growth pattern due to the

technical difficulties of imaging morphological changes within the mass of

thin, white hyphae superimposed on the white scintillation screen. For

example, we might not detect cycles where a limited number of unsuccess-

ful foraging hyphae regress and their contents are recycled back through

the inoculum to support growth elsewhere at the margin. How the driving

forces for such a cycle might operate and how such behaviour would be

synchronized throughout the colony are unclear.

One current working model (Tlalka et al., 2003; Fig. 7.6) suggested a

dynamic system linking local uptake with outward mass flow in foraging

mycelium, mediated by responses of intracellular compartmentation to

amino acid level. In the model, amino acid is taken up into a (plausibly

vacuolar – Klionsky et al., 1990) amino acid compartment in the hyphae at

the assimilation site, until a threshold level is reached. This triggers efflux into

a translocation compartment in which the amino acid is exported, causing

the level at the assimilation site to fall to its earlier level. Iteration of the

process generates pulsatile flow. With physiological parameter values, the

model generates pulses comparable with those observed in real microcosms.

14C-AIB dynamics in sand microcosms

Rapid pulsatile 14C-AIB transport also occurs in sand micro-

cosms where the initial inoculum is a colonized wood block. For example,

Fig. 7.7 shows the results of an experiment in which a mycelium of

Phanerochaete velutina was grown over sand between two separate wood

blocks for 2 months. After feeding at the resource block from which the

mycelium has already extended, the microcosm was placed in the photon

counting camera for the following 420 hours. There was extensive, rapid

and non-randomly directed flow of amino acid through much of the

system. Initially, a conspicuous cord forming the main route between

the resource and the advancing mycelial front filled with amino acid over

the space of 1 hour. A further 3 hours later, the signal trace was recordable

from several more cords and appeared to have reached the edge of the

advancing front where there was the appearance of accumulation,

although some care is needed in this interpretation as the accumulated

signal did not necessarily stoichiometrically reflect mycelial amino acid

content because the mycelium was not confined at the surface. An under-

estimate could result by physical distance between any amino acid-loaded
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Fig. 7.6. Complementary oscillations of 14C-labelled 2-aminoisobutyric
acid (14C-AIB) in assimilatory and foraging hyphae of Phanerochaete
velutina. The distribution of 14C-AIB was mapped using photon-
counting scintillation imaging of colonies of P. velutina grown across a
scintillation screen covered with 1.5mm thick Mylar film in the presence
of a 13mm filter-paper ‘bait’. Five scintillation images, each integrated
over 60 minutes, are shown for the times indicated from a complete time
series lasting over 200 hours (A). At the end of the experiment, the colony,
supported on the Mylar film was photographed against a black
background to visualize the growth pattern (B). The early phase of
growth was dense and symmetrical followed by a switch to sparser
growth. The bait was contacted around 150 hours and the beginnings of
cord formation are visible by the end of the experiment. The total signal
from the inoculum (C, grey trace) and foraging mycelium (C, black trace)
showed pronounced oscillations with complementary profiles. This was
most clearly seen after the longer-term trends were removed by
subtraction of a 20 hours rolling average from each time-series (D). The
maximum Fourier frequency (14) of these sequences corresponded to a
period of 18.29 hours (E). Additional peaks were present in the Fourier
spectrum at higher harmonics of the fundamental frequency. These
reflect the underlying asymmetry in the shape of each pulse.
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Fig. 7.7. Still images from a video showing the accumulated photon trace
from a corded foragingmycelium ofPhanerochaete velutina. The 14C-AIB
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growing on sand for 2 months. The movement of AIB was imaged for
the subsequent 420 hours. The initial 76 hours are shown in the images:
(A) 1 h after loading, 4 cords filled; (B) 4 hours after loading, detectable
signal in 9 cords and mycelial front; (C) 16 hours a new route opens, top
left, 76 hours; (D) The mycelium has reached a wood block bait (not
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F) pulse patterns mapped on to the mycelium in (A–D) showing, (E)
synchronous pulsation in regions 1, 2 and 3 on the main cord between
inoculum and bait, and progressive accumulation in the distal, advancing
region; (F) The filling and subsequent emptying of the cord in region 5
where there is no bait, and the two filling phases of the cord in region 4;
with initial filling, followed by loss of signal, and a refilling that probably
coincided with bait contact by the mycelial margin from 180 hours.

Wood decay fungi and forest C and N dynamics 169



//INTEGRAS/CUP/3-PAGINATION/FBC/2-PROOFS/3B2/0521845793C07.3D – 170 – [151–181] 18.10.2005 12:32PM

mycelium that was below the sand surface, and the scintillant screen placed

on top of the mycelium. Likewise, differential cord thicknesses will give

different levels of signal attenuation. At 16 hours an additional cord at the

left of the picture filled, but by 76 hours it emptied again and the signal

comes mainly from the lower right hand corner of the picture, the region in

which the wood bait was positioned. The real-time changes in the intensity

of the signal were tracked over the experimental period in 5 sites as

indicated. Within the first 10 hours of recording, a signal pulse appeared

almost synchronously in regions 1, 2 and 3 on the main cord leading to the

mycelial front. By 76 hours, pulsation at 1, 2 and 3 had died away, and at

the same time the greater part of the signal had been conveyed to the

mycelial front. A rival pathway (visible throughout as a cord leading to the

left of the image) filled with amino acid and pulsed at high amplitude

between 4 and 16 hours (region 5), but the pulse amplitude and total signal

fell to less than half its initial value by 60 hours, and by 76 hours was almost

empty. Region 4 initially showed synchronous pulsation with the other

regions and then a decay in signal. However, after 130 hours the cord

containing region 4 appeared to be reactivated, with an upward trend in

overall signal paralleled by an increase in pulse amplitude. This route open-

ing and route switching associated with foraging may well be relevant to

redistribution of nitrogen through forest floor corded networks.

14C-AIB dynamics in soil microcosms

Our results in non-sterile, soil-based microcosms are quite limited

at present but are already providing some intriguing observations. For

example, the total level of uptake and translocation of AIB in the well-

corded system shown in Fig. 7.8, is much lower than on a comparable

sand-based microcosm. Images have been integrated for considerably

longer periods, although preferential transport along a subset of the

available cords is still evident. The very diffuse spread of the signal also

reflects a difference in the foraging behaviour of the mycelium in this

system, with an abundance of fine hyphae associated with the growing

mycelial front and in submarginal regions. It is possible that the low

overall AIB uptake reflects competition for uptake withmuch higher levels

of inorganic or organic nitrogen present in the soil. This may also explain

the more extensive fine mycelium that is presumably scavenging for nitro-

gen and other nutrients, especially as in this microcosm there is a relatively

large amount of carbon available from the wood blocks. As we develop

more experience with such soil-based systems, it is anticipated that it will

be possible to track and investigate the rate and direction of flow in
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response to manipulated parameters representative of field conditions.

The speed and responsiveness of the foraging mycelial system and its

amino acid translocation towards the advancing mycelial front, with

sudden removal of amino acid from less active parts of the system, is

consistent with the dynamic competitive acquisition of soil nitrogen that

is considered typical of the underground biota of nitrogen-limited forests.

Fig. 7.8. PCSI showing the pattern of AIB translocation following
addition to a wood block bait in a 25 cm square compressed-soil
microcosm similar to that shown in Fig. 7.3. (A) Photograph of the
mycelium at the time of adding 14C-AIB. (B–D) PSCI images. Time
course, with time indicated on each picture. Compared with the sand-
based microcosm shown in Figure 7.7, the AIB distribution appeared
weaker and more diffuse. As in sand microcosms, there was preferential
filling of only a few out of several cords present, and AIB was
translocated from the point of application into the bait, and beyond it
to an advancing mycelial front subtended by a cord.
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The potential of PCSI techniques for investigating fungal

processes in carbon and nitrogen cycles

Photon-counting scintillation imaging in microcosms can contri-

bute to modelling the forest floor responses to nitrogen and carbon inputs

because, for the first time, it allows finely resolved dynamic analysis of

nitrogen flows within a pre-existing mycelial system (Fig 7.8). Time-lapse

two-dimensional imaging matches key microbial processes in the forest

floor, which also are approximately in a two-dimensional plane at the A/O

interface, and in which dynamics are critical for interactions between the

biota. It is possible to combine PCSI with mass balance of total nitrogen to

quantify the partitioning of nitrogen between the litter, mycelium and soil.

Parameter values for mobile and immobile mycelial nitrogen can be

obtained by the use of microcosms with realistic carbon and nitrogen

inputs and geometry. Furthermore, it might in future be possible to relate

microcosm data to field values by genomic approaches, using genes of

nitrogen metabolism (Caddick 2004) and intracellular nitrogen and C/N

sensing (Winderickx & Taylor, 2004) to report the nitrogen status and C/N

experience of foraging mycelium.

Problems still to be overcome in using PCSI for fungal nitrogen flux

analysis include the difficulty in calibrating the photon signal in terms of

amino acid levels, as 14C gives weak �-emission, and quenching by the

tissue is therefore significant. For mass balance measurement, essential for

measuring amino acid pool size and fluxes, destructive harvesting of

samples at a fixed time point is still required. Aminoisobutyric acid as a

marker for mycelial nitrogen may also become less representative of reality

the longer experiments last, since it is not utilized or incorporated and its

relative concentration within the system will rise as metabolism causes

utilizable nitrogen levels to fall.

With the use of realistic soil-based microcosms, problems arise due

to the intrinsic variability of real mycelial systems. The mycelium is sym-

metrical only in very early juvenile stages, before the onset of nutrient

limitation and differentiation of separate functional states of mycelium

(Fig. 7.6; Olsson, 2001). The heterogeneity of the soil/wood/mycelial sys-

tem presents unique experimental difficulties. Problems of genuine varia-

bility inextricably associated with the indeterminate, context-

dependent growth form of fungi have conventionally been overcome by

the use of defined uniform media to ensure reproducibility. Much basic

knowledge of fungal genetics and physiology has resulted from such

approaches, which have been focused mainly on model fungi. However,

what fungi do and their precise role in ecosystem function depends on the

developmental and metabolic responsiveness of the mycelial system to the

172 S. Watkinson et al.



//INTEGRAS/CUP/3-PAGINATION/FBC/2-PROOFS/3B2/0521845793C07.3D – 173 – [151–181] 18.10.2005 12:32PM

heterogeneity of its habitat. The experimental challenge is to devise rigor-

ous quantitative experimental approaches that can be applied to real fungi

from real ecosystems under realistic conditions. A key step will be to

develop analysis tools that can deal with the more complex data arising

from soil-based microcosms.

Conclusions

In boreal and temperate zone forests, where the greatest amount

of terrestrial carbon is sequestered, mainly in the soil, (Post et al., 1982;

Dixon et al., 1994; Schimel, 1995), fungi are the only decomposers that can

degrade wood completely (Dighton & Boddy, 1989; Boddy & Watkinson,

1995). Because of their pivotal role in ecosystem productivity and nutrient

cycling (Lindahl et al., 2002) more certain and precise data on boreal and

temperate forest floor fungi are urgently needed for dynamic predictive

models of global carbon and nitrogen cycles (Falkowski et al., 2000)

designed to inform ecosystem management to mitigate the anthropogenic

enhanced greenhouse effect. The effects on ecosystem function and diver-

sity of increased inputs of reactive nitrogen to the nitrogen-limited northern-

hemisphere forests are likely to be far-reaching (Townsend et al., 1996;

Torn et al., 1997), and are the subject of several long-term addition studies

in forests (e.g. Magill et al., 2000; Aber & Magill, 2004; Vestgarden et al.,

2004). These are showing that the forest floor has a remarkable ability to

absorb pollutant nitrogen and to increase its absorptive capacity in response

to nitrogen deposition, as described above. The mechanism is not under-

stood, but the fungal reservoir with its responsive capacity to absorb nitro-

gen present in excess of immediate requirements is an obvious candidate.

Translocation of nitrogen into woody litter is key to the success of

saprotrophic fungi in the competition for soil nitrogen, and thus to their

role as decomposers in forests. The speed of amino acid translocation

during foraging in wood/soil microcosms shown by PCSI suggests that

nitrogen flux into litter exceeds the quantity imported by growth alone, as

a component of the invading hyphae. Directed rapid translocation induced

by local acquisition of a carbon-rich, nitrogen-poor resource appears

likely, but has yet to be conclusively demonstrated. Responsive import of

nitrogen to carbon-rich litter would be predicted by our hypothesis that

responsive nitrogen retention is a result of scavenging by foraging mycelia.

Our analysis suggests that the cause of responsive nitrogen retention

should be sought in the nutrient dynamics of individual fungal networks,

optimized by evolution to balance carbon and nitrogen acquisition for

biomass production. Currie (1999) has recommended that the effect of soil
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C/N ratio should be investigated over a range of scales to find the cause of

ecosystem responses in forest floor processes. The fundamental processes

in carbon and nitrogen interaction occur at the interface between the

fungal mycelium, the discrete carbon resource unit, and the ambient

nitrogen supply. The dynamics of nutrient-responsive foraging might be

modelled in terms of these three compartments.

Key questions for experimentation based around this model are:

� How does carbon availability affect the ability of fungi to retain

nitrogen? Does the capacity of a mycelium to capture and seques-

ter nitrogen increase in proportion to the carbon available?

� How does the energy status of the mycelium affect its ability to

concentrate nitrogen from the surrounding environment?

� At what carbon and nitrogen content and ratio do mycelia of

wood-decomposing forest floor species sense nitrogen limitation,

and switch from nitrogen catabolism to assimilatory metabolism?

� Is amino acid translocation preferentially directed towards a rela-

tively carbon-rich, nitrogen-poor resource?

� What are the sensing and signalling mechanisms that cause global

reorganization of a mycelial network following contact with

resources of varying carbon content?

� How does a species’ foraging strategy affect its potential for

nitrogen redistribution?

These questions are amenable to various combinations of imaging, mod-

elling, metabolic and gene expression studies and field observation to

analyse the nutrient dynamics of the forest floor microbial decomposer

subsystem, and to provide data for predictive models of forest floor

responses to environmental change.
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