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ABSTRACT

Modular organisms such as fungi are assumed to exhibit extreme morphological plasticity, yet this assumption has rarely been
tested experimentally. Their morphology emerges from local, independent responses of constituent modules, suggesting strong
plastic responses to environmental conditions. While such levels of plasticity decouple morphology from ecological function,
they make these organisms an ideal system for studying the evolution of plasticity. Here we quantified the plasticity of modular
fungi to grazers with known strong effects on their fitness and tested two competing hypotheses: (1) fungal morphology con-
verges on a common ‘grazing-resistant’ phenotype across species (i.e., extreme plasticity) or (2) grazer-induced plasticity remains

limited and species-specific. We found support for the latter, suggesting a more nuanced plasticity for fungi than would be ex-

pected based on their modularity. Our study calls for refining assumptions about plasticity in modular organisms and informs

the use of morphological traits as predictors of ecological function.

1 | Introduction

Determining which organisms achieve high levels of pheno-
typic plasticity has long been a central question in ecology
and evolution (Sultan 2003, 2021; West-Eberhard 1989). In
fluctuating environments, plasticity—the ability of a single
genotype to alter its phenotype in response to environmental
change (Pigliucci and Miiller 2010)—is crucial for maintain-
ing or enhancing fitness in the new conditions (Forsman 2015;
Pfennig 2021). Although all living organisms show some de-
gree of plasticity, cases of ‘extreme’ or ‘perfect’ plasticity, where
individuals can sense environmental change and produce ap-
propriate phenotypic responses throughout their entire lifes-
pan, are rarely observed in nature (Murren et al. 2015). More

often, plasticity is ‘constrained’, where phenotypes respond
only weakly to the environment, changes may not increase
fitness, or the ability to change their phenotype is restricted
to narrow windows in their development (Gomulkiewicz and
Stinchcombe 2022). This limited occurrence is thought to re-
flect the inherent costs of plasticity, including the energetic
burden of modifying phenotypes and maintaining the regu-
latory systems needed to sense and respond to environmen-
tal variation (Auld et al. 2010; Schneider 2022). However,
modular organisms grow by repeating units that can respond
independently to local conditions, and it has been suggested
that this fundamentally different architecture allows greater
plasticity than the fixed body plans of unitary organisms (De
Kroon et al. 2005; Murren et al. 2015). Yet, modular lineages
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remain underrepresented in studies of plasticity, leaving it un-
clear whether and how often extreme plasticity evolves in such
systems.

Filamentous fungi represent a prime group in which to ex-
plore the potential for extreme phenotypic plasticity in modu-
lar organisms. This group is a dominant lineage in terrestrial
ecosystems (Anthony et al. 2023) but has a fundamentally
different body plan from that of animals as they grow as net-
works of interconnected filaments (hyphae) that together form
a mycelium (Fricker, Luke, et al. 2017) without a determinate
body morphology. Empirical evidence shows that fungi can
adjust their morphology in response to environmental varia-
tion. In extreme cases, fungi can switch between unicellular
(yeast) and filamentous (mycelium) forms depending on con-
ditions such as temperature, pH, or nutrient availability (Boyce
and Andrianopoulos 2015; Gauthier 2015). Moreover, the fila-
mentous phenotype allows fungi to alter their morphology to
enhance survival under different environmental conditions.
For example, in environments where resources are distributed
heterogeneously, fungi can alter local space occupancy (e.g.,
by increasing branching rates) to connect resource patches
that are spatially distant or differ in quality, which gives rise to
context-dependent colony patterns (Boddy 1999; Fukasawa and
Ishii 2023; Slepecky and Starmer 2009; Veresoglou et al. 2018).
Similarly, increases in colony colour, such as melanin deposi-
tion in hyphae, provide protection against environmental stress-
ors including UV radiation and desiccation (Dadachova and
Casadevall 2008). This morphological flexibility has led to the
proposition that fungi exhibit ‘extreme phenotypic plasticity’
(Klein and Paschke 2004; Slepecky and Starmer 2009; Ugalde
and Rodriguez-Urra 2014), and that because of such high levels
of plasticity fungi are ‘the most adaptable phylogenetic lineage
in the Tree of Life’ (Coleine et al. 2022). Yet, experimental stud-
ies quantifying the extent of plasticity in this group are scarce
(Alster et al. 2021; Behm and Kiers 2014).

To address this gap, we experimentally assess the extent of
plasticity in filamentous fungi to the presence of predators.
While the extent of plasticity can be measured in response
to any environmental changes, predator-induced plasticity—
where a genotype alters its phenotype in response to the
presence of a predator—is particularly informative because
it reflects a fundamental component of a species’ ecologi-
cal niche (Morin 2011). Predation is a near universal biotic
interaction that imposes strong fitness costs on the prey. As
such, it exerts intense evolutionary pressure on organisms to
evolve coping strategies, including plastic responses. Indeed,
predator-induced plasticity has been a cornerstone in the de-
velopment of ecological and evolutionary theory on plasticity
(Hoverman and Relyea 2007; Tollrian and Harvell 1999).
Predator-induced morphological plasticity is well documented
across diverse animal groups, from classic examples with the
model organism Daphnia (Spitze and Sadler 1996) to rotifers
(Gilbert 2013; Yin et al. 2017), molluscs (Auld and Relyea 2011),
and insects (Flenner et al. 2009; Sentis et al. 2019) among oth-
ers. Beyond animals, an increasing number of studies show
herbivore-induced morphological changes in plants (Dorey
and Schiestl 2022; Ferndndez De Bobadilla et al. 2022), with
responses often depending on the feeding habits of the herbi-
vore (Lebbink et al. 2024).

For filamentous fungi, grazing by soil fauna is analogous to an-
imal predator-prey or plant-herbivore interactions (Boddy and
Jones 2007). Grazing severely reduces fungal fitness, particu-
larly during foraging (Tordoff et al. 2006, 2008). For filamen-
tous fungi foraging comes with high fitness costs, as it requires
building and maintaining the transport hyphal networks that
move resources from nutrient patches to an expanding explo-
ration front in the search of new resources (Biel¢ik et al. 2019;
Tlalka et al. 2002; Wells et al. 1999; Wells and Boddy 1990).
Because of these dynamics, even localised damage by grazers
could disrupt resource distribution, with potentially long-lasting
and far-reaching consequences for fungal survival. In response,
fungi may adjust their network morphology to maintain func-
tion—for instance, by increasing mycelial density (hyphae per
unit area), thickening transport routes, or promoting hyphal fu-
sions to create alternative pathways (Rotheray et al. 2008). Such
adjustments increase route redundancy, enhancing network ro-
bustness—a universal feature of transport systems to preserve
function in the face of damage—and thereby enabling fungi
to sustain foraging despite grazing pressure (Fricker, Luke,
et al. 2017). As grazing is imposed by various different animals,
including nematodes, collembola, millipedes and isopods with
different types of attack it is likely that plastic responses are spe-
cific to distinct grazing behaviour (Crowther et al. 2012).

To determine the extent of grazer-induced plasticity in filamen-
tous fungi, we reanalyzed an existing image dataset from four
fungal species exposed to grazing by a range of soil meso- and
macro-invertebrates with different feeding behaviour (Crowther
et al. 2011). The experimental design parallels reaction norm
studies typically used to evaluate predator-induced plasticity,
where clones of the same genotype were grown with and with-
out grazers. Then we quantified changes in the development of
the network architecture in response to grazers using image
analysis algorithms (Aguilar-Trigueros et al. 2022; Fricker
et al. 2007; Fricker et al. 2008; Fricker, Luke, et al. 2017; Fricker,
Akita, et al. 2017) together with phenotypic trajectory analysis.
This method, widely used to study both evolutionary (Adams
and Collyer 2009) and developmental plasticity (Metcalfe 2024)
using multiple traits (Hoverman and Relyea 2007), has been sug-
gested as a powerful tool for studying fungal plasticity (Behm
and Kiers 2014).

Given the high degree of morphological plasticity that the
non-determinate, modular fungal body may confer, together
with the strong fitness pressures imposed by grazing, we
tested two alternative hypotheses about the extent of plas-
ticity in response to this pressure (Figure 1). Under ‘extreme
plasticity’ (Hypothesis 1), the developmental trajectories of
fungal phenotypes across fungal species would converge to-
ward a common ‘grazing-resistant’ phenotype. Alternatively,
under constrained plasticity (Hypothesis 2), plastic responses
are limited by species-specific constraints, reflecting evolu-
tionarily more fixed traits despite the modularity of the fungal
body. Thus, grazing would result in relatively small morpho-
logical shifts in response to grazing, with phenotypes re-
maining close to species-specific developmental trajectories.
By disentangling these alternatives, our goal was not only to
assess the extent of plasticity in filamentous fungi, but also to
uncover the extent that modular growth forms mediate adap-
tive responses to environmental change.
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FIGURE 1 | Conceptual representation of hypotheses predicting
fungal morphological plasticity in response to grazing. Plasticity in
modular organisms like fungi arises through a dual process: Each mod-
ule senses and responds to environmental change, and these local re-
sponses cascade into whole-body phenotypic shifts, a property main-
tained throughout vegetative growth. If modularity allows extreme
plasticity (Hypothesis 1), grazed individuals will shift their morphology
strongly toward grazer-induced conditions. In this scenario, grazed phe-
notypes (open symbols, dotted lines) would depart markedly from the
non-grazed phenotypes of the same genotype and instead resemble the
grazed phenotypes of other genotypes, converging on grazer-induced
forms. If, despite modularity, plasticity is constrained (Hypothesis 2),
morphological changes would still occur yet remain aligned with the
trajectory defined by the genotype's inherent morphology rather than
converging across genotypes.

2 | Materials and Methods
2.1 | Experimental Setup

The data for this study were derived from a time-series experi-
mentinitially designed to investigate the effects of invertebrate
grazing on mycelial foraging (Crowther et al. 2011). The data
set includes isolates from four species of wood-decomposing
fungi: Phallus impudicus, Phanerochaete velutina, Hypholoma
fasiculare, and Resinicium bicolor that were originally iso-
lated from woodlands in the southern UK and are maintained
in the Cardiff culture collection (Boddy 1999). During for-
aging, these four species form hyphal aggregates—termed
cords—which can be several mm thick and centimetres long
(Boddy 1999; Fricker, Luke, et al. 2017; Fricker, Bebber, and
Boddy; Fricker et al. 2008) that can be tracked without a mi-
croscope, facilitating image analysis (see below). Differences
in morphology arise by changing the rates of cord extension,
thickening, branching and fusion of the cords.

Briefly, for each species, 30 clones were grown in microcosms
in the lab. Each microcosm consisted of a beech wood block
(20x20x10mm), previously colonised by the fungi, which
served as the sole carbon source. These blocks were placed on
compressed woodland soil within lidded trays (25x25cm) and
incubated at 18°C. Fungi were allowed to grow and forage from
the wood blocks for 8-12days, until at least half of the mycelial
networks reached a diameter of 160-200mm (see Supporting
Information for detailed imaging settings). Five clones per spe-
cies (i.e., replicates) were then exposed to five grazing treat-
ments, along with a set that was maintained grazer-free that

served as a control: collembola (Folsomia candida), millipedes
(Blaniulus guttulatus), woodlice spl (Oniscus asellus), woodlice
sp2 (Porcellio scaber), nematode (Panagrellus redivivus) and a
grazer-free control.

To monitor mycelial development over time, images were cap-
tured immediately before the addition of grazers, and then after
2,4, 8, 16, and 32days. Here we restrict analysis up to the 8-day
time point to ensure the network architecture was not perturbed
by physical constraints as some species reached the edge of the
soil tray dish beyond this day. Images were captured with pixel
sizes ranging from 80 to 155 pm.

2.2 | Quantitation of Mycelial Network
Architecture

We used a set of image processing algorithms to extract the
mycelial morphology/architecture from photographs as de-
scribed in Aguilar-Trigueros et al. (2022). Briefly, each picture
was loaded into a graphical user interface (GUI, Figure S1)
and processed through a standard pipeline that included
background correction, network enhancement, segmentation,
skeletonization, width estimation and network graph repre-
sentation using protocols optimised across a range of biologi-
cal network systems (Fricker, Luke, et al. 2017; Fricker, Akita,
et al. 2017; Obara et al. 2012; Pain et al. 2019; Xu et al. 2021).
The output of this pipeline is a network graph representation
of the mycelia where the tips, cord branching and cord fusion
events are nodes whilst the cords themselves form ‘edges’ con-
necting the nodes (Figure S1). The length and width of each
edge were automatically measured, whilst the (x, y) position
and branching angle were recorded for each node. It was not
possible to resolve edges within the inoculum, so these are
represented as strong connections between each incident
edge on the resource and a central node (termed the ‘Root’
of the network). This information was exported in two tables
as .csv and .xlIsx files containing the cord (edge) information
and the tips, branching and fusion points (node) information.
The node and edge tables from the image processing pipeline
were imported into R (using the read_excel function from the
readx] package; Wickham et al. 2019) and used to construct
a spatially explicit transport network embedded in 2D space
given by the Euclidean coordinates of the nodes using the ig-
raph package in R (Csardi and Nepusz 2006) (Figure 2).

2.3 | Traits Used to Define Mycelial Network
Morphology

Network morphology was measured using a set of 21 network
traits that reflect the overall colony morphology, network het-
erogeneity, space filling and connectivity, predicted transport
and predicted robustness to damage of the network (Table S1).
We adopted this multivariate trait approach because myce-
lium morphology is a complex phenotype that cannot be cap-
tured by a single trait (such as body size or aspect ratios used
in animals). To isolate the plastic response of network traits to
grazers—rather than the effects of grazers directly consuming
the mycelium—we implemented two approaches. First, we nor-
malised trait values relative to those of the network's Minimum
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Hypholoma vesiculare

Phallus impudicus

Mycelium in soil

Network graph

Phanerochaete velutina Resinicium bicolor

FIGURE 2 | Translating cord-forming fungi into a weighted transport network. Top row: Photographs of mycelia of the four fungal species used

in this study. Mycelia have grown from 22 x1cm beech wood blocks, over the surface of compressed woodland soil (water potential —0.012 MPa)

in 24X 24 cm trays, incubated at 21°C. Bottom row: Network graphs overlaid on black-and-white images of the mycelia, generated using an image-

processing algorithm that skeletonized the cords and measured cord width. Cords are represented as network edges (also called links); and tips,

branching points, and fusion points (anastomoses) are represented as nodes (also called vertices). Cord width is visualised with colour: Green for

thick cords, blue for thin cords. For visualisation, the inoculum is represented as multiple linear edges in yellow, but these were not included in the

analysis.

Spanning Tree (MST). In our mycelial networks, the MST rep-
resents a tree-like subset with only one possible path connecting
any two nodes. It consists of the cords with the lowest predicted
transport resistance between the wood block (inoculum) and
the foraging tips at the colony front and thus represents the pri-
mary transport routes of the network. Since predicted transport
resistance scales to the inverse of cord width (Bebber et al. 2007;
Fricker et al. 2007), the thickest cords of the network are pri-
oritised in the identification of the MST. Cords not part of the
MST were classified as secondary routes that contribute to the
cross-linking of the network. By normalising to the MST, we fo-
cused on relative deviations in morphology, rather than absolute
values—capturing whether grazers shifted the network toward
or away from the MST morphology. Second, we restricted trait
measurements to the portion of the mycelium that is attached
to the wood block. This approach ensured that only the myce-
lium that has access to resources that assist foraging and mor-
phological development was analysed, excluding any mycelial
fragments that had been detached due to direct consumption of
the grazer.

2.4 | Phenotypic Trajectory Analysis to Measure
Morphological Developmental Plasticity

Phenotypic trajectory analysis relies on the use of multivariate
ordination methods to summarise the change through time in
phenotypes across multiple traits combined using ANOVA-like
frameworks for statistical testing (Adams and Collyer 2009;
Behm and Kiers 2014). In this study, we used three types

of permutational multivariate analyses of variance models
(PERMANOVA) to determine the level of grazer-induced plas-
ticity across the fungal species using the 22 metrics. In all the
models, we controlled for initial differences in inoculum growth
at the start of the experiment by using the first two axes from a
principal component analysis (PCA) of traits at time 1 (i.e., im-
mediately before the addition of the grazers) as a covariate in the
PERMANOVA.

In the first and more general model, we tested whether induced
changes in the development of the morphology (plasticity) con-
verge to a common grazing-resistant phenotype across all four
species (Hypothesis 1, extreme plasticity) or whether the plastic
response remained constrained close to the trajectories of the
non-grazed phenotype per species. In this model, time, fungal
species identity, and grazer type were used as fixed factors and
PC1 and PC2 of the traits were used at the start of the experiment
to control for initial conditions (see Table 1 for the full formula
used in this model). If fungal species converge to a common phe-
notype, we expect to detect a strong (and significant) main effect
of grazer together with an interaction between grazer and time.
That is, a strong interaction grazer X time suggests more devi-
ation in the development of the morphology of grazer-exposed
clones compared to the grazer-free clones, while a strong main
grazer effect suggests similarity in the morphology of the grazed
phenotype.

In the second model, we determined which grazers induced
a common phenotype at the end of the experiment. We ran
five PERMANOVA models (i.e., one for each grazer) where the
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TABLE 1 | PERMANOVA results with effect sizes for the first PERMANOVA model that included fungal species, grazer identity and

developmental time.

Source df Variance F R? Pr(> F)
Species 3 8.5397 208.4704 0.4314 <0.001
Grazer 5 0.5294 7.7541 0.0267 <0.001
Day 1 0.8777 64.2807 0.0443 <0.001
Species:day 3 1.1389 27.8028 0.0575 <0.001
Species:grazer 15 1.2921 6.3084 0.0653 <0.001
Grazer:day 5 0.1542 2.2581 0.0078 <0.001
Species:grazer:day 15 0.5309 2.5923 0.0268 <0.001
Residual 493 6.7317

Note: The variation in the initial condition for each colony was corrected using PC1 and PC2 coordinates for day 1 as covariates.

morphological traits of all four fungal species were used as
response variables while the only fixed factor was the grazer
treatment with two levels (presence or absence). Convergence
would be shown by a significant, large effect size of grazer
identity. To further visualise and validate the output of these
models, we tested whether the grazers increased the simi-
larities among fungal species compared to the control. This
test was done by measuring the distances between each fun-
gal species, across the respective grazer treatments, to their
multivariate mean (centroids) followed by a permutation-
based test for multivariate homogeneity of group dispersions
(implemented with the function betadisper from the package
vegan in R). If grazers change the similarities of the morpho-
logical phenotypes of the four genotypes it would be shown as
a strong and significant reduction in the distances between
each species and their respective centroids.

The third model tested which fungal species had the most
plastic response to grazers. To do so, we ran PERMANOVA
models for each fungal species. Thus, this test measured
the extent of developmental plasticity of fungal species irre-
spective of convergence to a common phenotype. Finally, for
the fungal species showing the largest plastic responses, we
performed a last series of models with each of their grazers
separately to further identify which trait drove the plastic
responses.

In all PERMANOVA models, we used a forward model se-
lection approach to determine which fixed factors should be
retained. We used principal component analysis (PCA) to vi-
sualise the changes in the phenotype through time. Analysis
of the distances to each centroid was done using Euclidean
distances. Effect sizes were measured as the proportion of
explained variance of the fixed factors. PERMANOVA, PCA,
analysis of distances to centroids, model selection and effect
sizes were determined using functions from the vegan pack-
age (Oksanen et al. 2007). All statistical analyses were con-
ducted in R (R Core Team 2013). Code and data used in this
study are found in GitHub and Zenodo repositories: https://
github.com/aguilart/FungalGrazers and https://doi.org/10.
5281/zenodo.1493195.

3 | Results

3.1 | Fungal Morphology Showed Limited
Plasticity to Fungal Grazers

Species identity had the strongest effect, explaining up to 90%
of the variation in morphology across all treatments and time
points using model 1 (Figure 3). There were significant effects
of grazer identity and an interaction with time, but neither effect
was larger than 5% of the total variation (Table 1).

In the second set of models, whose focus was on the effect of
each grazer separately, there was no support for convergence
to a common phenotype; instead there was a significant effect
for increasing dispersion among genotypes in grazer-induced
morphology (except with collembola for which the effect was
not significant) (Figure S2). Effect size varied from 5% to 10%
and was strongest for woodlice spl (O. asellus), followed by
millipede, woodlice sp2 (P. scaber) and nematode treatment.
Taken together, these results show that grazer-induced plas-
ticity was detectable across fungal species, but it was con-
strained within the trajectory of each genotype and that
instead of converging to a common phenotype it increased the
dissimilarity of the phenotypes.

3.2 | Trajectories of Grazer-Induced Plasticity
Differed in Magnitude and Direction Among Fungal
Species

There was large variation in the level of plasticity among the
fungal species tested across the grazers (Figure 4). R. bicolor
exhibited the highest morphological plasticity in response to
grazers, with up to 30% of the variation in morphology altered
in response to grazing (p <0.01), particularly in response to the
two woodlice species (Figure 4). In both cases, RDA plots re-
vealed clear separation between grazed and ungrazed genotypes
of this species (Figure S3). Multiple traits contributed to this di-
vergence—indicating a broadly distributed response rather than
dominance by a single or few traits (Figure 5). Among the two
woodlice treatments, woodlouse 1 (Oniscus) had the stronger
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FIGURE 3 | Principal component analysis (PCA) showing the temporal development of mycelial morphology in four fungal species. Over time,
species- and genotype-specific morphological trajectories became increasingly distinct. Although the presence of grazers altered these trajectories,

the resulting phenotypes remained constrained within the morphological space characteristic of each genotype (indicated by ellipses).

effect. While overall colony shape did not change when exposed
to this grazer, there was a change in cord morphology shifting to
shorter, thinner cords with straighter branching angles. A more
prominent change was the increase in cord density, although
loop density was unaffected. Despite these structural changes,
the predicted transport dynamics remained stable, and robust-
ness even improved in this treatment, particularly against ran-
dom attacks or targeted attacks on main cords.

Colonies exposed to woodlice sp2 (Porcellio) became more circu-
lar and exhibited similar changes in cord morphology—that is,
they had shorter and thinner cords with straight branching an-
gles. Cord heterogeneity also shifted: cord lengths became more
homogenous (less skewed distribution compared to non-grazed
ones), while width distribution became more uneven, suggest-
ing the emergence of a few dominant thick cords. In this treat-
ment, the number of loops decreased while density remained
stable. These changes were associated with reduced predicted
transport efficiency, especially for multidirectional transport,
and increased variability in robustness to random attacks.
Importantly, robustness to attacks on thick cords declined, indi-
cating these few thick cords were critical for network connectiv-
ity and vulnerable to disruption.

H. fasiculare showed the second-highest response with ca. 20%
(p<0.05) of morphological variation explained by the pres-
ence of the grazer (Figure 4). This effect was primarily driven
by exposure to millipedes with up to 23% explained variation
attributed to this grazer. In this case, only a subset of traits
shifted, including the development of a more irregular colony
shape and a marked decrease in loop number. These structural
changes were associated with a reduction in predicted trans-
port efficiency and a sharp increase in the heterogeneity of
main transport cords. However, predicted robustness remained
largely unaffected, with only a slight increase in robustness to
attacks on thin cords. Responses to woodlice sp2 (Porcellio) and
nematodes were weaker (with around 9% of explained variation
attributed to the presence of these grazers; Figure 5) and more
variable across replicates, as reflected in less consistent RDA
separation (Figure S3).

P. velutina and P. impudicus exhibited the lowest morphologi-
cal plasticity, with only 17% and 13% of trait variation attributed
to grazer effects, respectively (Figure 4). Although these effects
were statistically significant, RDA plots showed inconsistent
separation between treatment groups (Figure S3), suggesting
limited and variable responses across replicates.
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FIGURE4 | Species-specific trajectories of mycelial morphological development over time and deviations caused by grazer presence. The greatest

grazer-induced deviation was in R. bicolor, where grazers explained 30% of the variation in morphology through time, followed by H. fasciculare, P.
velutina, and P. impudicus. Trajectories of grazer-induced morphologies that differ by more than twice the joint standard error from the non-grazed

phenotypes are colour-coded to highlight these contrasts.

4 | Discussion

We tested whether grazing pressure would induce convergence
toward a common mycelial phenotype, or alternatively, whether
plastic responses would remain constrained within the morpho-
logical trajectories of non-grazed genotypes. Our results support
thelatter: although grazing altered mycelial morphology in some
species, these effects were modest, and genotypes consistently
retained their characteristic morphology across all treatments.
Moreover, the morphological changes induced by the grazers led
to increased dissimilarities among grazed genotypes rather than
convergence to a particular grazing-resistant phenotype. These
results suggest that the mycelial morphology has more limited

flexibility to reconfigure itself and that morphological plasticity
likely plays a minor role in dealing with grazing pressure.

4.1 | Strong Species Differences Suggest Limits in
Morphological Plasticity

Although some species showed notable grazer-induced plas-
ticity, genotype-specific differences still dominated. Plasticity
thus appears bounded within species-specific limits. These
limits also differed among species: R. bicolor changed by
~30%, whereas P. impudicus shifted only ~10%. Low plasticity
in P. impudicus may reflect constitutive, grazing-resistant
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FIGURE 5 | Heatmap of morphological trait shifts between grazed and non-grazed genotypes at the end of the experiment for R. bicolor and H.

fasciculare. These two species showed the strongest grazer-induced deviations in morphology (see Figure 4). For each species, the grazer treatments

with the largest deviation are shown, along with the percentage of explained variation. Corresponding RDA biplots are in Figure S3.

architecture (e.g., dense cross-linking), or higher metabolic
costs of remodelling its mycelium relative to investing in
other defences (Auld et al. 2010). Metabolic costs of modify-
ing the morphology of the network may be related to differ-
ences in the anatomy and histology of the cords among species
(Thompson and Rayner 1983; Yafetto 2018; Townsend 1954).
P. impudicus has greater differentiation of anatomical regions
within the cord compared to that of other cord-forming fungi
(Eamus et al. 1985; Townsend 1954). P. velutina, also showing
relatively low plasticity in this study, has cords that are differ-
entiated internally (Thompson and Rayner 1983). In contrast
H. fasciculare, with relatively higher levels of plasticity in our
study, is reported to be on the lower end of the cord complex-
ity spectrum (Thompson and Rayner 1983). There are few
anatomical studies of the cords of R. bicolor (the species with
the most plasticity in our study), but it is a fast-growing spe-
cies (Zakaria and Boddy 2002) a life-history trait that is com-
monly associated with lower investment in resources in body
construction in other organisms (Wright et al. 2004). Thus, a
trade-off may exist between the ability to respond to grazer
pressure and increasing complexity of cords. Future studies
comparing the anatomy of the cords across species are needed
to test this hypothesis.

Weak plastic responses, like those in our study, may indicate that
organisms rely on rapid evolutionary adaptation to cope with en-
vironmental change (Vinton et al. 2022). Rapid evolution has
been documented in some fungi, for instance in plant pathogens
adapting to host immune systems (Kusch et al. 2024) and in sex-
related genes of the model species Neurospora crassa (Nygren
et al. 2012), both characterised by short generation times, fast
growth, and large populations. There have been no studies
testing the role of rapid evolution in cord-forming fungi; how-
ever, some of the life-history traits of cord-forming fungi, such
as annual sexual cycles and long-lived and large clonal phases

(Anderson et al. 2018; Kauserud et al. 2011; Thompson and
Rayner 1983), suggest restricted potential for rapid evolution.

4.2 | Low Plasticity and Lack of Convergent
Responses Suggest Weak Evolutionary Pressure
of Fungal Grazing for Induced Morphological
Plasticity

Our results indicate that soil grazers do not trigger a strong plas-
tic response in mycelial phenotypes. Even in the most responsive
species (e.g., R. bicolor), the true extent of plasticity may be lower
as the observed phenotypic variation may still be influenced by
direct grazing damage—despite our efforts to normalise for this
confounding effect. In addition, although we used an 8-day cut-
off for recording changes in mycelia due to size constraints, our
results are congruent with the small differences in cord density
documented between grazed and non-grazed individuals of P.
velutina after 208 days in larger 0.5x0.5m trays of soil (Boddy
et al. 2010; Wood et al. 2006). Together, these results suggest
that morphological plasticity plays a limited role in how fungi
respond to grazing and do not support the idea that grazing ex-
erts strong evolutionary pressure for adaptive morphological
traits. It could be that optimising morphology for one grazer may
reduce adaptability to others and, even if an optimal phenotype
exists, fungi may spend extended periods in suboptimal, tran-
sitional forms—indicative of weak or diffuse selection (Einum
and Burton 2023). Grazing, however, could still induce plasticity
in non-morphological traits, such as physiological or biochem-
ical changes—so-called ‘hidden plasticity’ (Forsman 2015),
such as chemical defences that reduce palatability or increase
toxicity to grazers (Connolly et al. 1999). This is a strategy well
documented in plants (Fernindez De Bobadilla et al. 2022)
which could occur in fungi (Lee et al. 2020; Plaza et al. 2016;
Schmieder et al. 2019).
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4.3 | Implications of Plasticity Limits in
Trait-Based Fungal Ecology

The pronounced interspecific differences but limited plasticity
in mycelium morphology suggest that morphological traits
can serve as functional traits for linking community composi-
tion to ecosystem processes (Mcgill et al. 2006). When a trait
changes drastically across environments without affecting
species function, it becomes an unreliable proxy for ecological
role. Traits with lower plasticity are therefore preferred for in-
ferring and predicting species distributions and ecosystem func-
tioning along environmental gradients (Franklin et al. 2020;
HilleRisLambers et al. 2012). In fungi, mycelial traits may thus
help predict how shifts in community composition under envi-
ronmental change affect ecosystem processes such as carbon
cycling (Dawson et al. 2024). Cord-forming fungi, for instance,
play a key role in ligno-cellulose decomposition, and morpho-
logical traits may influence decomposition efficiency, thereby
affecting carbon budgets.

Grazer-induced plasticity, though, may not reflect the full po-
tential for morphological responses to other environmental fac-
tors. For example, considerable variation among replicates of the
same genotype was present at the experiment's start (Figure S4),
likely due to differences in early growth, resource quality, or
wood block colonisation. Thus, while plasticity to grazers ap-
pears limited, other cues such as resource heterogeneity may
trigger stronger morphological responses. These findings war-
rant further exploration of the predictable relationships between
mycelial morphology, environmental conditions, and ecosystem
functions.

4.4 | Implications of Using Fungi as Model
Systems for Studying the Ecology and Evolution
of Plasticity

This study highlights cord-forming fungi as a tractable and un-
derutilised model for investigating plastic responses to grazing
in modular organisms. Their rapid growth and compatibility
with laboratory conditions make them well suited for exploring
the extent, nature and mechanisms of morphological plasticity.
Future experiments using split-compartment designs—where
grazers interact with only part of the mycelium while traits are
measured in grazer-free zones—could help determine whether
plasticity is systemic across the network, even in ungrazed
areas. Such designs, which have previously been used in these
types of soil microcosms (A'Bear et al. 2013), would also allow
clearer separation of plastic responses from direct consump-
tion effects which could not be completely disentangled in our
study. Likewise, legacy-type experiments, in which phenotypes
are assessed after grazer removal or in a subsequent generation
of the clone (e.g., Fukasawa et al. 2020), could help reveal the
persistence and underlying mechanisms of the response, includ-
ing potential epigenetic effects. Together, these complementary
approaches would extend our framework and advance under-
standing of plasticity in modular systems.

Moving beyond cord-forming fungi, it remains to be tested
whether fungi that did not evolve the capacity to aggregate

hyphae exhibit the expected extreme plasticity attributed to
fungi (Klein and Paschke 2004; Slepecky and Starmer 2009).
Given that phenotypic plasticity tends to evolve in highly vari-
able environments (Lande 2009), fungi inhabiting soils—among
the most heterogeneous habitats—would be expected to show
strong selective pressures for high morphological plasticity.
Evolutionary models suggest that filamentous growth forms,
which are particularly advantageous in spatially heteroge-
neous environments like soils, would not have evolved in more
homogeneous aquatic habitats (Heaton et al. 2020). This par-
allels findings in ectotherms, where greater plasticity is ob-
served in terrestrial species compared to aquatic ones, likely
due to higher environmental variability on land (Einum and
Burton 2023). However, our results suggest limited plasticity in
cord-forming fungi, a phenotype that has evolved repeatedly in
the Basidiomycota (Monk 2014). Such a complex and energeti-
cally costly phenotype may have evolved to optimise efficiency
in specific ecological roles. This specialisation could limit the
need for extensive morphological plasticity.

Our study underscores the importance of understanding plas-
ticity in modular organisms. For fungi, our results suggest that,
despite the flexibility inherent to this body type, mycelial mor-
phology may be more constrained across species than often as-
sumed. Confirming this pattern across a broader range of species
and environments would establish mycelial morphology as a
functional trait for predicting species responses to environmental
change—providing a much-needed tool for the emerging field of
trait-based fungal ecology. On a more fundamental level, fungi
offer an ideal system to investigate the mechanics of modularity
itself. Plasticity in modular organisms operates at two distinct lev-
els—the individual module and the collective organism—raising
critical questions: How are these levels coordinated to produce an
effective environmental response, and how does selection act upon
each? Given that modularity is a convergent trait across the Tree
of Life, addressing these questions in fungi promises foundational
insights into the evolution of all modular organisms.

Author Contributions

C.A.A.-T. and M.D.F. conceived the paper. L.B. supervised the orig-
inal experiment and provided images of the mycelial systems, meta-
data and ecological insight. M.D.F. performed the image analysis;
C.A.A.-T. did the statistical analysis. C.A.A.-T. wrote the first version
of the manuscript. All coauthors contributed to writing the final ver-
sion of the manuscript.

Acknowledgements

C.A.A.T. is funded by an Academy Research Fellowship from the
Research Council of Finland (RCF 356191), a Feodor-Lynnen Fellowship
by the Alexander von Humboldt Foundation and a Synosys visiting
grant. M.D.F. acknowledges funding from the Leverhulme Trust (RPG-
2015-437) and the OxBer partnership fund. We thank Thomas Crowther
and T. Hefin Jones for granting us the use of mycelial images obtained
in previous work. We thank undergraduate students Jonathan Heale,
Geoffrey Liddell, Elizabeth McGowan and Freya Way at the University of
Oxford for helping in the development of the image processing pipeline.

Conflicts of Interest

The authors declare no conflicts of interest.

Ecology Letters, 2025

9o0f12

B5UBY17 SUOWWOD 3ANERID d|cealdde ayp Aq pausenob a.e 3o 1e YO (38N JO S3INJ 10} ARIq1T BUIIUO A3]1/M UO (SUOIPUOD-PUR-SLULIBILIY™AB|IM A1 1 PUTIUO//SONY) SUORIPUOD PUe SWIB L U3 39S *[G202Z/2T/60] Uo ARIqIT BUlUO AB]1M B0UB|[BIXT 918D PUB U} IESH 10} 1miisu| UOIEN ‘IOIN AQ 1820 3R/TTTT OT/I0p/wod A 1M ARiqiiputjuo//sdiy wolj papeojumod ‘2T ‘5e0z ‘8rZ0T9vT



Data Availability Statement

All data and code used in this study is openly available in a GitHub
and Zenodo repository: https://github.com/aguilart/FungalGrazers and
https://doi.org/10.5281/zenodo0.14931953.

Peer Review

The peer review history for this article is available at https://www.webof
science.com/api/gateway/wos/peer-review/10.1111/ele.70281.

Acknowledgements

Open access publishing facilitated by Jyvaskylan yliopisto, as part of the
Wiley - FinELib agreement.

References

A'Bear, A. D., T. W. Crowther, R. Ashfield, et al. 2013. “Localised
Invertebrate Grazing Moderates the Effect of Warming on Competitive
Fungal Interactions.” Fungal Ecology 6: 137-140.

Adams, D. C., and M. L. Collyer. 2009. “A General Framework for the
Analysis of Phenotypic Trajectories in Evolutionary Studies.” Evolution
63:1143-1154.

Aguilar-Trigueros, C. A., L. Boddy, M. C. Rillig, and M. D. Fricker.
2022. “Network Traits Predict Ecological Strategies in Fungi.” ISME
Communications 2: 2.

Alster, C. J., S. D. Allison, N. G. Johnson, S. I. Glassman, and K. K.
Treseder. 2021. “Phenotypic Plasticity of Fungal Traits in Response to
Moisture and Temperature.” ISME Communications 1: 43.

Anderson, J. B, J. N. Bruhn, D. Kasimer, H. Wang, N. Rodrigue,
and M. L. Smith. 2018. “Clonal Evolution and Genome Stability in a
2500-Year-Old Fungal Individual.” Proceedings of the Royal Society B:
Biological Sciences 285: 20182233.

Anthony, M. A., S. F. Bender, and M. G. A. Van Der Heijden. 2023.
“Enumerating Soil Biodiversity.” Proceedings of the National Academy
of Sciences of the United States of America 120: e2304663120.

Auld, J. R., A. A. Agrawal, and R. A. Relyea. 2010. “Re-Evaluating the
Costs and Limits of Adaptive Phenotypic Plasticity.” Proceedings of the
Royal Society B 277: 503-511.

Auld, J. R., and R. A. Relyea. 2011. “Adaptive Plasticity in Predator-
Induced Defenses in a Common Freshwater Snail: Altered Selection
and Mode of Predation due to Prey Phenotype.” Evolutionary Ecology
25:189-202.

Bebber, D. P., J. Hynes, P. R. Darrah, L. Boddy, and M. D. Fricker. 2007.
“Biological Solutions to Transport Network Design.” Proceedings of the
Royal Society B 274: 2307-2315.

Behm, J. E., and E. T. Kiers. 2014. “A Phenotypic Plasticity Framework
for Assessing Intraspecific Variation in Arbuscular Mycorrhizal Fungal
Traits.” Journal of Ecology 102: 315-327.

Bielcik, M., C. A. Aguilar-Trigueros, M. Lakovic, F. Jeltsch, and M.
C. Rillig. 2019. “The Role of Active Movement in Fungal Ecology and
Community Assembly.” Movement Ecology 7: 36.

Boddy, L. 1999. “Saprotrophic Cord-Forming Fungi: Meeting the
Challenge of Heterogeneous Environments.” Mycologia 91: 13-32.

Boddy, L., and T. H. Jones. 2007. “Mycelial Responses in Heterogeneous
Environments: Parallels With Macroorganisms.” Fungi in the
Environment 25: 112-158.

Boddy, L., J. Wood, E. Redman, J. Hynes, and M. D. Fricker. 2010.
“Fungal Network Responses to Grazing.” Fungal Genetics and Biology
47: 522-530.

Boyce, K. J., and A. Andrianopoulos. 2015. “Fungal Dimorphism:
The Switch From Hyphae to Yeast Is a Specialized Morphogenetic

Adaptation Allowing Colonization of a Host.” FEMS Microbiology
Reviews 39: 797-811.

Coleine, C.,J. E. Stajich, and L. Selbmann. 2022. “Fungi Are Key Players
in Extreme Ecosystems.” Trends in Ecology & Evolution 37: 517-528.

Connolly, J. H., W. C. Shortle, and J. Jellison. 1999. “Translocation and
Incorporation of Strontium Carbonate Derived Into Calcium Oxalate
Crystals by the Wood Decay Fungus Resinicium bicolor” Canadian
Journal of Botany 77, no. 1: 179-187.

Crowther, T. W., L. Boddy, and T. Hefin Jones. 2012. “Functional and
Ecological Consequences of Saprotrophic Fungus—Grazer Interactions.”
ISME Journal 6: 1992-2001.

Crowther, T. W., L. Boddy, and T. H. Jones. 2011. “Species-Specific
Effects of Soil Fauna on Fungal Foraging and Decomposition.”
Oecologia 167: 535-545.

Csardi, G., and T. Nepusz. 2006. “The Igraph Software Package for
Complex Network Research.” InterJournal, Complex Systems 1695: 1-9.

Dadachova, E., and A. Casadevall. 2008. “Ionizing Radiation: How
Fungi Cope, Adapt, and Exploit With the Help of Melanin.” Current
Opinion in Microbiology 11: 525-531.

Dawson, S. K., H. Berglund, O. Ovaskainen, et al. 2024. “Fungal Trait-
Environment Relationships in Wood-Inhabiting Communities of Boreal
Forest Patches.” Functional Ecology 38: 1944-1958.

De Kroon, H., H. Huber, J. F. Stuefer, and J. M. Van Groenendael. 2005.
“A Modular Concept of Phenotypic Plasticity in Plants.” New Phytologist
166: 73-82.

Dorey, T., and F. P. Schiestl. 2022. “Plant Phenotypic Plasticity Changes
Pollinator-Mediated Selection.” Evolution 76: 2930-2944.

Eamus, D., W. Thompson, J. W. G. Cairney, and D. H. Jennings. 1985.
“Internal Structure and Hydraulic Conductivity of Basidiomycete
Translocating Organs.” Journal of Experimental Botany 36: 1110-1116.

Einum, S., and T. Burton. 2023. “Divergence in Rates of Phenotypic
Plasticity Among Ectotherms.” Ecology Letters 26: 147-156.

Ferniandez De Bobadilla, M., A. Vitiello, M. Erb, and E. H. Poelman.
2022. “Plant Defense Strategies Against Attack by Multiple Herbivores.”
Trends in Plant Science 27: 528-535.

Flenner, I., K. Olne, F. Suhling, and G. Sahlén. 2009. “Predator-Induced
Spine Length and Exocuticle Thickness in Leucorrhinia dubia (Insecta:
Odonata): A Simple Physiological Trade-Off?” Ecological Entomology
34:735-740.

Forsman, A. 2015. “Rethinking Phenotypic Plasticity and Its
Consequences for Individuals, Populations and Species.” Heredity 115:
276-284.

Franklin, O., S. P. Harrison, R. Dewar, et al. 2020. “Organizing
Principles for Vegetation Dynamics.” Nature Plants 6: 444-453.

Fricker, H., L. M. Luke, N. S. Jones, and L. Boddy. 2017. “The Mycelium
as a Network.” Microbiology Spectrum 5. https://doi.org/10.1128/micro
biolspec.funk-0033-2017.

Fricker, M., L. Boddy, and D. Bebber. 2007. “Network Organisation of
Mycelial Fungi.” In Biology of the Fungal Cell, the Mycota, edited by R. J.
Howard and N. A. R. Gow, 309-330. Springer Berlin Heidelberg.

Fricker, M. D., D. Akita, L. L. M. Heaton, N. Jones, B. Obara, and T.
Nakagaki. 2017. “Automated Analysis of Physarum Network Structure
and Dynamics.” Journal of Physics D: Applied Physics 50: 254005.

Fricker, M. D., D. Bebber, and L. Boddy. 2008. “Mycelial Networks:
Structure and Dynamics.” In Ecology of Saprotrophic Basidiomycetes.
Academic Press.

Fukasawa, Y., and K. Ishii. 2023. “Foraging Strategies of Fungal
Mycelial Networks: Responses to Quantity and Distance of New
Resources.” Frontiers in Cell and Developmental Biology 11: 1244673.

10 of 12

Ecology Letters, 2025

B5UBY17 SUOWWOD 3ANERID d|cealdde ayp Aq pausenob a.e 3o 1e YO (38N JO S3INJ 10} ARIq1T BUIIUO A3]1/M UO (SUOIPUOD-PUR-SLULIBILIY™AB|IM A1 1 PUTIUO//SONY) SUORIPUOD PUe SWIB L U3 39S *[G202Z/2T/60] Uo ARIqIT BUlUO AB]1M B0UB|[BIXT 918D PUB U} IESH 10} 1miisu| UOIEN ‘IOIN AQ 1820 3R/TTTT OT/I0p/wod A 1M ARiqiiputjuo//sdiy wolj papeojumod ‘2T ‘5e0z ‘8rZ0T9vT


https://github.com/aguilart/FungalGrazers
https://doi.org/10.5281/zenodo.14931953
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70281
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70281
https://doi.org/10.1128/microbiolspec.funk-0033-2017
https://doi.org/10.1128/microbiolspec.funk-0033-2017

Fukasawa, Y., M. Savoury, and L. Boddy. 2020. “Ecological Memory
and Relocation Decisions in Fungal Mycelial Networks: Responses to
Quantity and Location of New Resources.” ISME Journal 14: 380-388.

Gauthier, G. M. 2015. “Dimorphism in Fungal Pathogens of Mammals,
Plants, and Insects.” PLoS Pathogens 11: e1004608.

Gilbert, J. J. 2013. “The Cost of Predator-Induced Morphological
Defense in Rotifers: Experimental Studies and Synthesis.” Journal of
Plankton Research 35: 461-472.

Gomulkiewicz, R., and J. R. Stinchcombe. 2022. “Phenotypic Plasticity
Made Simple, but Not Too Simple.” American Journal of Botany 109:
1519-1524.

Heaton, L. L. M., N. S. Jones, and M. D. Fricker. 2020. “A Mechanistic
Explanation of the Transition to Simple Multicellularity in Fungi.”
Nature Communications 11: 2594.

HilleRisLambers, J., P. B. Adler, W. S. Harpole, J. M. Levine, and M.
M. Mayfield. 2012. “Rethinking Community Assembly Through the
Lens of Coexistence Theory.” Annual Review of Ecology, Evolution, and
Systematics 43: 227-248.

Hoverman, J. T., and R. A. Relyea. 2007. “How Flexible Is Phenotypic
Plasticity? Developmental Windows for Trait Induction and Reversal.”
Ecology 88: 693-705.

Kauserud, H., E. Heegaard, R. Halvorsen, L. Boddy, K. Heiland, and
N. C. Stenseth. 2011. “Mushroom’s Spore Size and Time of Fruiting
Are Strongly Related: Is Moisture Important?” Biology Letters 7:
273-276.

Klein, D. A., and M. W. Paschke. 2004. “Filamentous Fungi: The
Indeterminate Lifestyle and Microbial Ecology.” Microbial Ecology 47:
224-235.

Kusch, S., J. Qian, A. Loos, F. Kiimmel, P. D. Spanu, and R. Panstruga.
2024. “Long-Term and Rapid Evolution in Powdery Mildew Fungi.”
Molecular Ecology 33: €16909.

Lande, R. 2009. “Adaptation to an Extraordinary Environment by
Evolution of Phenotypic Plasticity and Genetic Assimilation.” Journal
of Evolutionary Biology 22: 1435-1446.

Lebbink, G., A. C. Risch, M. Schuetz, and J. Firn. 2024. “How Plant
Traits Respond to and Affect Vertebrate and Invertebrate Herbivores—
Are Measurements Comparable Across Herbivore Types?” Plant, Cell &
Environment 47: 5-23.

Lee, C.-H., H.-W. Chang, C.-T. Yang, N. Wali, J.-J. Shie, and Y.-P. Hsueh.
2020. “Sensory Cilia as the Achilles Heel of Nematodes When Attacked
by Carnivorous Mushrooms.” Proceedings of the National Academy of
Sciences of the United States of America 117: 6014-6022.

Mcgill, B., B. Enquist, E. Weiher, and M. Westoby. 2006. “Rebuilding
Community Ecology From Functional Traits.” Trends in Ecology &
Evolution 21: 178-185.

Metcalfe, N. B. 2024. “How Important Is Hidden Phenotypic
Plasticity Arising From Alternative but Converging Developmental
Trajectories, and What Limits It?” Journal of Experimental Biology
227: jeb246010.

Monk, K. K. 2014. “Investigating the Ecology, Diversity and Distribution
of Cord-Forming Fungi in Great Britain.” Linacre College, University of
Oxford.

Morin, P. J. 2011. Community Ecology. 2nd ed. Wiley-Blackwell.

Murren, C. J., J. R. Auld, H. Callahan, et al. 2015. “Constraints on the
Evolution of Phenotypic Plasticity: Limits and Costs of Phenotype and
Plasticity.” Heredity 115: 293-301.

Nygren, K., A. Wallberg, N. Samils, et al. 2012. “Analyses of Expressed
Sequence Tags in Neurosporareveal Rapid Evolution of Genes
Associated With the Early Stages of Sexual Reproduction in Fungi.”
BMC Evolutionary Biology 12: 229.

Obara, B., V. Grau, and M. D. Fricker. 2012. “A Bioimage Informatics
Approach to Automatically Extract Complex Fungal Networks.”
Bioinformatics 28: 2374-2381.

Oksanen, J., R. Kindt, P. Legendre, et al. 2007. “The Vegan Package.”
Community Ecology Package, 10, 719.

Pain, C., V. Kriechbaumer, M. Kittelmann, C. Hawes, and M. Fricker.
2019. “Quantitative Analysis of Plant ER Architecture and Dynamics.”
Nature Communications 10: 984.

Pfennig, D. W. 2021. Phenotypic Plasticity & Evolution: Causes,
Consequences, Controversies. 1st ed. CRC Press.

Pigliucci, M., and G. B. Miiller. 2010. Evolution, the Extended Synthesis.
MIT Press.

Plaza, D. F,, S. S. Schmieder, A. Lipzen, E. Lindquist, and M. Kiinzler.
2016. “Identification of a Novel Nematotoxic Protein by Challenging the
Model Mushroom Coprinopsis cinerea With a Fungivorous Nematode.”
G3: Genes, Genomes, Genetics 6: 87-98.

R Core Team. 2013. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Rotheray, T. D., T. H. Jones, M. D. Fricker, and L. Boddy. 2008.
“Grazing Alters Network Architecture During Interspecific Mycelial
Interactions.” Fungal Ecology 1: 124-132.

Schmieder, S. S., C. E. Stanley, A. Rzepiela, et al. 2019. “Bidirectional
Propagation of Signals and Nutrients in Fungal Networks via Specialized
Hyphae.” Current Biology 29: 217-228.¢e4.

Schneider, H. M. 2022. “Characterization, Costs, Cues and Future
Perspectives of Phenotypic Plasticity.” Annals of Botany 130: 131-148.

Sentis, A., R. Bertram, N. Dardenne, et al. 2019. “Different Phenotypic
Plastic Responses to Predators Observed Among Aphid Lineages
Specialized on Different Host Plants.” Scientific Reports 9: 9017.

Slepecky, R. A., and W. T. Starmer. 2009. “Phenotypic Plasticity in
Fungi: A Review With Observations on Aureobasidium pullulans.”
Mycologia 101: 823-832.

Spitze, K., and T. D. Sadler. 1996. “Evolution of a Generalist Genotype:
Multivariate Analysis of the Adaptiveness of Phenotypic Plasticity.”
American Naturalist 148: S108-S123.

Sultan, S. E. 2003. “Phenotypic Plasticity in Plants: A Case Study in
Ecological Development.” Evolution and Development 5: 25-33.

Sultan, S. E. 2021. “Phenotypic Plasticity as an Intrinsic Property of
Organisms.” In Phenotypic Plasticity & Evolution, 3-24. CRC Press.

Thompson, W., and A. D. M. Rayner. 1983. “Extent, Development and
Function of Mycelial Cord Systems in Soil.” Transactions of the British
Mpycological Society 81: 333-345.

Tlalka, M., S. C. Watkinson, P. R. Darrah, and M. D. Fricker. 2002.
“Continuous Imaging of Amino-Acid Translocation in Intact Mycelia
of Phanerochaete velutina Reveals Rapid, Pulsatile Fluxes.” New
Phytologist 153: 173-184.

Tollrian, R., and C. D. Harvell. 1999. The Ecology and Evolution of
Inducible Defenses. Princeton University Press.

Tordoff, G. M., L. Boddy, and T. H. Jones. 2006. “Grazing by Folsomia
candida (Collembola) Differentially Affects Mycelial Morphology
of the Cord-Forming Basidiomycetes Hypholoma fasciculare,
Phanerochaete velutina and Resinicium bicolor.” Mycological Research
110: 335-345.

Tordoff, G. M., L. Boddy, and T. H. Jones. 2008. “Species-Specific
Impacts of Collembola Grazing on Fungal Foraging Ecology.” Soil
Biology and Biochemistry 40: 434-442.

Townsend, B. B. 1954. “Morphology and Development of Fungal
Rhizomorphs.” Transactions of the British Mycological Society 37: 222-233.

Ecology Letters, 2025

11 of 12

B5UBY17 SUOWWOD 3ANERID d|cealdde ayp Aq pausenob a.e 3o 1e YO (38N JO S3INJ 10} ARIq1T BUIIUO A3]1/M UO (SUOIPUOD-PUR-SLULIBILIY™AB|IM A1 1 PUTIUO//SONY) SUORIPUOD PUe SWIB L U3 39S *[G202Z/2T/60] Uo ARIqIT BUlUO AB]1M B0UB|[BIXT 918D PUB U} IESH 10} 1miisu| UOIEN ‘IOIN AQ 1820 3R/TTTT OT/I0p/wod A 1M ARiqiiputjuo//sdiy wolj papeojumod ‘2T ‘5e0z ‘8rZ0T9vT



Ugalde, U., and A. B. Rodriguez-Urra. 2014. “The Mycelium Blueprint:
Insights Into the Cues That Shape the Filamentous Fungal Colony.”
Applied Microbiology and Biotechnology 98: 8809-8819.

Veresoglou, S. D., D. Wang, D. R. Andrade-Linares, S. Hempel, and
M. C. Rillig. 2018. “Fungal Decision to Exploit or Explore Depends on
Growth Rate.” Microbial Ecology 75: 289-292.

Vinton, A. C., S.J. L. Gascoigne, I. Sepil, and R. Salguero-Gémez. 2022.
“Plasticity's Role in Adaptive Evolution Depends on Environmental
Change Components.” Trends in Ecology & Evolution 37: 1067-1078.

Wells, J. M., and L. Boddy. 1990. “Wood Decay, and Phosphorus and
Fungal Biomass Allocation, in Mycelial Cord Systems.” New Phytologist
116: 285-295.

Wells, J. M., M. J. Harris, and L. Boddy. 1999. “Dynamics of Mycelial
Growth and Phosphorus Partitioning in Developing Mycelial Cord
Systems of Phanerochaetevelutina: Dependence on Carbon Availability.”
New Phytologist 142: 325-334.

West-Eberhard, M. J. 1989. “Phenotypic Plasticity and the Origins of
Diversity.” Annual Review of Ecology and Systematics 20: 249-278.

Wickham, H., M. Averick, J. Bryan, et al. 2019. “Welcome to the
Tidyverse.” Journal of Open Source Software 4: 1686.

Wood, J., G. M. Tordoff, T. H. Jones, and L. Boddy. 2006. “Reorganization
of Mycelial Networks of Phanerochaete velutina in Response to New
Woody Resources and Collembola (Folsomia candida) Grazing.”
Mycological Research 110: 985-993.

Wright, I. J., P. B. Reich, M. Westoby, et al. 2004. “The Worldwide Leaf
Economics Spectrum.” Nature 428: 821-827.

Xu, H., B. Blonder, M. Jodra, Y. Malhi, and M. Fricker. 2021. “Automated
and Accurate Segmentation of Leaf Venation Networks via Deep
Learning.” New Phytologist 229: 631-648.

Yafetto, L. 2018. “The Structure of Mycelial Cords and Rhizomorphs of
Fungi: A Minireview.” Mycosphere 9: 984-998.

Yin, X., W.Jin, Y. Zhou, P. Wang, and W. Zhao. 2017. “Hidden Defensive
Morphology in Rotifers: Benefits, Costs, and Fitness Consequences.”
Scientific Reports 7: 4488.

Zakaria, A. J., and L. Boddy. 2002. “Mycelial Foraging by Resinicium
bicolor: Interactive Effects of Resource Quantity, Quality and Soil
Composition.” FEMS Microbiology Ecology 40: 135-142.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: ele70281-sup-0001-DataS1.
docx.

12 of 12

Ecology Letters, 2025

B5UBY17 SUOWWOD 3ANERID d|cealdde ayp Aq pausenob a.e 3o 1e YO (38N JO S3INJ 10} ARIq1T BUIIUO A3]1/M UO (SUOIPUOD-PUR-SLULIBILIY™AB|IM A1 1 PUTIUO//SONY) SUORIPUOD PUe SWIB L U3 39S *[G202Z/2T/60] Uo ARIqIT BUlUO AB]1M B0UB|[BIXT 918D PUB U} IESH 10} 1miisu| UOIEN ‘IOIN AQ 1820 3R/TTTT OT/I0p/wod A 1M ARiqiiputjuo//sdiy wolj papeojumod ‘2T ‘5e0z ‘8rZ0T9vT



	Not Extremely Plastic: Testing the Limits of Morphological Plasticity in Fungal Mycelia in Response to Soil Grazers
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Experimental Setup
	2.2   |   Quantitation of Mycelial Network Architecture
	2.3   |   Traits Used to Define Mycelial Network Morphology
	2.4   |   Phenotypic Trajectory Analysis to Measure Morphological Developmental Plasticity

	3   |   Results
	3.1   |   Fungal Morphology Showed Limited Plasticity to Fungal Grazers
	3.2   |   Trajectories of Grazer-Induced Plasticity Differed in Magnitude and Direction Among Fungal Species

	4   |   Discussion
	4.1   |   Strong Species Differences Suggest Limits in Morphological Plasticity
	4.2   |   Low Plasticity and Lack of Convergent Responses Suggest Weak Evolutionary Pressure of Fungal Grazing for Induced Morphological Plasticity
	4.3   |   Implications of Plasticity Limits in Trait-Based Fungal Ecology
	4.4   |   Implications of Using Fungi as Model Systems for Studying the Ecology and Evolution of Plasticity

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	Acknowledgements
	References


