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Summary

The dependency of microbial activity on nutrient avail-
ability in soil is only partly understood, but highly rele-
vant for nutrient cycling dynamics. In order to achieve
more insight on microbial adaptations to nutrient limiting
conditions, precise physiological knowledge is needed.
Therefore, we developed an experimental system
assessing traits of 16 saprobic fungal isolates in nitrogen
(N) limited conditions. We tested the hypotheses that
(1) fungal traits are negatively affected by N deficiency to
a similar extent and (2) fungal isolates respond in a phy-
logenetically conserved fashion. Indeed, mycelial den-
sity, spore production and fungal activity (respiration and
enzymatic activity) responded similarly to limiting condi-
tions by an overall linear decrease. By contrast, mycelial
extension and hyphal elongation peaked at lowest N sup-
ply (C:N 200), causing maximal biomass production at
intermediate N contents. Optimal N supply rates differed
among isolates, but only the extent of growth reduction
was phylogenetically conserved. In conclusion, growth
responses appeared as a switch from explorative growth
in low nutrient conditions to exploitative growth in
nutrient-rich patches, as also supported by responses to
phosphorus and carbon limitations. This detailed trait-
based pattern will not only improve fungal growth
models, but also may facilitate interpretations of micro-
bial responses observed in field studies.

Introduction

The fungal lifestyle of exploration and invasion by myce-
lial growth is unique and extraordinarily successful

(Moore et al., 2011; Fricker et al., 2017). In the heteroge-
neous environment of soil, fungal hyphae of one individ-
ual encounter a heterogeneous soil matrix, connecting
patches of different composition and substrate quality
(Boddy, 1999). Fungi can translocate elements within
their mycelium, and adjust colonization intensity to the
quality of the substrate, likely allowing them to cope with
patchily distributed nutrient availability, including locally
limited elements (Ritz, 1995; Falconer et al., 2007). Nev-
ertheless, fungi require elements in physiologically
defined stoichiometric ratios (Elser et al., 1996). To
access elements in soil, fungi depend on a range of
enzymes, making them key players in soil nutrient cycles
and soil carbon (C) sequestration (Cooke and
Whipps, 1993). Together with soil bacteria, fungal activity
and element demands determine the prevalence of min-
eralization versus immobilization rates in soil, regulating
nutrient availability of plants, and thus primary productiv-
ity (Manzoni et al., 2010).

Nitrogen (N) and/or phosphorus (P) availability limits
plant growth in most natural systems (Vitousek and
Howarth, 1991; Augusto et al., 2017). Compared with the
detailed experimental evidence for plant nutrient
demands, there is still no consistent theoretical framework
for microbial nutrient limitations or responses to shifting
nutrient levels in soil (Rousk and Bengtson, 2014). This is
problematic in the context of environmental change
because microbial responses also determine ecosystem
outcomes (Hu et al., 2001; Coskun et al., 2016). While
limitations especially by N for microbial activity and bio-
mass build-up are generally assumed in theoretical
models (Hartman and Richardson, 2013), N fertilization
experiments show predominantly negative effects of N
enrichment, which only partially stem from negative side
effects, such as acidification and osmotic stress
(Treseder, 2008; Riggs and Hobbie, 2016; Averill and
Waring, 2018). In addition, microbial respiration often neg-
atively correlates with soil N contents, resulting in lower
microbial carbon-use-efficiency (CUE) in N-limited sub-
strates (Manzoni et al., 2012; Spohn and Chodak, 2015).
In parallel to high respiration rates in N deficient soils,
microbial enzymatic activity also may increase: Assuming
N is a limiting factor in soil, those counterintuitive effects
are interpreted as ‘waste respiration’ and ‘N mining’ in low
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N conditions by some authors (Schimel and
Weintraub, 2003; Craine et al., 2007).

Specifically for soil saprobic fungi, results are similarly
inconsistent. In natural environments, many substrates
exhibit much wider C:N ratios than fungi, for example,
wood or also some litter types. Thus, fungi are supposed
to compete with other organism groups for mineralized N
(Watkinson et al., 1981; McGroddy et al., 2004), since N
also constitutes an important structural component for
fungi and is necessary for their metabolic activity
(Lamour et al., 2000). Data from experiments with fungal
isolates indeed show positive effects of N availability on
fungal activity and litter decomposition (Allison
et al., 2009; Osono, 2015), while experimental nitrogen
additions to natural soil and litter communities show dis-
parate findings on decomposition rates and fungal abun-
dance (e.g. de Vries et al., 2006; Meidute et al., 2008;
Frey et al., 2014; Koranda et al., 2014). Observational
studies in soil are not only influenced by the complexity
of microbial communities and substrate heterogeneity,
but also factors shifting concurrently with N availability,
for example, substrate quality, pH or other elements
(Hättenschwiler et al., 2011). The precise effects of N
availability on fungal growth and activity will only be
understood when growth traits related to N limitation are
known in more detail, knowledge that can only be gained
in controlled laboratory experiments.

Such controlled experiments using defined growth
media have generally confirmed negative effects of N
deficiency on fungal growth; however, such experiments
are methodologically challenging. N amendments often
exceed ecologically meaningful concentrations (Itoo and
Reshi, 2014; Hoa and Wang, 2015), medium choice is
arbitrary (Maynard et al., 2017), co-varying factors like P
or C prevent direct interpretation of N effects (Paustian
and Schnürer, 1987b; Matsuura, 2002) and observed out-
comes depend on the type of traits assessed (Fransson
et al., 2007) and are often specific to few, often only one
species included in any one study (e.g. Matsuura, 2002).
Especially multidimensional trait responses are not well
understood, though recent trait-based approaches rev-
ealed species-specific differences in mycelial growth
dynamics and enzymatic capacities (Crowther
et al., 2014; Lehmann et al., 2019), which may also
depend on substrate quality. The relatively limited repre-
sentation of fungal growth responses to nutrient limitation
in the plethora of emerging growth models further illus-
trates an apparent knowledge gap. These models are
becoming increasingly sophisticated, incorporating 3D
growth of fungi in heterogeneous soil environments, tip
growth dynamics, branching and even nutrient transloca-
tion within mycelia, by that representing a powerful tool
for predicting fungal dynamics in soil (Davidson

et al., 2011). However, substrate quality is, if at all, usu-
ally only modelled for C, and even here assumptions are
not well supported by data, focusing on tip growth corre-
lations with substrate carbon supply only, due to a lack of
knowledge on physiological adaptations in fungal growth
(Boswell, 2008; Jeger et al., 2008).

We here aim to provide such detailed knowledge on
trait-based responses of saprobic fungi to nutrient limiting
conditions. To achieve this, we developed a special nutri-
ent gradient test in defined agar medium. We used it to
test for responses to decreasing N (and P) supply in sev-
eral saprobic fungal isolates, covering different phyla
within the Eumycota. Specifically, we developed a
medium based on the law of the minimum and stoichio-
metric theory. Taking into account the law of the mini-
mum is highly relevant with single species growing on
defined uniform medium (Danger et al., 2008): all ele-
ments and conditions must be provided in nonlimiting
supply to avoid masking fungal responses to deviations
in nutrient supply due to the presence of other (unknown)
limiting factors (Fig. 1A). Furthermore, we manipulated N
supply based on molar C:N ratios mimicking a realistic
range occurring in litter substrate (McGroddy
et al., 2004). Using such an experimental design, we
evaluated the responses in biomass, extension rate,
mycelial density and spore production of 16 isolates in
response to C:N of 5–200. Additionally, on a subset of
fungal isolates we determined detailed hyphal traits as
well as activity (enzymatic activity, respiration and CUE).
Using this approach, we tested the hypotheses that (i) all
fungal traits reflecting growth rate and activity are nega-
tively affected by nitrogen deficiency to a similar extent;
and (ii) fungal isolates respond to N limiting conditions in
a phylogenetically conserved fashion.

Results

Fungal biomass, density and extension rate at different
C:N supply ratios

Fungal growth clearly differed among N supply ratios and
all fungi showed responses to the N gradient in their
expression of different traits (Fig. 2), as also visually
apparent (Fig. S1). Not only biomass production, but also
hyphal extension, density as well as other traits like col-
our (visual examination) differed among treatments
(Fig. S1). When analysing response curves of different
dependent variables, biomass showed growth peaks in
the range of C:N of 100 up to 5 [on average 47.0 (27, 75)
(numbers in brackets give respective variances – see
Fig. 1B]. By contrast, extension rates usually showed a
maximum at high C:N values (i.e. low N supply), on aver-
age at a C:N of 163.5 (78, 200), whereas fungal density
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peaked at highest N levels [on average C:N of 5 (5, 14)]
(Fig. 2). Consequently, relative changes in biomass pro-
duction in most fungal isolates appeared as a trade-off
between responses in extension rate and mycelial den-
sity, since biomass peaks represented intermediate
values (Fig. 2). This trade-off was supported by two-way
correlation analyses of relative changes in biomass with
relative changes in density and extension rate: 10 out of
15 analysed isolates showed an interactive response in
biomass to density and extension rate and were defined
as growth response type A (Fig. 2). Only few isolates
showed different strategies, namely, a positive correlation
in the relative change in biomass with density, and

negative with extension rate (type B, Fig. 2) or a positive
correlation with density or extension rate alone (types C
and D, Fig. 2).

Isolate-specific responses in effect sizes of fungal
growth to increasing N supply

Effect sizes in fungal biomass and mycelial density in
response to increasing N supply ranged from 14% to
86% in biomass production, and 14% to 81% in mycelial
density for different fungal isolates tested (Fig. 3). The
effect sizes of biomass production and mycelial density
were correlated (R2 = 0.37, p < 0.01).

A B

C

Fig 1. Overview of methods applied to test for trait-based fungal responses to varying N supply. A. Conceptual framework for the develop-
ment of a growth medium to test for nitrogen (N) demands of different fungal isolates. The applied N gradient with tested molar C:N ratios is
shown, the blue bar represents the amount of N supply (dark blue: high N content; light blue: low N content). The graph depicts the concep-
tual idea to design an experimental medium providing all elements and conditions in non-limiting supply, in order to allow for fungal
responses to varying N supply according to the Law of the Minimum (modified from Tilman 1982). Grey areas indicate the extent of growth
limitation by both, N supply as well as other resources or growth conditions (light grey: strong growth limitation; dark grey: unlimited growth).
Magnitude of fungal growth response (deviations of growth in low N versus high N supply media) is illustrated by the size of red dots. B. An
exemplary response curve of fungal biomass in response to varying N supply is depicted. C:N response peaks (and according variances) are
derived by curve maxima based on generalized additive mixed effects models (gamm()) – lines indicate smoothed splines of response vari-
ables in response to differing C:N ratios, dashed lines respective 95% confidence intervals. Effect sizes were calculated based on curves
depicting the relative deviation in fungal biomass (percentage of the highest value of the analysed trait for each isolate respectively). The dif-
ference among maximum relative values at high N supply and minimum relative values in low N supply represents the effect size (magnitude
of fungal trait response, see Eq. 1); maximum and minimum deviations of respective 95% confidence intervals were analysed to obtain upper
and lower variances. Asterisk indicates that effect sizes were only calculated for the response in fungal biomass and density. C. All measured
fungal response traits are depicted, including the number of isolates and repetitions analysed. Red circles illustrate the documentation of col-
ony extension, black squares the position of microscopic pictures taken and the black triangle circle segments sampled for enzymatic ana-
lyses. For more details, see respective methods sections. [Color figure can be viewed at wileyonlinelibrary.com]
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Fungal isolates showed clear differences with respect
to the effect size of growth responses to varying N supply
(Fig. 3), differences which were phylogenetically con-
served: the phylogenetic signal expressed as Pagel’s λ

was 1.0 and 0.86 for fungal biomass and density effect
sizes respectively (Fig. 3). By contrast, growth response
peaks of different traits and observed response strategies
to limited N conditions were highly isolate specific, but
lacking a phylogenetic signal (Pagel’s λ < 0.0001; Fig. 2).

The correlation of different response traits (see Figs. 2
and 3) revealed that effect sizes in fungal biomass and
density negatively correlated with C:N peaks of extension
rates of the respective fungal isolate (R2 = 0.28, p = 0.02
and R2 = 0.76, p < 0.001), indicating that fungal strains
with increased extension rates under N-limited conditions
were less affected in terms of growth reduction.

Hyphal elongation and mycelial complexity

Detailed morphological hyphal analyses supported the
responses we observed in fungal colony growth regard-
ing extension rates versus mycelial density along differ-
ent N supply ratios. Two fungal isolates characterized by
decreasing extension rates at high N supply (RLCS11,
RLCS27; Figs. 2 and 4A) also showed significantly
decreased length of the apical compartment and the first

internode with rising N concentrations (Table S5, Fig. 4B).
In parallel to the concomitant increase in mycelial density,
mycelial complexity (Db) increased at high N conditions (-
Table S5). By contrast, two fungal isolates characterized
by a different strategy (RLCS01, RLCS28; Fig. 2),
namely, increasing mycelial extension with high N supply,
showed no linear decrease in the length of hyphal tips
and the first internode (Table S5).

Box counting dimensions (Db) as a measure of mycelial
complexity mostly reflected isolate-specific responses in
mycelial density along the N gradient (Table S5, Fig. 2).

Spore production

Only 6 out of 16 tested fungal isolates produced spores
within the given experimental period, and spore produc-
tion in three isolates was restricted to a few plates or rep-
licates (Table S6). In parallel to biomass production, the
strongly sporulating isolate RLCS01 showed an increase
in response with N supply in its overall amount of spores
produced, as well as in spores mg−1 biomass, while
RLCS18 and RLCS13 showed peaks at lower N supply
(C:N = 29–78; Table S6). When analysing the complete
data set, total spore production showed a clear linear
increase with N supply as well as the amount of spores
mg−1 fungal biomass (p < 0.001).

Fig 2. Representation of peaks in mycelial extension, biomass and density of different fungal isolates along a gradient of N supply, as well as the
overall response of all fungal isolates [including the underlying model – lines indicate smoothed splines of response variables in response to dif-
fering C:N ratios, dashed lines respective 95% confidence intervals (generalized additive mixed models gamm())]. Blue dots indicate the
response peak, the corresponding lines are variances as calculated by gamm models (Fig. 1B), colour intensity depicts N supply rates. Continu-
ous lines delineate fungal isolates with no responses for the respective trait. The intensity of background shading denotes phylogenetic affiliation
of isolates tested. Three-dimensional scatterplots illustrate the two-way linear correlations of relative changes in biomass with relative changes in
density and extension rate; shading of data points correspond to biomass values. Four response types are defined – type A comprises isolates
characterized by a significant interaction term, and positive effects of both, density and extension rate on fungal biomass; type B corresponds to
isolates with positive correlations of biomass with density and negative with extension rates; type C indicates that fungal biomass is only posi-
tively correlated with density and type D (graph not shown) only with extension rate. Letters indicate the response types for each fungal isolate.
[Color figure can be viewed at wileyonlinelibrary.com]
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Enzymatic activity

With rising N supply in tested growth media, the
biomass-specific fungal enzymatic activity was increased
for leucine-aminopeptidase (LEU; p < 0.05), acid-
phosphatase (PHO; p < 0.001) (Fig. 5A) and laccase or
cellobiohydrolase respectively (Table S7). By contrast,
glucosidase (GLU) activity did not respond (Fig. 5A).
However, when analysing the activity on a basis of cm−2

substrate, all enzymatic activities strongly increased and
peaked at a C:N ratio of 5, showing much stronger diver-
gence along the N gradient than biomass-specific
responses (p < 0.001; Fig. 5B, Table S7).

The observed responses to the applied N gradient
were isolate-specific only for LEU and GLU: RLCS01 and
RLCS27 showed increasing enzymatic activities for all
enzymes, regarding both, its activity mg−1 biomass and
cm−2 substrate (Table S7). For RLCS17 and RLCS12,
however, biomass-specific LEU activity (mg−1 biomass)
peaked at lowest N supply (P < 0.01), as well as GLU
activity in RLCS12 (p < 0.01), though the respective
activities cm−2 substrate still increased due to the parallel
gain in mycelial density (Fig. 2, Table S7). Thus, LEU
activity as an indicator of fungal N limitation was overall
not enhanced in N limited conditions, neither was the
ratio of LEU/PHO or LEU/GLU activity.

Respiratory activity and CUE

The four fungal isolates grown on 5 ml growth medium
for only 5 days to measure respiratory activity showed
similar growth responses as when grown on plates
(� 30 ml) for a longer period (Table S8, Fig. 2). In parallel

A

B

Fig 3. A,B. Effect sizes for fungal biomass (A) and density (B) in
response to increasing N supply, calculated as given in Equation 1.
Bars represent the average effect size of each fungal isolate, error
bars respective lower and upper variances (see Fig. 1B). Bar colours
emphasize effect sizes visually (grey: low effect size; dark red: high
effect size). The insert depicts the average response in fungal biomass
to N supply of all fungal isolates, as an example of effect size calcula-
tions as given by the plotted lines. The intensity of background shading
denotes phylogenetic affiliation of isolates tested. [Color figure can be
viewed at wileyonlinelibrary.com]

A

B

Fig 4. Illustration of typical fungal growth traits along the tested N gradient (see also Fig. S1). A. Pictures of mycelial growth on agar medium
(RLCS27). B. Microscopic visualization of hyphal growth and mycelial structure (RLCS11; black scale bar = 200 μm). [Color figure can be viewed
at wileyonlinelibrary.com]
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with fungal biomass and density, total CO2 respired
increased with N supply (p < 0.001; Fig. 6A, Table S8).
In addition to total CO2 respired, also CO2 mg−1 biomass
respired increased along the N gradient, resulting in
decreasing values of CUE (p 0.001; Fig. 6B, Table S8).
Although responses were similar in RLCS01, the isolate
was excluded from analyses since CO2 production
exceeded detectable values, potentially resulting in O2

limitations and biased responses in activity.

Fungal trait responses to P and C limiting conditions

Fungal morphological responses to an applied P gradient
showed trait-based patterns similar to what we observed
for N (Supporting Information Appendix S2). The highest

P concentration in growth media (C:P = 20) represented
an optimal P supply for fungal biomass and density for all
species, while extension rates were on average highest
at lowest P supply (C:P = 3000, Fig. S4). Though not as
pronounced as seen along the N gradient, for some spe-
cies and for the complete data set the same trade-off for
biomass production as described above was detected
(for details, see Supporting Information Appendix S2).

Regarding the tested C gradient used for adjustments
of the medium, surface area as a proxy for extension rate
likewise showed overall higher values in C-limiting condi-
tions, and clearly diverged from responses observed in
fungal density and biomass (Fig. S6).

Discussion

All 16 fungal isolates strongly responded to a reduction in
N availability, though assessed trait response curves var-
ied among isolates and traits. Overall, fungi growing in N-
limited medium had sparse, rapidly expanding mycelia
with low activity. By contrast, in high N supply mycelial
extension was more limited; increased branching

B

A

Fig 5. Responses in fungal enzymatic activity to increasing N supply,
testing the activity of leucine-aminopeptidase (LEU; red), acid-
phosphatase (PHO; green) and beta-glucosidase (GLU; blue).
A,B. Fungal activity is illustrated as enzymatic activity mg−1 fungal
biomass (A) and enzymatic activity cm−2 substrate colonized by fun-
gal mycelium (B), normed in the range [0, 1] for comparisons among
enzymes. Lines indicate smoothed splines of response variables in
response to different C:N ratios, shaded areas respective 95% confi-
dence intervals (generalized additive mixed models). [Color figure
can be viewed at wileyonlinelibrary.com]

A

B

Fig 6. A,B. Responses in fungal respiration and carbon-use-
efficiency (CUE) to increasing N supply, illustrating (A) total respira-
tion within the experimental period of 5 days and (B) fungal carbon-
use-efficiency. Lines indicate smoothed splines of response vari-
ables in response to different C:N ratios, shaded areas are 95% con-
fidence intervals (generalized additive mixed models). Individual
symbols represent data points, shapes respective fungal isolates.
[Color figure can be viewed at wileyonlinelibrary.com]
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intensity and cross-linking led to more compact, dense
mycelial growth with high enzymatic activity and respira-
tion, collectively resulting in strongly increased enzyme
activity per area of substrate colonized. Such plasticity
within fungal isolates in response to nutrient supply likely
contributes to efficient exploitation of heterogeneous
environments in soils, with the contrast between rapid
hyphal expansion and densely growing hyphae illustrat-
ing shifts from exploration to exploitation (Moore
et al., 2011; Veresoglou et al., 2018). The same findings
in morphological trait responses were also observed
along a gradient of P availability as well as in preliminary
experiments with varying glucose supply, indicating that
this trait pattern may be universal to nutrient limiting con-
ditions. Growth response curves, trait-based response
types and effect sizes in response to N limitations varied
for some isolates, but only in case of effect size a phylo-
genetic signal was detected.
Not supporting our first hypothesis, responses in fungal

growth and activity to N availability strongly depended on
the trait measured. Biomass production as a common
predictor of fungal fitness reached its highest values on
average at C:N of 47, though this varied among isolates.
Interestingly, this value corresponds to expected N
demands based on known fungal C:N ratios (�20),
assuming that about half of the C is respired (Zhang and
Elser, 2017; own unpublished data). By contrast, colony
extension rate and hyphal tip extension, also often
assessed as an indicator of fungal fitness (Score and
Palfreyman, 1994; Matsuda et al., 2006; Boswell, 2008),
were mostly increased in nutrient limiting conditions,
whereas mycelial density and branching intensity in most
cases peaked at highest element supply. Correlation
analyses among those traits indicate that the peak in fun-
gal biomass at intermediate C:N values is caused by
shifts in mycelial density and extension rates in opposite
directions along the C:N gradient, since the relative shift
in biomass in most isolates was positively correlated with
both, mycelial density and extension rate. The analyses
of further fungal traits, namely, spore production, enzy-
matic activity and respiration, revealed an overall positive
linear correlation of those traits with N availability, in par-
allel to the increase in mycelial density as illustrated by
principal component analyses (PCA) (Fig. S2). Thus,
mycelial density and branching intensity as a measure of
substrate exploitation intensity may be strong indicators
of fungal fitness and activity in respect to nutrient supply.
The shift of explorative growth in nutrient-limited condi-

tions towards exploitative growth in high nutrient supply
has not been explicitly described before in experimental
studies, but responses in extension rates to N availability
have been reported to be neutral or negative
(Luard, 1985; Matsuura, 2002; van Diepen et al., 2017).
Some authors observe ‘explorative growth’ in low nutrient

conditions related to branching intensity (Crawford
et al., 1993; Newton and Guy, 1998; Boswell, 2008), and
yeasts have been reported to switch to filamentous
(explorative) growth forms in limiting conditions (Amoah-
Buahin et al., 2005). In natural systems, beside effective
exploitation of nutrient rich patches, such patterns of
dense restricted mycelial colonization may also result in
higher population density and contribute to co-existence
among species, with positive effects on decomposition
rates due to complementary growth forms and enzymatic
capacities (Baldrian et al., 2011; Lehmann et al., 2019).

Fungal species and phylogenetic lineages not only dif-
fer in enzymatic capacities, but also nutrient demands
and stoichiometric patterns (Itoo and Reshi, 2014; Zhang
and Elser, 2017). Therefore, we hypothesized a phyloge-
netic conservation in response traits. We found clear dif-
ferences among isolates, also regarding N versus P
demands, as reported previously in studies testing differ-
ent fungal species (Luard, 1985). Especially the deviation
in only few isolates from typical trait response types,
namely a different strategy to adjust explorative growth,
spore production or enzymatic activity to nutrient limiting
conditions may provide interesting insights for fungal
community ecology, regarding differential niche breadth,
dispersal or competition in heterogeneous habitats (Jiao
and Lu, 2020). However, only effect size in biomass pro-
duction and mycelial density showed a phylogenetic sig-
nal. Effect sizes in microbial responses are rarely
reported in environmental gradients, but as an indicator
of growth depression in limiting conditions may best rep-
resent actual N demands for growth of individual species
(McGill et al., 2006; Maynard et al., 2015). The previously
observed phylogenetic signal and correlation with fungal
growth rates in fungal strategies of exploration versus
exploitation were not confirmed by our results
(Veresoglou et al., 2018), but the subset of fungal iso-
lates (16) used here may be insufficient to detect such
patterns.

N is often discussed as a main structural component
for fungi, also due to the occurrence of chitin. However,
chitin [(C8H13O5N)n] only accounts for approximately 1%
to 20% of fungal cell wall components (Peter, 2005).
Paustian and Schnürer (1987a) estimate about 2% of N
to be bound in cell walls, while 60% to 70% are found in
proteins (Cochrane, 1958). Thus, we hypothesized a tight
coupling of N supply and fungal activity, which our results
confirmed. As reported previously under controlled condi-
tions, fungal activity increased with N supply (Paustian
and Schnürer, 1987b; Allison et al., 2009). In most iso-
lates tested, even the production of leucine-aminopepti-
dase, an enzyme related to N uptake was enhanced,
most likely due to an overall stimulated metabolism. As a
result, the ratio LEU/PHO, which is often used in eco-
enzymatic stoichiometry, did not prove to be an indicator
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of fungal N limitation (Sinsabaugh et al., 2008). In parallel
with enzymatic activity, respiration rates increased, even
when calculated per gram of fungus. Consequently, CUE
was higher in low N media, indicating high C storage in
biomass under abundant C supply (high C:N) (Manzoni
et al., 2012). Those findings of metabolic activity contra-
dict common assumptions and observations of soil micro-
bial activity in low N substrates (Craine et al., 2007).
Potentially, responses in microbial activity in complex
organic substrate may deviate from results obtained in
controlled inorganic medium, since access to elements is
more costly and other (co-)limitations, especially by C,
act on fungal activity (Schimel and Weintraub, 2003;
Averill, 2014). Still, these results will help us understand
enzyme allocation patterns in soil, showing strong N
demands of overall enzymatic activity in fungi
(Averill, 2014). Also, the apparent decoupling of enzy-
matic activity and biomass production observed here
adds novel perspectives on mass-based fungal: bacterial
ratios, which potentially underestimate fungal enzymatic
contributions (Waring et al., 2013).

Our experimental set-up was designed to isolate the N-
limitation effect and provide a gradient of available C:N
supply. In soil organic substrates, C:N ratios may not
necessarily correspond to the availability of these ele-
ments (Cherif, 2012). Consequently, the applied design
required element supply in easily available form. In natu-
ral soil substrate complexity will increase at multiple
levels compared with growth conditions applied here,
regarding patchy distributions of heterogeneous organi-
cally bound substrate, differential element limitations, fun-
gal communities operating collectively and interactions
with other organism groups (Falconer et al., 2005;
Crowther et al., 2018). In future studies, the experimental
system introduced here can be used to evaluate impacts
of this complexity on experimental outcomes.

In conclusion, our results highlight strong fungal
responses in growth and activity to nitrogen-limiting con-
ditions, revealing clear trait-based patterns. Findings
point towards a mechanism explaining optimal fungal
substrate foraging in heterogeneous environments, since
directed growth as an explanation has not been reported
for fungi so far (Tlalka et al., 2008). However, nutrient
‘sensing’ by certain membrane receptors does occur
(Bahn et al., 2007; Lin et al., 2015), and the trait
responses found here support the existence of internal
fungal regulations to switch from explorative growth in
low nutrient conditions to exploitative growth in nutrient
rich patches. Diverging strategies in certain isolates may
relate to lower N demands, as indicated by negative cor-
relations of effect sizes with extension rate optima, or an
adaptation to sporulation versus mycelial outgrowth as
explorative strategy (Fricker et al., 2008). Incorporating
these trait-based responses in fungal growth models will

improve our ecological understanding of fungal growth
and activity in complex soil substrate, while the knowl-
edge gained on complex fungal trait indicators for limiting
conditions will improve the interpretation of field studies.

Experimental procedures

Fungal material

In total, 16 fungal isolates were used for analyses, previ-
ously isolated from soil samples originating from a grass-
land site in northern Germany (‘Oderhänge Mallnow’
close to the town of Lebus, Germany; 52�130N, 14�130E)
(Andrade-Linares et al., 2016), hereinafter called the
Rillig Lab Core Set (RLCS). Included fungal strains com-
prised four Mucoromycota, three Basidiomycota and nine
Ascomycota; details on DSMZ accession numbers
(German Collection of Microorganisms and Cell Cultures
GmbH) and phylogenetic affiliations are provided in
Table S1 (for details of the phylogeny, see Lehmann
et al., 2019). Table S2 gives a detailed overview which
isolates were used for each trait measurement (see
Fig. 1). Before the experiment, each isolate was divided
into three repetitions and cultured separately on potato
dextrose agar with antibiotics to eliminate potential con-
taminants. Subsequently, repetitions were transferred to
water agar (1.5%), in order to reduce nutrient storage in
fungal tissues. Unless indicated otherwise, all three repe-
titions were analysed separately for each fungal isolate
and treatment.

Experimental design

In accordance with the law of the minimum we designed
an experimental medium providing all elements and con-
ditions in non-limiting supply (Fig. 1A), based on common
growth media and several pre-tests (Hoefnagels, 2005,
see Supporting Information Appendix S1 for details). The
upper limit of fungal growth was standardized by C avail-
ability based on a glucose gradient test (see for further
details and rationales Supporting Information Appendix
S1, Table S3). The derived medium contained 5 g L−1

glucose, 0.2 g L−1 NaH2PO4 (C:P = 100), 0.5 g L−1

MgSO4, 0.5 g KCl, 0.1 g NaFeEDTA, 5 mg L−1 ZnSO4,
0.05 mg L−1 Na2Mo4, 0.05 mg L−1 MnSO4, 0.05 mg L−1

H3BO4, 0.01 mg L−1 CuSO4, 1 mg L−1 thiamine HCl,
0.05 mg L−1 biotin, and 20 g L−1 agar.

N supply was manipulated based on molar C:N ratios,
adding NH4NO3 in a defined quantity as universal fungal
N source (Jennings, 1995). Five levels of N supply were
tested (C:N = 5, 20, 40, 80 and 200; Fig. 1A). In order to
evaluate whether observed fungal responses to N limita-
tion generally apply to nutrient limitations, P supply was
also manipulated in a separate experiment [C:P = 20,
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100, 5000, 1000, 3000 (C:N = 20)]; results are presented
in Supporting Information Appendix S2). Levels of high
nutrient supply were based on expected fungal demands
derived from published C:N:P contents (Mouginot
et al., 2014; Zhang and Elser, 2017), whereas values for
low nutrient supply were based on lower limits reported in
litter and soil (McGroddy et al., 2004; Cleveland and
Liptzin, 2007).
For media preparation, glucose and phosphate were

autoclaved separately, since glucose may caramelize in
the presence of salts, and phosphate forms insoluble pre-
cipitates or provokes toxic conditions (Moore et al., 2011;
Tanaka et al., 2014). NH4NO3 or NaH2PO4 additions did
not change the pH of the base medium (�4.5). In case of
manipulations of P supply, 16 g L−1 special purified agar
was used [A7921, Sigma-Aldrich, Darmstadt, Germany;
0.04 mg P g−1 agar (ICP-OES analysis)].
Fungi were grown in petri dishes in the dark for

12 days at 20�C (Ø 9 mm), only the fast-growing isolate
RLCS01 was kept for 7 days to avoid spatial limitation
(Fig. 1A), while RLCS28 and RLCS31 were grown for
27 days to obtain sufficient growth.

Fungal traits assessed as response variables

Biomass – At the end of the experiment, agar media
were melted and mycelium collected on a 20 μm mesh.
Fungi were freeze-dried to determine dry fungal biomass.
Extension rate – At the end of experiment, as well as

at least once during fungal growth, the outer limit of
mycelial extension was marked (Fig. 1C). Total area at
different dates was determined with the image-analysis
program ImageJ (Schneider et al., 2012) by encircling
the whole colony. For each fungal isolate and treatment,
growth curves were created to calculate extension rates
(colony extension in cm2 day−1) within linear colony
extension.
Density – Fungal density [mg cm−2 mycelium] was cal-

culated as the ratio of fungal biomass and complete area
covered by mycelium at the end of the experiment.
Spore production – At the end of experiment, spores

were washed off from the mycelium with 10 ml dest.
H2O. Next, 2 ml of the suspension was centrifuged
(12,500 rpm for 5 min) to concentrate spores in 200 μl
solution. Then 12 μl was used for spore counting using a
Neubauer chamber at 400× magnification. Total spore
abundance (per plate) and abundance per gram fungal
biomass were calculated.
Hyphal parameters – Several fungal isolates were

grown additionally on thin layers of media [2 ml plate−1

(Ø 6 mm)], in order to analyse hyphal tip growth and
mycelial development in detail. Five fungal isolates show-
ing different trait response types to the applied N gradient
were selected (Fig. 2; RLCS11, RLCS01, RLCS28,

RLCS27, RLCS10), for which image analyses were pos-
sible under our conditions. Two repetitions of each isolate
were analysed, and microscopic pictures taken at four
random locations at the outer edge of the colony for each
plate, as well as in the inner part (at half of the mycelial
diameter; Fig. 1C). Microscope settings were kept fixed
for each isolate independent of N supply. Using ImageJ
(Schneider et al., 2012), five single hyphae at the outer
mycelial edge were analysed for each picture, measuring
the length from hyphal tip up to the first branch (hereafter
referred to as apical compartment) as well as the length
of the first internode (Fig. 1C). Mycelial complexity
(i.e. the degree of detail) of the inner and outer mycelium
was determined by box counting dimensions (Db; for
details see Supporting Information Appendix S1).

Enzymatic activity – Fungal enzymatic activity was
determined following a microplate photometric method
according to a modified protocol by Zheng et al. (in
press). Due to time requirements of this method, only four
isolates (RLCS01, RLCS17, RLCS12 and RLCS27) were
tested, selected based on their phylogenetic coverage.
Four enzymes were tested for each isolate – laccase,
beta-glucosidase, leucine-aminopeptidase and acid-
phosphatase. In case of RLCS01, laccase was replaced
by cellobiohydrolase, since no laccase activity was
recorded. For each enzyme tested, a piece of mycelium
was cut as a circle segment of the colony (Fig. 1C) in
order to obtain enzymatic activity representative of the
whole fungal colony. Detailed information on conditions
and substrates are given in Table S4 and Supporting
Information Appendix S1.

Respiration/CUE – The same four fungal isolates
tested for enzymatic activity were grown in 50 ml falcon
tubes on 5 ml of media differing in C:N ratios, for ana-
lyses of fungal respiration (Fig. 1C). We chose these con-
ditions, that is, a small volume of medium, the short
growth period of 5 days and air sampling every 2 days, to
avoid oxygen limitation as well as CO2 concentrations
exceeding detection limits. CO2 production was mea-
sured with the Licor Li-6400XT system. Carbon-use-
efficiency was calculated based on the formula given by
Maynard et al. (2017) – dividing the net amount of C in
biomass by the total amount of C that was either respired
or incorporated into biomass [fungal C content was deter-
mined in fungi grown for 12 days with an Elemental Ana-
lyser (EuroEA, HekaTech, Germany)].

Statistical analyses

First, we analysed the responses of each observed fun-
gal trait to the applied N gradient independently. Since
the correlations of most measured traits with nutrient
availability were non-linear and followed different distribu-
tions depending on isolates and traits assessed, effects
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of nutrient supply were analysed by generalized additive
mixed models using the function gamm() (package mgcv;
Verbeke, 2007). Here, the function is specified non-
parametrically as ‘smooth function’. For most analyses,
gaussian distribution was assumed, while for skewed
data gamma distribution with log link was used, and for
data with many zeros (e.g. spore counts) quasipoisson
or poisson. In case of a significant correlation of tested
traits with nutrient availability, the peak of the gamm out-
put was determined to investigate the growth responses
of different fungal traits; variance was given according to
the width of 95% confidence intervals (see Fig. 1B). Trait
responses were analysed for individual fungal isolates
taking repetition as random factor, as well as for all fungal
isolates collectively using isolate identity and repetition
as random factors. The alternative inclusion of phyloge-
netic structure of isolates in a random slope model as
described below did not improve model fit (evaluated by
the Akaike information criterion).

In order to assess the extent of fungal responses to
varying N supply, effect sizes were calculated for fungal
biomass and density. Since the applied nutrient gradient
does not allow for standard effect size calculations based
on treatment and control values, and isolates varied in
their shape of growth response curves, we used the rela-
tive deviation of fungal growth at minimal growth in low
nutrient supply and its highest value reached at the
respective peak of growth response (Eq. 1, Fig. 1B).
Generalized additive mixed models based on relative trait
values (each value expressed as the percentage of the
highest value of the analysed trait for each isolate
respectively) were used to calculate respective effect
sizes. The shortest and widest distance of 95% confi-
dence intervals were used to estimate lower and upper
variances respectively (see Fig. 1B).

Effect size %ð Þ=highest relative trait value atC:Npeak

−concentration %ð Þ–minimum relative

× trait value at lowNsupply %ð Þ:
ð1Þ

The phylogenetic signal (Pagel’s λ) in effect sizes and
trait response peaks in biomass and density of tested
fungal isolates was analysed using function phyloSignal()
(package phylosignal; Keck et al., 2016). Correlations
among effect sizes in biomass and density, as well as
with trait response peaks were calculated by phyloge-
netic generalized linear models (pgls() in package caper;
Orme et al., 2018).

The general relations among observed fungal traits
were depicted by PCA using function prcomp(), based
on relative trait values (see above). Separate PCAs were
done for traits assessed only in a subset of fungal iso-
lates (Fig. S2). PerMANOVA analyses approved the

significant responses of all depicted trait combinations to
N manipulation [function adonis() (package vegan;
Oksanen et al., 2013)]. Additionally, the correlation
among specific growth traits, namely biomass with den-
sity and extension rate were explored by two-way linear
mixed-effects models using the function lme() [package
nlme (Pinheiro et al., 2020)]. Phylogenetic covariance
and isolate identity were used as random slope and inter-
cept respectively. For phylogenetic covariance structure,
we used the first axis (54% explained variance) of a PCA
based on the variance–covariance matrix of the phyloge-
netic tree (vcv.phylo() in package ape; Paradis and
Schliep, 2018). Here, again relative deviations within iso-
late for each trait were calculated to normalize data for
comparisons. In case of non-normality, data were log-
transformed. We generated 3D scatterplots using the
package plot3D (Soetaert, 2017). Based on these results
we defined four possible ‘growth response types’ (see
Fig. 2), characterizing the relations among growth traits in
response to varying N supply within individual fungal
isolates.

All analyses were done in R version 3.6.1 (R Core
Team, 2019).
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