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Summary

e Ectomycorrhizal symbiosis is omnipresent in boreal forests, where it is assumed to benefit
plant growth. However, experiments show inconsistent benefits for plants and volatility of
individual partnerships, which calls for a re-evaluation of the presumed role of this symbiosis.
e We reconcile these inconsistencies by developing a model that demonstrates how mycorrhi-
zal networking and market mechanisms shape the strategies of individual plants and fungi to
promote symbiotic stability at the ecosystem level.

e The model predicts that plants switch abruptly from a mixed strategy with both mycorrhizal
and nonmycorrhizal roots to a purely mycorrhizal strategy as soil nitrogen availability declines,
in agreement with the frequency distribution of ectomycorrhizal colonization intensity across
a wide-ranging data set. In line with observations in field-scale isotope labeling experiments,
the model explains why ectomycorrhizal symbiosis does not alleviate plant nitrogen limitation.
Instead, market mechanisms may generate self-stabilization of the mycorrhizal strategy via
nitrogen depletion feedback, even if plant growth is ultimately reduced.

e We suggest that this feedback mechanism maintains the strong nitrogen limitation ubiqui-
tous in boreal forests. The mechanism may also have the capacity to eliminate or even reverse
the expected positive effect of rising CO, on tree growth in strongly nitrogen-limited boreal
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forests.

Introduction

The combination of vast carbon (C) stores and a particularly
strong projected temperature rise makes boreal forests a critical
component of the future climate system (Foley eral, 1994).
While low nitrogen (N) supply typically constrains C input by
plant growth in this biome (Jarvis & Linder, 2000), large
amounts of C are stored in the soils (Post ¢z al., 1982). Although
well-known factors such as net primary production, temperature,
and precipitation all influence C storage in forest soils, there is an
even stronger predictor of high soil C — the presence of ectomy-
corrhiza (Averill eral., 2014). This fundamental component of
forest ecosystems is highly sensitive to ongoing global changes
such as rising atmospheric CO, (Fransson ezal., 2005; Garcia
etal., 2008) and N deposition (Cox eral., 2010; Hogberg ez al.,
2010; Bahr ez al., 2013). Not only ectomycorrhizal fungi (EMF)
but also arbuscular mycorrhizal fungi (AMF) have the potential
to significantly influence forest N dynamics (Hodge & Fitter,
2010). Consequently, the stability and behavior of mycorrhizal
symbiosis in forests may play a significant role in the progression
of global change. However, evaluation of mycorrhizal responses
to global changes is hampered by our limited mechanistic under-
standing of the role of mycorrhizal symbiosis in ecosystems
(Johnson ez al., 2013). Here we aim to establish principles for the
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stability and function of ectomycorrhizal symbiosis in a forest
ecosystem context, focusing on boreal forests.

Evolution of symbiosis between N-limited plants and C-lim-
ited mycorrhizal fungi should require mutualistic C-N exchange
(Hoeksema & Schwartz, 2003); that is, both parties benefit by
participating in the exchange. However, plants do not always
benefit (Egger & Hibbett, 2004; Jones & Smith, 2004; Corréa
etal., 2012; Walder eral., 2012). Even in strongly N-limited
boreal forest, a recent study suggests that EMF sustain rather than
alleviate plant N limitation by reducing the fraction of fungal N
uptake transferred to trees as soil N availability declines
(Nasholm eral, 2013). Conversely, experimental N additions
increased the proportion of N transferred to the trees and the
N : C exchange ratio between fungi and trees, implying a greater
symbiotic benefit for the trees at high than at low soil N availabil-
ity (Nasholm eral, 2013). These findings appear inconsistent
with the common view of ectomycorrhizal symbiosis and its
predominance in nutrient-poor forests.

Recent theoretical progress on mycorrhizal symbiosis has eluci-
dated the conditions for evolutionary stability of pair-wise part-
nerships in the presence of nonsymbiotic alternative strategies
and potential cheaters, that is, individuals taking benefits without
providing something in return to their partners (de Mazancourt
& Schwartz, 2010; Grman ez al., 2012). However, these models
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are not obviously applicable to the multiple-partner structure of
ectomycorrhizal symbiosis and its dynamic nature (Kennedy,
2010; Pickles eral., 2010). More specifically, in addition to the
inconsistent benefits for plants discussed above, lack of partner
specificity and fidelity in ectomycorrhizal symbiosis (Kennedy,
2010) challenge mycorrhizal theories based on evolved species-
specific pair-wise partnerships. An ecological market perspective
(Noé & Hammerstein, 1994; Jones etal., 2012; Werner et al.,
2014) opens a way forward by allowing mutualistic symbiosis to
be maintained by market mechanisms, such as optimal selection
of trading partners (a host distributes trading among its partners
to minimize overall ‘cost’ per unit resource (Kummel & Salant,
2006)) and reciprocal rewards, that is, beneficial behavior toward
a partner is reciprocated (Kiers eral, 2011; Fellbaum ezal.,
2012). However, observations of strongly nonreciprocal behavior
(Walder ez al., 2012) appear to call for another explanation. More
generally, the ecologically critical questions remain: why does
mycorrhizal symbiosis often persist even when it appears not to
benefit plants, and what are the consequences of this behavior for
ecosystem function? We hypothesize that the interactions among
multiple partners of both plants and fungi (mycorrhizal net-
works) shape the strategies of individuals to promote symbiotic
stability even if forest productivity is reduced. The hypothesis is
implemented as a tractable market model of C-N exchange in
boreal forest, which goes beyond earlier market models (e.g.
Kummel & Salant, 2006) by accounting for multiple simulta-
neous partners of both plants and fungi and adaptation of indi-
viduals’ strategies. We evaluate the model against published
empirical observations, and discuss its implications for the role of
mycorrhizal symbiosis in the boreal forest and more generally.

Description

We developed a mycorrhizal symbiosis model (Fig. 1, Supporting
Information Methods S1, Table S1, Fig. S1) based on established
equations for N-limited plant growth (Franklin ez 4/, 2012) and
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C-limited (or C- and N-co-limited) fungal growth (Nisholm
etal., 2013). However, in contrast to previous stand-based appli-
cations of these physiological models, here each fungus and plant
is allowed to individually adjust its strategy in terms of internal
C-N allocation and interaction (trading) with its (multiple) sym-
biotic partners. The interaction among multiple individuals is
modeled as a market, where each plant supplies C in exchange
for N and each fungus supplies N in exchange for C. The result-
ing N: C exchange rate is analogous to the price in a financial
market and will depend on the supply and demand of C and N,
the intensity of market competition (e.g. competition for plant C
among multiple N-supplying fungi), and an individual’s influ-
ence on supply (e.g. one fungus’ N export influence on plant C
supply). A mycorrhizal network provides the physical structure
facilitating these market interactions.

Individual physiology

Net plant growth is modeled as photosynthesis minus C costs of
respiration, litter production, and C export to EMF, where both
photosynthesis and respiration are functions of plant N content.
Photosynthesis is also a function of light absorption and atmo-
spheric CO,, where elevated CO, enhances photosynthetic N
use efficiency (Franklin, 2007). Plants regulate C export to EMF
depending on their N demand and the fungal N return. Gross N
uptake from soil is a function of soil N availability and the N
uptake component of EMF biomass, or fine-root biomass for
nonmycorrhizal roots, limited by its soil exploration efficiency at
low soil N, and by uptake capacity at high N. Nitrogen uptake
by EMF that is in excess of their N demand for growth (deter-
mined by C import times a fixed biomass N : C ratio) is exported
to host plants (Nasholm et al, 2013).

Physiological parameter values were estimated based on our
recent dual stable C and N isotope labeling experiments in boreal
forest (Hogberg eral, 2010; Nasholm ezal, 2013) and other
published data typical of boreal pine forests; for example, the
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Fig.1 (a) Anindividual's strategy, that is, plant carbon (C) export (C¢) to ectomycorrhizal fungi (EMF) and fungal allocation to nitrogen (N) uptake (u), is
optimized to maximize net growth (including reproductive production) via three factors: its hosts' total resource export (and/or nonmycorrhizal N uptake
by plants), resource share obtained in intra-party competition, and resource use efficiency (N use efficiency (NUE) or C use efficiency (CUE)). (b)
Competition is illustrated by uptake (red arrows) and export (black arrows) of C and N. Arrow thickness indicates flux rates: plant 2 exports more C to EMF,
which results in a higher N uptake than in plant 1. Fungus 2 delivers more N and a higher N : C exchange rate, and thus receives more C than fungus 1. (c)
Each plant hosts multiple competing fungi (the number of fungal partners per plant host (n¢)) and each fungus hosts multiple competing plants (the
number of plant partners per fungal host (np)). See Supporting Information Methods S1 for the full mathematical description of the model.
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biomass N : C ratio was estimated to be 0.03 for foliage and fine
roots (Luoma, 1997) and 0.085 for EMF (Mikusinska ezal,
2013), the mean life-span of foliage was estimated to be 4 yr, that
of fine roots 2yr (Keel eral, 2012), and that of EMF 17d
(Hogberg ez al., 2008, 2010), and light-saturated photosynthetic
N use efficiency was estimated to be 0.14 g CgN~"h™' (Luoma,
1997). Unknown parameters were adjusted to match the range of
measured EMF and tree productivity in soil N gradients in boreal
forests (Fig. 2; Methods S1).

Strategies, trade, and competition

Importantly, the model captures two critical features of ectomy-
corrhizal symbiosis not addressed in existing models: (1) each
plant interacts simultaneously with multiple EMF and each fun-
gus interacts with multiple plants (i.e. a mycorrhizal network; e.g.
Southworth ez al., 2005; Beiler ez al., 2010), and (2) the strategies
of individuals adapt to the environment (biotic and abiotic) by
maximizing fitness, approximated by net growth (including
reproduction) for plants (Franklin ezal, 2012) and reproductive
growth for fungi (Pringle & Taylor, 2002). A plant’s strategy in
the model is defined by its C allocation to EMF (), which in
effect regulates the trade-off between C investments in N uptake
(via EMF) and C use for growth. A fungus strategy is defined by
its ratio (#) of C allocation to reproductive growth versus N
uptake components, in line with the observed trade-off between
intrinsic growth rate and potential N uptake capacity (measured
as efficiency of protein mineralization) among EMF species
(Eaton & Ayres, 2002). Changes in # may reflect both pheno-
typic plasticity and changes in active EMF community (species)
composition. Thus, we do not differentiate between acclimation
of u of the existing EMF and replacement of these EMF with
new individuals of a different (or the same) species that have a
different #. The responses of other characteristics of the fungal
community to soil N availability (e.g. uptake capacity for differ-
ent forms of N and spatial distribution) are implicitly subsumed
in the response of N uptake to N availability (Methods S1).

EMF production (g C m-2d-1)

Wood production (g C m-2d-1)

Fig.2 Modeled (lines) versus measured (symbols) production (biomass
growth) of ectomycorrhizal fungi and wood along soil nitrogen (N)
gradients in boreal forests (Nilsson et al., 2005; Ekblad et al., 2013;
Methods S1), where the sites are Varjisan (squares), Flakastugan
(diamonds), Betsele (circles), and Kryddgrovan (triangles). Line colors
correspond to connectance scenarios, that is, numbers of fungal partners
per plant and vice versa (ns and n,, respectively): green (n¢=8; n, = 8), red
(n¢=2; n, = 8) blue (n¢=8; n, = 2), and gray dashed (n¢=100; n, = 1).
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As a result of the resource trading, the strategy of an individ-
ual (# or () affects not only the individual’s own nutrient status
and fitness but also those of its trading partners. For example, if
a fungus increases N export (via increased #) this may reduce or
increase the C export by its plant partners, that is, change the
plants’ strategy, which implies that the strategies of plants and
EMF are always linked. However, if each fungus has more than
one plant partner, its influence on the plant strategies, that is, C
export, is ‘diluted” in proportion to how many fungal partners
each plant has, and vice versa for a plant’s influence on its fungal
partners. Thus, in the presence of multiple partners, a fungus’
potential to influence its host plants’ C export declines; instead,
competition for this C with the other fungal partners of the
same plants becomes important. If one fungus returns more N
per additional plant C received than the other fungal partners,
the plant can increase its fitness by trading more with this partic-
ular partner. Thus, we assume that fungal partners of the same
host plants compete via their N: C exchange rate, that is, N
exported to the plants per C received (and vice versa for a plant
competing for fungal N export). The relative fraction of plant-
derived C obtained by an individual fungus (#) is a function of
its N: C exchange ratio (x) with its host plants relative to its
competitors, F; = F[(x;/x)°] , where X is mean x among all
competitors, and z determines how strongly F; is affected by x;
(partner discrimination). In the absence of an empirical basis for
estimating z we used a value of 1 and tested the effect of higher
and lower values. In contrast to the proximity of different fungal
partners on plant roots, the spatial separation between different
plant partners of a fungus should enable strong partner discrimi-
nation, that is, a high 2z in line with empirical observations of
AMF (Lekberg eral., 2010). Strong partner discrimination will
force equal N:C exchange ratios among competing plants so
that they effectively compete for fungal N via how much fungal
biomass they support. Thus, the fraction of fungal N export a
plant receives in competition with other plant partners of the
same EMF is a function of its C export (C}) relative to its com-
petitors.

An optimal, or equilibrium, strategy (evolutionarily stable
strategy) means that no individual can gain fitness by changing
its strategy, which corresponds to resource exchange with equal
marginal return from all trading partners. Under our assumption
of identical individuals in each party, this principle corresponds
to the reciprocal rewards concept (Kiers ezal, 2011) but it is
more general because it does not exclude nonreciprocity if part-
ners of the same host differ in their C or N supply versus demand
(price) response, for example for different plant species linked to
the same mycorrhizal fungus (Walder ez al., 2012).

An additional constraint on the N : C exchange ratio is set by
the possibility for plants to switch to a nonmycorrhizal strategy.
If the market mechanisms described above result in an N:C
exchange ratio that renders the nonmycorrhizal roots more profit-
able for a plant than mycorrhizal roots, to persist, EMF must
increase their N : C exchange ratio via increased allocation to N
uptake (#) so that their utility for plants matches that of nonmy-
corrhizal roots. EMF with lower # will not receive C from the
plants.
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Symbiotic stability

The ecological stability of the mycorrhizal plant strategy depends
on its competitiveness against a nonmycorrhizal strategy, which
in turn depends on soil N availability. EMF have a much higher
(by a factor of 300 in the model) specific N uptake efficiency than
nonmycorrhizal roots at low soil N availability (Jennings, 1995;
Smith & Read, 2008), whereas the efficiencies converge for satu-
rating N availability (Methods S1). Thus, under increasing soil N
availability, the mycorrhizal advantage in gross N uptake rate
declines and is eventually outweighed by the C costs and fungal
N immobilization it incurs. As a consequence of the differences
in N uptake and resulting soil N depletion between mycorrhizal
and nonmycorrhizal roots, the relative benefits of each root strat-
egy also depend on the strategy of the surrounding competitors
of the plant (Methods S1). In essence, the nonmycorrhizal strat-
egy can invade if a plant can gain fitness by growing nonmycor-
rhizal roots in a population of mycorrhizal plants and vice versa.
If both strategies can invade each other they will coexist.

Results

Results and evaluation against empirical observations

We evaluated the model’s predictions in comparison to published
empirical results on effects of soil N availability and atmospheric
CO, in boreal or temperate ectomycorrhizal forests. The modeled
responses of plants and EMF to soil N are modulated by the num-
ber of fungal partners per plant host (7) and the number of plant
partners per fungal host (7,; Fig. 3), which determines the impor-
tance of intra-party competition for an individual’s strategy
(Fig. 1). Competition induces tragedy-of-the-commons effects in
each party that prevent either the plants or the EMF from collec-
tively optimizing the N:C exchange rate to maximize their
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benefits. A hypothetical absence of inter-fungal competition (a
single fungus individual monopoly) would quickly make plants
abandon the fully mycorrhizal strategy as N availability increases
or, without a nonmycorrhizal option for the plants, would severely
hamper plant productivity (Fig. S2). However, as long as plants
have a nonmycorrhizal option or there is inter-fungal competition
for plant C, C and N fluxes between plants and EMF will largely
follow the basic principles of supply and demand versus cost (here
the N : C exchange rate). As the N demand of fungi is constrained
by their access to C from the plants, increasing soil N availability
leads to higher N export to plants, resulting in increased plant
growth (Fig. 3) and higher N: C exchange rate (Fig. 4), in line
with results from field experiments (Nasholm ez al., 2013). At the
same time, plant N demand drives C allocation to EMF to first
increase and then decline as other factors (e.g. light) constrain
plant N demand (Fig. 3), explaining observed patterns of EMF
growth (Nilsson ez al., 2005; Hasselquist ez al., 2012; Kjoller ez al.,
2012) analogously to fine-root allocation in nonmycorrhizal
plants (Franklin ezal., 2012). Although often only the declining
phase of mycorrhizal response to increasing N availability is
observed, it must be preceded by an increasing phase as productiv-
ity of both plants and hosted EMF must converge to zero at zero
N availability. In response to elevated atmospheric CO,, the
plant—fungal N : C exchange rate is reduced (Fig. 4b) in line with
observations (Alberton & Kuyper, 2009). N transfer to plants and
corresponding plant net growth (mainly stem growth in trees) are
enhanced by elevated CO, at high soil N availability but not at
low soil N availability (Fig. 4b,c) in agreement with stand-scale
observations (Oren ez al., 2001; Dieleman ez al., 2010).

As a consequence of the intra-party competition effect, a fun-
gus’ N export to its host plant (and plant growth) increases with
the effective number of competing fungal partners (7) while
plant C export to a fungus increases with the number of plant
partners per fungus (7,) (Fig. 3). Supporting this result, plants
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Fig. 3 Modeled net growth of plants with and without mycorrhiza (solid and dashed green lines, respectively) and ectomycorrhizal fungi (EMF; purple
lines), where in (a) each plant has eight fungal partners (n¢=8) and each fungus has eight plant partners (n, =8), in (b) each plant has fewer fungal
partners (n¢=2; n,=8), and in (c) each fungus has fewer plant partners (n¢=8; n, = 2). Fungal strategy, that is, fractional carbon (C) allocation to nitrogen
(N) uptake components (u; lower panels), is determined either by inter-fungal competition (nonshaded area, blue line) or by competition with
nonmycorrhizal roots (shaded area), which determines the minimum u at which a mycorrhizal plant strategy can invade a nonmycorrhizal strategy (dashed
orange line) and avoid invasion of a nonmycorrhizal strategy (solid orange line). The mycorrhizal strategy may persist although it reduces plant growth
(vertically dashed area) compared with a nonmycorrhizal strategy (light-green dashed line).
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Fig. 4 Model results under ambient CO, (solid lines) and elevated CO,
(dashed lines). (a) Plant net growth (green line) and growth of
ectomycorrhizal fungi (EMF; purple line). (b) Plant-fungal

nitrogen : carbon (N : C) exchange ratio. (c) N uptake of EMF (purple lines)
and N transfer to plants (green lines). Plant-fungi connectance
corresponds to Fig. 3(a), i.e. each plant had eight fungal partners (n¢=8)
and vice versa (n,=8)

with several fungal partner species increased N uptake and
growth at elevated CO, more than plants with only one fungal
partner (Alberton ez al., 2005). Although not modeled, an addi-
tional partner may also have a competitive advantage that drives
improved N : C exchange rate (for the host) in competition with
existing partners. Thus, both fungi and plants should strive to
increase the number of partners, which means that connectance
should increase concurrently for plants and EMF, until other fac-
tors (e.g. grazing; Hogberg eral, 2010) limit further network
expansion. Increased connectance enhances plant C allocation to
EMF growth and shifts the strategy of the EMF toward increased
N uptake (Fig. 3). Both these effects increase gross N uptake by
EMF, which depletes marginal soil N availability and competi-
tively hampers a nonmycorrhizal strategy. Importantly, this can
stabilize the mycorrhizal strategy even when it reduces plant
growth compared with a nonmycorrhizal strategy. Thus, while
the mycorrhizal strategy allows plants to survive at lower soil N
than without mycorrhiza, the symbiosis may reduce plant growth
but still persist at higher soil N availability (Fig. 3).

When soil N availability increases to a level where a nonmycor-
rhizal strategy can invade, EMF only persist if their utility for a
plant matches that of nonmycorrhizal roots, which requires EMF
to invest more in N uptake (increase #) than in the absence of a

nonmycorrhizal strategy (Fig. 3 versus Fig. S2). However, EMF
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will not increase # more than necessary as this would reduce fit-
ness. For a plant this means a switch from a clear advantage of the
mycorrhizal strategy to equal utility of mycorrhizal and nonmy-
corrhizal roots. At the same time, there exists a # that allows the
mycorrhizal strategy to invade a resident nonmycorrhizal strategy.
Thus, both root strategies may coexist under further increasing soil
N availability until EMF are forced to allocate all resources to N
uptake (z— 1, leaving nothing for reproductive growth), making
the symbiosis unviable. Although mutual invasibility and conver-
gence of the utilities of the alternative root strategies do not imply
strictly equal frequency, they suggest that, on average, mycorrhizal
and nonmycorrhizal roots coexist in similar proportions. These
results agree with the patterns typically observed in gradients of
increasing soil N availability: while plant growth gradually
increases there is almost complete mycorrhizal root colonization
under a range of low soil N availability, followed by coexistence of
nonmycorrhizal and mycorrhizal roots, and finally disappearance
of EMF (Taylor et al., 2000; Hogberg et al., 2003; Nilsson ez al.,
2005; Kjoller eral., 2012). A corresponding negative trend was
also found for soil mycelia where ectomycorrhizal species declined
and disappeared (Hogberg ez al., 2014). Furthermore, because the
increasing fungal allocation to N uptake components occurs at the
expense of reproductive allocation (increased #), it agrees with
empirically observed reductions in fruiting-body (reproductive
structures) production at high N additions (Peter ezal, 2001;
Hasselquist ezal., 2012). Although many factors influence at
which point the plants switch between a pure mycorrhizal strategy
and a mixed strategy with both mycorrhizal and nonmycorrhizal
roots, the model implies that along environmental gradients there
should always be abrupt shifts between very high (= 100%)
mycorrhizal colonization and much lower colonization. Although
not supported by all studies (e.g. Borja & Nilsen, 2009) this
threshold behavior agrees with observations of ectomycorrhizal
colonization intensity across a wide-ranging data set comprising
125 species and 44 sites (Akhmetzhanova ez al., 2012), which were
clustered at very high or relatively low values (Fig. 5).

Discussion

Scope and limitations

We have shown that market mechanisms can shape the strategies
of plants and mycorrhizal fungi to stabilize the mycorrhizal sym-
biosis under a wide range of soil N availabilicy. Whereas the
model formulation is general enough to encompass ectomycor-
rhizal symbiosis as well as arbuscular mycorrhizal (AM) symbio-
sis, we have chosen to focus the model evaluation on N-limited
ectomycorrhizal forest. The main reason for this focus is the
dominant role that the symbiosis plays in these ecosystems in
terms of N and C cycling (e.g. Nisholm eral, 2013).
Hypothetically, many of our results should be qualitatively valid
also for AM symbiosis under nutrient (N or phosphorus)-limited
conditions. However, the more open N cycle (less N limitation)
in forests with predominantly AM symbiosis (Phillips etal,
2013) suggests that the stabilization of symbiosis via nutrient
depletion feedback (see ‘Implication 2: mutual stabilization of
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Fig. 5 Field measurements of ectomycorrhizal colonization intensity, for
125 species and 44 sites in the former Soviet Union (Akhmetzhanova
etal., 2012), show high frequency of observations at very high or
relatively low colonization intensity and fewer observations at intermediate
colonization intensity, as predicted by our model. Statistical testing by k-
means cluster analysis separated two clusters centered at high (95%) and
low (21%) values with P <0.0001. The colonization intensity is measured
in per cent of maximal colonization intensity, based on the mean number
of mycorrhizal root tips per root length for each species at each site,
relative to a reference scale (Akhmetzhanova et al., 2012).

nitrogen limitation and ectomycorrhizal symbiosis’) is less rele-
vant in AM-dominated ecosystems.

Another difference between mycorrhizal types is that signifi-
cant amounts of organic N are taken up by EMF in ectomycor-
rhizal forests whereas inorganic N uptake dominates in AMF
(Phillips ez al., 2013). A change from an organic to an inorganic
N source would increase the N : C ratio of fungal uptake and
metabolic pools and would therefore lead to a higher N:C
exchange ratio with the plants in our model. This would lead to
quantitative shifts in our results and slightly different values of
the ficted parameters (uptake capacities) but no qualitative
changes in the conclusions.

Implication 1: two stability regimes of ectomycorrhizal
symbiosis

The model suggests a previously not recognized dichotomy in
how the strategies of EMF respond to soil N availability: (1) part-
ner discrimination by plants induces competition for C among
their fungal partners that enhances fungal C allocation to N
uptake, stabilizing a fungal strategy beneficial for host plants at
low N availability, whereas (2) competition (or choice) between
mycorrhizal and nonmycorrhizal plant strategies constrains fungal
strategy at higher N availability. However, although empirical evi-
dence supports the general importance of competition in structur-
ing EMF communities (Kennedy, 2010), the specific mechanism
(1) has been empirically confirmed only for AM symbiosis (Kiers
etal, 2011; Fellbaum ez 4l., 2012). Without mechanism (1), that
is, plant discrimination among partner fungi, there would be no
stabilizing effect of inter-fungal competition at low N availability
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and the stability of the symbiosis would rely solely on mechanism
(2) (z=0 in Fig. S3). The model would (with some parameter
adjustments) still be able to reproduce many observed phenom-
ena, including the effects of soil N availability and elevated CO,
on N: C exchange rates (Alberton & Kuyper, 2009; Nisholm
etal., 2013) and the stronger decline in fruiting-body production
than in mycelia of EMF under high N availability (Wallenda &
Kottke, 1998; Peter e¢tal., 2001; Hasselquist ez al., 2012). How-
ever, the necessity of both mechanisms (1) and (2) is supported by
the high colonization rates of EMF at low soil N, and the thresh-
old behavior of ectomycorrhizal colonization intensity (Fig. 5),
which indicates switching between the two controlling mecha-
nisms. Mechanism (2) alone, that is, absence of intra-party fungal
competition, would lead to a continuously declining fungal alloca-
tion to N uptake components at decreasing soil N availability,
maintaining similar utility of mycorrhizal and nonmycorrhizal
plant strategies and thus lower ectomycorrhizal colonization at
low N availability than the near 100% commonly observed (Tay-
lor et al., 2000; Fig. 5).

Under the ongoing global rise in N deposition, switching
between the two mechanisms delineated above may influence not
only the colonization rate and productivity of EMF, but also for-
est N cycling. While forests growing at high and very low N
availabilities should experience gradual change in response to N
deposition, trees growing at intermediate N availability may sud-
denly reduce mycorrhizal colonization (as a result of switching of
stabilizing mechanisms from (1) to (2)), which reduces N reten-
tion and may induce ecosystem N leaching (Bahr eral., 2013;
Hogberg et al., 2013).

Implication 2: mutual stabilization of nitrogen limitation
and ectomycorrhizal symbiosis

In addition to the primary mechanisms (1) and (2), the model pos-
tulates that mechanism (1) gives rise to a secondary stabilizing
mechanism: stabilization of the mycorrhizal strategy via reduction
of marginal N availabilitcy (N uptake gain per additional root
mass), that is, environmental resource feedback (Fig. 6). Thus, the
mycorrhizal symbiosis creates its own environment where it out-
competes nonmycorrhizal plant strategies. Its potential to stabilize
mycorrhizal symbiosis even when it reduces plant growth suggests
that it may be responsible for the large fraction of negative effects
among observations of mycorrhizal effects on plant growth
(Correéa eral., 2008, 2012). Importantly, the feedback stabiliza-
tion of N limitation and mycorrhizal symbiosis under low N avail-
ability suggests that it underpins the syndrome of low productivity
and mycorrhizal dominance in boreal forests (Hogberg eral.,
2011; Nasholm ez al., 2013). This feedback effect would be exacer-
bated if EMF contribute to continuing soil N immobilization, as
suggested by the increase in natural abundance of "N with
increasing soil depth observed in ectomycorrhizal forests (Hogberg
etal., 1996; Billings & Richter, 2006; Hobbie & Ouimette,
2009). Although the full extent of the feedback stabilization
hypothesis is not easily tested experimentally, the link between
high N retention and EMF has been established in plots recovering
from long-term N addition (Hogberg ez al., 2011, 2014).
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Implication 3: ectomycorrhizal symbiosis hampers CO,
fertilization of tree growth

The model suggest that N transfer to plants and resulting plant
net growth (growth minus litter production) is enhanced by ele-
vated CO; at high soil N availability but not at low N availabil-
ity, where it may even decrease (Fig.4). Thus, only at
sufficiently high N availability will trees in ectomycorrhizal for-
ests increase stem growth under rising CO,. This suggests that
mycorrhizal symbiosis may make the strongly N-limited boreal
forests particularly susceptible to progressive N limitation postu-
lated as a consequence of rising atmospheric CO, (Luo eral.,
2004; Alberton etal., 2007). The underlying reason for this is
that, at low soil N availability, the increase in tree C export to
EMF in response to elevated CO, enhances N immobilization
in EMF biomass more than N export to trees, which is reflected
in a reduced N : C exchange rate (Fig. 4b). Thus, the trees gen-
erate a self-imposed N limitation by excessive C export to EMF
in response to elevated CO,. Although this may seem highly
maladaptive, from an individual tree’s perspective it is an adap-
tive response (increasing fitness) to competition for N among
trees. Just like in the stabilization of a nonbeneficial mycorrhizal
strategy  discussed
stabilization of nitrogen

plant above (Implication 2: mutual

limitation and ectomycorrhizal
symbiosis), individual fitness maximization leads to a collective

loss, that is, a tragedy-of-the-commons effect.

Theoretical implications in a wider context: intra-party
competition stabilizes symbiosis for better or worse

The importance of intra-party competition in a market context
(out-bidding) for the stability of mutualism has long been recog-
nized (Noé & Hammerstein, 1994; Jones etal., 2012; Werner
etal., 2014). This principle has been applied to mycorrhizal sym-
biosis, showing how a single plant should optimize the use of
multiple fungal partners (Kummel & Salant, 2006). Our model
extends this theory by accounting for adaptive strategies in both
parties of the symbiosis, quantifying the effects of partner num-
bers, and exploring its potential to stabilize nonmutualistic sym-
biosis. Because the beneficial effect for a host of intra-party
competition among its partners increases with the number of
partners (Fig. 3), this mechanism may drive the observed positive
relationship between connectance and stability in mutualistic net-
works; that is, a species’ chance of survival increases with the
number of partners (James etal, 2012). Similarly, the mecha-
nism may contribute to the observed increase in productivity
with diversity of mycorrhizal fungi (van der Heijden ez al,, 1998),
because species diversity should correlate with the number of
individuals and the range of fungal strategies that compete for
plant C. However, while mycorrhizal networks have been viewed
as a facilitating ‘socialism’ in terms of nutrient sharing among
plants (Van Der Heijden & Horton, 2009), in our theory they
rather promote ‘capitalism’, by enhancing competition among
profit-maximizing trading individuals. For example, when differ-
ent plants share a fungal partner delivering N, the allocation of N
to each plant is driven by the fungus’ strategy to maximize C
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return rather than by a plant behavior to share N with other
plants. Thus, perhaps expectedly, the resulting increased trading
is not always beneficial for both parties of the trade. Whereas
partner competition enhances resource transfer to a host, our
model shows that the resulting increase in resource depletion can
stabilize mycorrhizal symbiosis even if a nonmycorrhizal strategy
would have been more productive for the plants. More generally,
this implies that resource feedback can drive inherently mutualistic
(trading) entities into nonmutualistic cooperation (Figs 3a,b, 6).
This resource feedback stabilization of a suboptimal strategy has
interesting parallels in other market contexts, such as lock-in of
inferior energy technologies (Unruh, 2000), highlighting the

cross-disciplinary relevance of such mechanisms.
disciplinary rel f such mech

Conclusions and way forward

While recent theoretical progress on mycorrhizal symbiosis
mainly has focused on the evolution and stability of mutualism
in pair-wise interactions, empirical research has revealed a picture
of multiple simultaneous and highly dynamic interactions. Here
we have taken a step to extend theory in this direction, based on a
model that links the strategy (governed by evolutionary princi-
ples) of each individual to its multiple exchangeable trading part-
ners and competitors in a network.

The model is able to reproduce a wide range of observed
responses to N and atmospheric CO, in ectomycorrhizal forest,
indicating that it captures relevant mechanisms despite its highly
simplified representations of ecophysiology and functional diver-
sity of EMF. However, more empirical research is needed to allow
further evaluation of the hypotheses generated and some of the
model’s assumptions. A central assumption is that a host is able to
discriminate and induce competition among its partners, which

: i Mycorrhizal

Reduced marginal benefit for a plant
soil N availability

? EMF allocation
to N uptake

Mycorrhizal
connectivity
Plant %
export to
EN?F Competition for &
Camong EMF

Competition for
N among plants

Fig. 6 Feedback loop stabilizing the mycorrhizal strategy, showing the
interrelation between effects of ectomycorrhizal fungi (EMF; purple
arrows) and plants (green arrows). Increased fungal-plant (mycorrhizal)
connectivity enhances competition among both EMF and plants, which
drives plants to increase carbon (C) export to EMF and EMF to increase
nitrogen (N) uptake and N export to plants. These effects interact in
depleting available soil N, which favors the mycorrhizal strategy compared
with a nonmycorrhizal plant strategy, which in turn promotes mycorrhizal
connectivity.
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benefits the host and promotes symbiotic stability. While such
partner discrimination has been confirmed for AM symbiosis,
empirical quantification and investigation of its role in ectomycor-
rhizal symbiosis are urgently needed. Furthermore, while plant
allocation responses to resource availability are relatively well
known, the importance of corresponding acclimation/adaptation
of fungal strategies indicated by our results is much less explored.
Progress in understanding and modeling of mycorrhizal ecosys-
tems would strongly benefit from exploration of additional traits
and trade-offs delineating functional/strategic diversity in EMF,
including, for example, life-span, biomass N : C ratio, and enzyme
production.

The results suggest that persistence of ectomycorrhizal symbio-
sis in boreal forests emerges at the ecosystem level, via positive
feedback between low nutrient availabilicy and stability of the
mycorrhizal plant strategy. This mechanism may also have the
capacity to eliminate the expected positive effect of rising CO,
on tree growth or even reverse it to a negative effect in strongly
N-limited boreal forests. The potential significance of these
results for the global C cycle underlines the need for an ecosystem
perspective in understanding mycorrhizal symbiosis and the
importance of including the effects of mycorrhizal symbiosis in
applied forest and vegetation models.
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Fig. S1 Comparison of nitrogen uptake for roots and mycorrhi-
zal fungi.

Fig. S2 Modeled effects of mycorrhizal symbiosis on trees and
mycorrhizal fungi when trees lack the option of a nonmycorrhizal
strategy.

Fig. S3 Modeled effects of variation in the fungal ability to dis-
criminate among plant partners (parameter z) on productivity
and symbiotic stability in the forest.
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Supporting Information Methods S1, Table S1, Figs S1-S3

Methods S1: Mathematical model description

Table S1. Model variables and parameters.

Symbol Value Unit Description
dependent variables
B,, B, By, gC m~ Biomass of fine-roots, EMF, and EMF N uptake components
G, G gC m2d* C use for fine-root growth, and C export to EMF
F - Fraction resource obtained by one individual among competitors
G gCm?d* Net plant growth (GPP — respiration — litter production)
Gy gCm?d* Net EMF reproductive production
N¢, N, gN m2d*! N in canopy and fine-roots
N, gN m? Plant N uptake
P gCm?d* Net canopy C uptake (photosynthesis)

P gCm?d* EMF biomass production

U gN m?d* N uptake by roots or hyphae

U. gNm?d* N uptake capacity of fine-roots or EMF

u - EMF biomass fraction contributing to N uptake
w gC m2d? Plant C costs of respiration and litter production
X gN gc* EMF-Plant N:C exchange rate

independent variables and parameters

a 0.14 gC gN'1 h* Light saturated photosynthesis per canopy N (Luoma, 1997)
Ces Cr, CG, Cf 0.03,0.03, gN gC'1 N:C ratio of foliage (Luoma, 1997), fine-roots, plant net growth, and
0.01, 0.085 EMF (Mikusinska et al., 2013)

d 0.25 m Effective soil depth

e, 0.5,0.0017 magC'1 Soil volume explored per EMF uptake components and fine-root
biomass, respectively#

f 1 - Minimum fine-root production per growth of EMF (Hasselquist et
al., 2012)

N,y gNm?3d"* Soil N availability = maximal N uptake per soil volume

h 12 h day length in hours

Ny, Ng - Number of competitors for plants and EMF, respectively. Examples

of observed values range from 1 -20 (Southworth et al., 2005; Beiler
etal., 2010)

Q 1.5 gC ht N saturated photosynthetic capacity = photosynthetic quantum
efficiency (Wong et al., 1979) times photosynthetically active
radiation.

t, t, tf 800, 400, d Lifespan of foliage*, fine-roots (Keel et al., 2012), and EMF (Hogberg

17 et al., 2008; Hogberg et al., 2010), respectively

U 0.1 gNgCtd® N saturated N uptake capacity per root or EMF biomass”

w 0.25 gC gN'1 d*  Plant litter and respiration C costs per canopy N

Vs 0.3 gCgC* Fungal net C use efficiency (Sinsabaugh et al., 2013)

Y, 0.7 gCgC*! Plant growth C conversion efficiency (Choudhury, 2001)

z Exponent of the partner discrimination relationship

icalibrated to match measured data (see below- Model parameterization, and Fig. 2)

typical values in boreal pine forest were used. All rate values refer to the growing season (e.g. d means growing
season days) spanning 150 days.
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Nitrogen uptake

Gross N uptake (both for fine-roots and ectomycorrhizal fungi (EMF); U; eq. 1) is determined by maximal
(N saturated) uptake capacity of the whole root system or EMF population (U, eq. 2), soil N availability
(N4) and soil depth (d).

U~ U.N,d (1)
U.+N,d

U. in turn depends on the biomass (B) of fine-roots or fungal uptake components, the specific maximal
N uptake capacities (uc) and the specific maximum N uptake efficiency at low soil N availability (e.),
which is equivalent to the soil volume accessed per B.

Uc =B ucB Nav eu (2)
ucB +Nav eu

In terms of N uptake, fine-roots and hyphae of EMF differ only in their specific N uptake efficiency (e,
eq. 2), which is much higher for hyphae than fine-roots. This difference combined with the higher
turnover (shorter life-span) of EMF compared to fine-roots mean that mycorrhizal N uptake is more cost
efficient at low than at high soil N availability (Fig. S1).
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Soil N availability (gN m2d-1)

Figure. S1. Modeled nitrogen (N) uptake by ectomycorrhizal fungi (EMF, solid purple line), N transfer to
mycorrhizal plants (solid green line), and N uptake of a non-mycorrhizal plant (dashed green line) for an equal
fixed amount of C (= 0.5 g m”d™) invested in the root system.

Plant physiology

To model the interaction between plants and EMF, plant growth and allocation is expressed in terms of
carbon export to EMF (C;) and N uptake (N,) via EMF or directly from soil. C; is optimized to maximize
net growth (G, including biomass increase and reproductive production), which is a reasonable fitness
proxy (Franklin et al., 2012). We calculate G, based on a C flux balance equation (eq. 3) expressed in
terms of photosynthesis (P, eq. 4) minus C costs due to maintenance respiration and litter production
(W, eq. 5), and C;. Both P and W are functions of N, which links the C balance equations to the N balance
equation (eq. 6). This model corresponds to the forest stand model developed in (Franklin et al., 2012)
with the addition of C export to EMF.

G,=y,(P-W-C,) (3)



Market mechanisms stabilize mycorrhizal symbiosis

aN.+Q
W=w(N,+N,) (5)
Np=]tvc+£+cGGp (6)
N, =B.c,, where B.=B,+B, (7)
BVO :CrO tr (8)
By =fCryrty 9)

Eg. 4 means that P is limited by radiation (Q= photosynthetically active radiation x photosynthetic
quantum efficiency), canopy N (N.) and day-length (h). The parameter a is the light saturated
photosynthetic capacity per leaf N. In eq.5, w is respiration and litter production per N in foliage (N.)
and fine-roots (N;). In eq. 6, N, is plant N uptake, t. and t, are life-spans of foliage and fine-roots, and ¢
is the N:C ratio of net growth. In eq. 7, B, is the biomass of fine-roots, which includes non-mycorrhizal
roots (B,o, €9. 8) and mycorrhizal roots (B,;, eq. 9).We assume that B is a constant factor (f;) of the
hosted fungal growth, which in turn is a function of C export to EMF and their growth C efficiency, y;.

Using egs. 3-9, G, can be expressed analytically (expression too large to show here) in terms of fixed
parameters and the variables nitrogen uptake (N,), C export to EMF (Cs), and C export to non-
mycorrhizal roots (C.) (eq. 10).

Gp:f[c'7Cr0>Np] (10)

Fungal physiology

Fungal biomass production (P;, eq. 11) is modeled as a function of plant C export (C;) as done in
(Nasholm et al., 2013), with the addition that fungal biomass (B;) is divided into components for N
uptake (Bs,) and reproductive growth, which is produced at a rate Gj,( eq. 11). The fraction of uptake
components (u) relative to reproductive growth (1-u) defines the strategy of a fungus.

G, =P, (1-u),where P, =y, C; an
Bﬁ, :Bfu , where Bf. :1—'} t )

In eq. 12, t;is the life-span of EMF.

EMF take up N as a function of B, (U[Bs.], eq. 13) of which a part is used for their own growth and the
rest (N,) is exported to the plants (Nasholm et al., 2013).

N, =U[B,]-Pc (13)

P
In eq. 13, ¢; is fungal biomass N:C ratio.

The representation of fungal growth in terms of only two components was made to focus on the most
relevant strategic component of fungal adaptation to N availability (Eaton & Ayres, 2002). Any other
structures or functions responding to N and C availability, e.g. structural differences and capabilities to
use organic N sources (Lilleskov et al., 2011), are implicitly subsumed in the one of the two focal
components to which they contribute the most and/or in the in the response of N uptake capacity to
soil N availability (U,, eq. S2).
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Although fungal growth is assumed to be C limited it can also be simultaneously N limited indirectly, in
the sense that N additions to the soil may (i) increase C export to EMF by plants and (ii) allow EMF to
increase fitness by enhanced allocation to reproductive production at the expense of N uptake capacity.

Fungal competition for C and N

Whereas the above equations define physiology of EMF, to derive fungal strategy it is necessary to
define functions for a single fungus (genotype, denoted by index i) in relation to its competitors
(denoted by index o). Each fungus sharing a host plant with other fungi compete for C by individually
increasing its N:C exchange rate with the plants (x;, eq. 15) by adjusting its relative allocation to N
uptake components (u;) until its reproductive production (the fitness proxy, Gy, eq. 14) peaks. Gy is a
function of the C use efficiency of growth (y;) and three variable factors: the total plant C supply (C), the
fraction of this C that is captured by the fungus (F;, eq. 15) among its n; competitors, and the fungus’
allocation to reproductive production (1-u;)

G,=y,C, F(1-u)  where (14)
: N,
Fl:# where xl:i and Np,-:Ui_PﬁCf (15)
X" +x,(n, 1) Cpi o

The partner discrimination parameter (z) determines how strongly the plants are able to prioritize fungi
with higher x, which influences the N uptake benefits of EMF for the plants and thereby at what soil N
availability plants switch between mycorrhizal and non-mycorrhizal strategies (Fig. S3). Although not
addressed here, this trading strategy may have evolved by mechanisms of competition-based screening
and partner fidelity feedback (Archetti et al., 2011).

In addition to plant derived C, N uptake from soil (U;) is also subject to inter-fungal competition (eq. 16),
which we assume to depend on the number of fungal partners per tree (n;) similarly to competition for
plant derived C.

B,
U =U[B,]nF, where F, = fu
. . Bfui +Bfua (nf _1)

1

(16)

In eq. 16, U (eq. 1) is a function of the total biomass of EMF uptake components (B, , eq. 18), and F is
the fraction N uptake captured by fungus i, which depends on its individual uptake component biomass
(Bsui). Using eq. 14, Bs,; can be expressed as a function of G; and u; (eq. 17). Bs, (eq. 18) links fungal mean
strategy (u) to plant C export (C).

1—u
By, = Gﬁu—tf (17)

i

B, [u]=y,C,u where u=— 18
f[ ] Yr&i u,-—i-(nf—i-l)un (18)

After sequentially inserting eqs. 17-18 in eq. 16, eq.16 in eq. 15, and eq. 15 in eq. 14, eq. 14 can be

solved (numerically) for Gy. The resulting G;; (eq. 19) is a function of u; and C;, where C; is determined by
optimal plant behavior (eq. 22), thus linking fungal and plant behavior.

Gy =G,lCouy] (19)
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Plant competition for N

While eq. 10 defines the fitness (net growth) of a plant in terms of its own properties, in order to define
its fitness in the presence of competitors for soil N, we must account for an individual’s uptake capacity
(Ug) in relation to the capacity of its competitors (U.). Using eq.2, the uptake capacities are calculated
from the plants’ C export (C;) and the resulting biomass of EMF uptake components (Bs,, eq. 18). The
resulting N acquisition of an individual plant (N, eq. 20) can be expressed as: The average uptake per
area (N, egs. 13, 21) times the number of competitors with overlapping uptake areas or common
partner EMF (n,), times the fraction N uptake captured by individual i (Fy;, eq. 21). Based on the clear-
cut spatial separation and evidence of strong fungal discrimination among plant partners (Lekberg et al.,
2010) we assumed that competition is too efficient to allow any plant to pay less C per N received than
other plants and thus will equalize N:C exchange rate (x) among plants. In effect, plants will compete via
the amount of EMF supported by their C export and its uptake capacity. Thus, F; is equal to the uptake
capacity contributed by individual (U) relative to the total uptake capacity.

U, [Cfi Ju]

N, =N,n,F, where F, = 20

g ey 3 UL'i[Cﬁau]+UL'0[Cjb7u](np_1) ( )
U,.1C, -no,lC,,

Np:Np[UL.] Where UC — cl[ _fz:u]+(np ) co[ fo u] (21)

n,

Inserting N, (eq. 20) in eq.10, net growth of an individual plant among competitors (G, eq. 22) can be
expressed as a function of its C allocation to EMF (C;;), and mean fungal allocation strategy (u) of the
EMF.

Gpi :f[cﬁacr()au] (22)

In eq. 22, C allocation to non-mycorrhizal roots (C,) is zero except when evaluating a non-mycorrhizal
strategy (see below).

Optimal (ESS) strategies of interacting plants and EMF

The behavior of plants and EMF are linked via their allocation strategies defined by C; and u;, which
determine fitness of plants (eq. 22) and EMF (eq. 19). The simultaneous optimization of plant and EMF
behavior is done as follows: For each u; the optimal C; is calculated by maximizing eq. 22 with respect to
Cs, i.e. each plant individually increases its C export to the EMF (Cy) to increase its N uptake (N) until its
net growth (Gy) peaks, i.e. 6Gp,./6Cﬁ =0. In the calculation of G, all individuals are identical (Cs = Co)
while the change in G,,, i.e. aGp,./acﬁ , is evaluated with respect to only C; (and not G;,). This resulting
optimal C; is a function of u; and is inserted in the fungal fitness function (eq. 19). Optimal u is then
calculated by maximizing fungal fitness (Gs.) with respect to u;. In the evaluation of Gy, all individuals are
identical (u; = uy) while the change in Gy, i.e. aGﬁ/ac,. , is evaluated with respect to only u; (and not u,).

The optimal (ESS) values of C; and u determines the system and all dependent variables.

Non-mycorrhizal plants

The physiological model for non-mycorrhizal plants differ from the mycorrhizal plant model only by the
replacement of uptake via EMF with direct uptake by fine-roots (C;=0, C,o # 0 in eq. 22) and the
corresponding change in specific N uptake efficiency (e,, Table S1). Competition for soil N among fine-
roots of different plants is modeled in the same way as competition between different plants for the
fungal derived N, but N, B, and C; are replaced by U, By, and C,, respectively. We assumed that on
average two plants compete for the same N (n,= 2) in a non-mycorrhizal plant population.

5
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Non-mycorrhizal versus mycorrhizal root strategies

A non-mycorrhizal strategy can invade a population of resident mycorrhizal plants if the increase in net
growth per Cinvested is higher for a non-mycorrhizal root than for a mycorrhizal-root (including C
allocation to EMF and supporting root structure), i.e. 8Gp[/6Cn. > aGp[/acﬁ >0, where the last

inequality follows from the definition of the ESS strategy of the resident mycorrhizal strategy. To
calculate the N uptake due to the addition of a non-mycorrhizal root among existing mycorrhizal roots,
the N uptake function (eq. 1) is extended by adding the uptake capacity of the non-mycorrhizal root to
egs. 20-21, in which U, and F; are replaced by:

_ Uci[cﬁ ,I/l] + Uci[Cri] + (np B 1) Um[Cfb ’u]

n,

U

c

(23)

Uci[cﬁau] +U,[C,]

F, = (24)
Uci[cﬁ 5u] + Uci[cri] + Uco[C/b 5u](np - 1)

The invasion potential 6G,,/dC,, is then evaluated as done in the calculation of optimal C; of mycorrhizal

plants based on eq. 22, where, after differentiation, C is set to zero, which implies that the non-
mycorrhizal root start growing at zero biomass.

The evaluation of the potential for a mycorrhizal strategy to invade a resident non-mycorrhizal strategy
is analogous to the above, switching the positions of non-mycorrhizal and mycorrhizal N uptake in the
equations.

Model parameterization

Physiological parameters typical of boreal pine forest were used (Table S1), with unknown parameters
adjusted to match the range of measured productivities of EMF and wood in boreal forest soil N
gradients (Fig. 2). Measured productivity of EMF represented only the upper 10 cm soil layer, while the
total productivity is at least twice as high (Ekblad et al., 2013), and was therefore multiplied by 2.5 to
match our modeled effective soil depth of 25 cm. Modeled wood production was assumed to contribute
75% of total net growth. Because the specific N uptake efficiency (e,) of EMF and fine-roots are
unknown, a plausibly higher e, for EMF than for plant roots was used (a factor of 300; Jennings, 1995;
Smith & Read, 2008), which also enables the model to reproduce the commonly observed shift from
mycorrhizal forest to non-mycorrhizal forest when going from low to high soil N availability (Taylor et
al., 2000; Hogberg et al., 2003; Kjgller et al., 2012). Importantly, this parameterization does not build
into the model any of the emergent results, such as for coexistence of strategies, symbiosis stabilization
—soil N feedback, mycorrhizal colonization rates, effects of plant-fungal connectance, or effects of
elevated CO,. The (unknown) parameter z was set to z= 1 and tested for a range of higher and lower
values (Fig. S3). The ranges of partner numbers used (connectance) are within observed ranges (Table
S1). The effect of elevated atmospheric [CO,] was modeled by increasing light saturated photosynthetic
N use efficiency (a) by 30%, which lies within the range of observed effects in FACE experiments
(Franklin, 2007).
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Figure S2
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Figure S2. Modelled growth of plants (green lines) and ectomycorrhizal fungi (EMF, purple lines) and
corresponding fungal strategy (fractional C allocation to N uptake (u), blue line lower panel) as functions
of soil N availability, for connectance n, = 8, and n; = 1, i.e. no inter-fungal competition for C. In contrast
to fig. 3, here the plants do not have the option to switch to a non-mycorrhizal strategy.
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Figure S3
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Figure S3. Modelled growth of plants (green lines) and ectomycorrhizal fungi (EMF, purple lines) and
corresponding fungal strategy (fractional C allocation to N uptake (u), lower figures) as functions of soil
N availability as shown in Fig. 2, but for different values of the partner discrimination parameter (z,
Table E1, eq. 15). As soil N availability increases, fungal strategy (u) is first mainly determined by
competition among EMF for plant C (blue line) and then (in shaded area) by competition with a non-
mycorrhizal root strategy (solid orange line). The intensity of inter-fungal competition for plant C
increases with z, resulting in higher fungal allocation to N uptake (u) and higher plant N uptake, which
delays the shift from a purely mycorrhizal to a mixed mycorrhizal and non-mycorrhizal plant strategy
(shaded area) as soil N availability increases. Fungal —plant connectance were n¢= n,= 8 in all panels.
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