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Chapter 6
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1. Introduction

Human activities have more than doubled nitrogen (N)
fixation globally over natural rates, much of which is
mobilized into the atmosphere from fossil-fuel combustion
and agriculture (Fowler et al., 2013). Because residence
times of reduced or oxidized atmospheric N are relatively
short, and forests have high aerodynamic resistance, at-
mospheric deposition of NHy, NOy, or organic N does not
fall evenly over the Earth’s surface. As a result, atmo-
spheric N deposition can be locally elevated more than 10
times over preindustrial levels. During the 20th century, the
highest N deposition levels were in Europe and eastern
North America, but peak deposition has now shifted to
eastern Asia (Kanakidou et al., 2016; Liu et al., 2013).
Hence, forests globally have experienced spatiotemporally
variable deposition of anthropogenic N.

Trees and fungi form mycorrhizal symbioses, i.e.,
beneficial relationships between tree roots and root-
inhabiting fungi in which the tree provides the fungi with
carbon (C) and fungi provide the tree with nutrients,
including N and phosphorus (P), along with other benefits
such as improved water uptake and protection against
pathogens (Smith and Read, 2010). Nitrogen deposition
increases N availability and typically acidifies soils (Ste-
vens et al., 2018; Tian and Niu, 2015), both of which alter
the interactions of mycorrhizal fungi with their hosts and
their abiotic environment.

Although N deposition and N fertilization experiments
differ in multiple ways, we consider the latter useful in
providing mechanistic insights, especially studies that
attempt to mimic N deposition via long-term chronic in-
puts. Most studies on N deposition and arbuscular

mycorrhizal fungi (AMF) are from nonforested ecosystems
(see, e.g., Treseder and Allen, 2000; Han et al., 2020; Pardo
and Robin-Abbott, 2011) with some exceptions (Hu et al.,
2022; Ma et al., 2021a; Van Diepen et al., 2007, 2010,
2011). For biological, practical, and historical reasons, most
research on N deposition effects in forests has focused on
ectomycorrhizal fungi (EcMF) rather than AMF. In contrast
with AMF, which produce belowground asexual spores,
many EcMF produce macroscopic aboveground sporocarps
that have been widely monitored, especially in Europe, so a
long record of the spatiotemporal patterns of their repro-
duction can be related to trends in N deposition (Arnolds,
1991). Additionally, some EcMF can be grown in pure
culture whereas AMF require a host, so physiological
studies on mycorrhizal interactions with N are more
feasible in EcMF than AMF. Historically, Sanger
sequencing-based DNA barcoding could only be applied
without cloning to EcMF, whereas AMF required more
laborious cloning of PCR (polymerase chain reaction)
products, allowing more rapid progress on EcMF commu-
nity analyses. Recently, high-throughput sequencing has
overcome this limitation, accelerating work on AMF
community analysis. Several reviews have assessed the
relationship between N deposition and mycorrhizal fungi
(Lilleskov et al., 2011; Treseder, 2004; Wallenda and
Kottke, 1998).

In this review, we synthesize N deposition effects on
mycorrhizal fungi in forests, especially based on insights
from studies into the large-scale distribution and physio-
logical potential of mycorrhizal fungi. We do so by updating
the review by Lilleskov et al. (2019) with a number of
important studies that have come out in recent years.
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2. Patterns of taxonomic response at
different scales

2.1 Mycorrhizal diversity and its role in
relation to nitrogen

Almost all trees form one of two types of mycorrhizal as-
sociations, either arbuscular mycorrhiza (AM) or ectomy-
corrhiza (EcM), which differ in fungal partners. The AMF
belong to the Glomeromycotina and Endogonales
(Mucoromycota), clades that evolved more than 400
million years ago (MYA) (Rimington et al., 2020; Spata-
fora et al., 2016). In contrast, ECMF evolved more than 80
times starting 150 MYA, forming a convergent assemblage
of fungi mainly belonging to the Basidiomycota and
Ascomycota, plus a small number of Endogonales
(Mucoromycota) (Tedersoo and Smith, 2017). Major EcM
host families include Pinaceae, Fagaceae, Betulaceae, Sal-
icaceae, Cistaceae, Dipterocarpaceae, and Myrtaceae. Most
other trees form AM. Trees forming functional symbioses
with both AMF and EcMF are rare (e.g., some Myrtaceae
and Salicaceae; Teste et al., 2020) and their responses to N
enrichment are understudied (Karst et al., 2021).

The different types of mycorrhizal symbioses also differ
in ecological niches. Read (1991) first explicitly linked
functional differences between EcM and AM symbioses to
broad patterns of plant distributions, positing that gradients
from AM to EcM dominance paralleled increases in soil
organic horizons, reliance on organic nutrients, and higher
C:N and C:P litter. Furthermore, AM forests are typified by
mull humus with thin to no organic horizons, whereas EcM
forests generally have moder or mor humus with thicker
organic horizons (Read, 1991). In support of this model,
more recent syntheses have confirmed that, although AMF
can take up amino acids (Hodge and Storer, 2015) they
cannot mine organic N from complex organic matter using
hydrolytic and oxidative enzymes, as many EcMF do
(Read, 1991; Read and Perez-Moreno, 2003; Shah et al.,
2016; but see Talbot et al., 2013). This model by Read
(1991) was extended by Phillips et al. (2013) in the MANE
(mycorrhiza-associated nutrient economy) framework.
They compared forest stands in the same area and found
that, relative to EcM stands, AM stands had soils with a
higher pH, higher nitrification and more decomposable
litter, but lower activities of N- and P-cycling extracellular
enzymes, a lower ratio of organic N to inorganic N, and
lower amounts of dissolved organic C. A further difference
between AM and EcM systems is the relative importance of
P versus N limitation, with AM plants more commonly P-
limited and EcM plants more commonly N-limited, as
judged by their leaf N:P ratios (Rosling et al., 2016). There
may also be parallel differences in root traits between EcM
and AM trees (e.g., foraging strategy; Chen et al., 2016),
although root traits also vary independently of mycorrhizal

type (Weemstra et al., 2016). Averill et al. (2014) found
that temperate EcM forests had significantly higher C:N
ratios in surface soil organic matter than temperate AM
forests. This may be primarily attributed to lower N stocks
rather than higher C stocks in EcM forests (Zhu et al.,
2018). The conceptual framework for different niches of
EcM and AM trees has been developed for temperate and
boreal forests. In contrast to this framework, Tedersoo et al.
(2012) argued that both AM and EcM tropical forests are
equally characterized by an open and inorganic N cycle.

Another important mycorrhizal fungal trait is the extent
and anatomy of extraradical hyphal development (termed
exploration type). In EcMF, this morphological character-
istic appears to track with other important attributes such as
C demand, enzymatic capabilities, and presence of rhizo-
morphs for long-distance transport (Agerer, 2006; Hobbie
and Agerer, 2010). EcMF have greater diversity of explo-
ration types than AMF, whose exploration strategies are
poorly characterized. The functional trait of having hy-
drophobic or hydrophilic mycelium of EcMF also links to
differential sensitivity to N (Hobbie et al., 2022); again,
variation in this trait among AMF is poorly known.

Given this conceptual model of AM and EcM nutrient
economies, we predict that N deposition, with resultant
declines in N limitation or increases in P limitation (Braun
et al., 2010; Johnson, 2010; Li et al., 2016), will affect EcM
and AM forests differently; therefore, we will treat the two
types separately. As mycorrhizal symbioses are drivers
of differential responses, N deposition could result in plant-
soil microbe-soil feedbacks and in legacies of N deposition
that likely persist even if deposition levels are substantially
reduced.

2.2 Arbuscular mycorrhiza versus
ectomycorrhiza responses

Given EcM and AM differences in mobilization of organic
N sources, N deposition should favor AM over EcM host
plants by relieving N limitation, all else being equal.
Consistent with this hypothesis, N deposition is positively
correlated with greater growth and recruitment of AM trees
compared with EcM trees in North America (Averill et al.,
2018; Jo et al., 2019). If N deposition causes this pattern,
there are major implications for the future of forest
composition, structure, and function in regions experi-
encing elevated N deposition. However, covariation be-
tween N deposition and climate change in the dataset of
Averill et al. (2018) is reason for caution.

2.3 Ectomycorrhizal fungal responses

In response to N deposition and fertilization, EcMF
community composition has changed in both sporocarps
and vegetative belowground (root tip and soil) EcMF
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communities (Lilleskov et al., 2011; Van der Linde et al.,
2018). At local to regional scales, aboveground sporocarp
surveys consistently indicate responses across EcMF
genera and species ranging from negative for many nitro-
phobic species to positive for a few nitrophilic species (see
below; Arnolds, 1991; Lilleskov et al., 2001, 2011).
Changes in sporocarp production as a consequence of N
deposition could affect long-term fungal population and
community dynamics, but this is yet to be tested. Similarly,
the belowground composition of EcMF communities in
boreal and temperate forests shifts consistently with longer-
term N inputs, driven by significant changes in the abun-
dances of certain ECMF (Avis et al., 2003, 2008; Cox et al.,
2010; Jarvis et al., 2013; Lilleskov et al., 2011; Morrison
et al., 2016; Suz et al., 2014; Van der Linde et al., 2018; see
below). In the only study of how N addition modified
EcMF communities in tropical forest, Corrales et al. (2017)
concluded that N addition had similar effects in a tropical
montane forest and in high-latitude forests. However,
studies in lowland tropical forests, with warmer conditions
and more weathered soils, are relatively rare but increasing
(See Section 5.2).

In both sporocarp and belowground (root tip and soil)
studies of impacts of atmospheric N deposition, Thelephora
and Laccaria largely respond positively; Cortinarius, Tri-
choloma, Piloderma, Bankeraceae and Suillus consistently
respond negatively; and species within Russula, Lactarius,
Boletales, Thelephoraceae and Atheliaceae show divergent
sensitivities (Lilleskov et al., 2011; Moore et al., 2021). At
the species level, significant responses have been demon-
strated for abundant fungi, most recently through the
application of indicator analysis (Suz et al., 2014; Van der
Linde et al., 2018; Fig. 6.1). Indicator values for macro-
mycetes have also been proposed by Simmel et al. (2017)
that reflect their relationship to soil nutrient status,
including N and a range of other macronutrients. EcM
taxonomic richness seems most affected by pH, while EcM
evenness and functional composition are more strongly
influenced by N (Hobbie and Agerer, 2010; Suz et al.,
2014, 2017).

Host identity and condition (e.g., foliar nutrient con-
centrations) are major predictors of ECMF community di-
versity (Bahram et al., 2014; Cox et al., 2010; Suz et al,,
2014, 2021; Tedersoo et al., 2014; van der Linde et al.,
2018). Intensive below-ground analysis across Europe
shows: (1) EcMF specialists (i.e., associated with conifers or
broadleaved trees) match or exceed generalists (i.e., associ-
ated with both conifer and broadleaved trees) in both rich-
ness and relative abundance, (2) conifer specialists
outnumber broadleaf specialist ECMF, and (3) conifer spe-
cialists respond more negatively to elevated N than broadleaf
specialists (Van der Linde et al., 2018). Based on both
sporocarp and EcMF data, the conifer-specific fungi—most
showing abundant hyphae and rhizomorphs—declined more

than broadleaf-specific and host generalist fungi over the
20th century in Europe when N deposition was increasing
(Arnolds, 1991), and spatial analyses reveal that they were
also more negatively affected by increasing N than
broadleaf-specific and host generalist fungi (Van der Linde
et al., 2018).

2.4 Arbuscular mycorrhizal fungal responses

Four global-scale meta-analyses of the effects of N depo-
sition or fertilization on AM fungi were recently published
by Han et al. (2020), Ma et al. (2021a,b) and Hu et al.
(2022). Both Han et al. (2020) and Ma et al. (2021a) found
that N addition did not affect species richness and diversity
of AM fungi. However, separate analyses for AMF abun-
dance yielded very diverging results. In the study of Han
et al. (2020), focusing on responses of AM in grassland,
crop, and forest ecosystems, N addition reduced AM fungal
abundance by 8% when averaged over all abundance in-
dicators. In comparisons of the different abundance in-
dicators assessed, fractional root colonization declined by
12%—20% and the AM-specific biomarker NLFA 16:1w5
declined by ~32%—42%, whereas the length of extra-
radical mycelium and spore density were not affected.
Caution should be used in interpreting NLFA, as it should
not be considered as a measure of biomass, but rather of
lipid storage in vesicles and spores, which can vary
seasonally (see e.g., Van Diepen et al., 2007). The
discrepancy in N effects on extraradical hyphal length and
on the fatty acid biomarker was evident in both studies.
This raises questions about the interpretation of earlier
studies where only extraradical hyphal length was assessed,
as lipid storage appears to be a more sensitive indicator.
In a subset analysis of data from Han et al. (2020)
restricted to forests, the same pattern was seen, with N
enrichment not significantly affecting species richness, di-
versity, and extraradical hyphal length, but AM root colo-
nization declining 23% (P =.016, n=34) and NLFA
declining 24% (P = .043, n=8) (our analysis of forest
data from Han et al., 2020). Declines were greater in a
recent meta-analysis focused on forests (Ma et al., 2021b),
with AM biomass declining by 36% and AM root coloni-
zation declining by 31%. Ma et al. (2021b) also found
greater declines in these two metrics for AM fungi than for
EcM fungi (25% and 8%, respectively). However, they
found N deposition significantly decreased biomass and
length of EcM tree roots but not AM tree roots. This
analysis did not control for all environmental conditions
that might affect these responses, so direct comparisons
should be made with caution. In contrast with the above
studies, Hu et al. (2022) noted a small, nonsignificant,
negative effect on AM fungal abundance (all metrics)
across all ecosystems (—5%), but a significant increase in
AM fungal abundance of 17% in forests. However, it was
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FIG. 6.1 (a) The belowground abundances of individual EcM species in relation to N deposition across 137 intensively monitored ICP forests plots in
Europe. Black symbols show species declining with increasing N deposition (z—) and open symbols depict species increasing with increasing N
deposition (z+). The symbol size is proportional to the magnitude of the response (z-score). The horizontal lines represent 5th and 95th quantiles of values
resulting in the largest change in species z-scores among 1000 bootstrap replicates. Tree shapes next to species names indicate host generalist, conifer—or
broadleaf-specific species. (b) In response to N deposition, a drastic mycorrhizal community shift occurs at 5.8 kg ™' N'ha~! year !, and a secondary shift
occurs for positively affected fungi at 15.5 kg~ N ha'year™ ', based on the community-level output of accumulated z-scores per plot. Reproduced from
Van der Linde et al. (2018) with permission.
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impossible to determine whether initial environmental
conditions and experimental design varied between exper-
iments in forests and other ecosystem types. A deeper
comparative analysis of the forest data subset from all of
these studies is warranted to assess any assumptions, gaps,
or biases inherent in the methods (e.g., data imbalances,
abundance metrics, treatment of interactions), ambient
environmental conditions (e.g., initial N status, pH, host
composition), and experimental conditions. For example,
the study by Hu et al. (2022) did not partition results by
type of abundance metric used, whereas other studies found
significant differences among these metrics.

The differential effect of N enrichment on intraradical
and extraradical AMF mycelium suggests differential N
sensitivity of various AM fungal families. However, studies
disagreed on the nature of that response. Han et al. (2020)
grouped AM fungi into rhizophilic (mainly root-inhabiting;
belonging to Glomeraceae, Claroideoglomeraceae and
Paraglomeraceae), edaphophilic (mainly soil-inhabiting;
belonging to Gigasporaceae and Diversisporaceae), and
ancestral  (Acaulosporaceae, Archaeosporaceae, and
Ambisporaceae) functional groups. These groups respon-
ded differently, with the abundance of the rhizophilic and
ancestral guilds declining significantly by 30% and 50%,
respectively, with higher N, whereas the abundance of the
edaphophilic guild exhibited a nonsignificant decrease of
10%—12%. Curiously, these data contrast with earlier
publications where the edaphophilic Gigasporaceae were
considered nitrophobic and the rhizophilic Glomeraceae
nitrophilic (Egerton-Warburton and Allen, 2000; Egerton-
Warburton et al., 2007; Chagnon et al., 2013; Johnson
et al., 2003; Treseder and Allen, 2002; Treseder et al.,
2018). These earlier studies suggested that the AM fungal
communities would shift from large-spored species of the
Gigasporaceae under low N toward small-spored species of
the Glomeraceae under high N (Allen et al., 2016; Anto-
ninka et al., 2011; Chen et al., 2017; Egerton-Warburton
et al., 2007; Eom et al., 1999; Jiang et al., 2018; Wil-
liams et al., 2017). Family level responses for two indices
(the “N association index” and “Observed soil C:N”) of
Treseder et al. (2018) showed no correlation with the “N
addition effects” of Han et al. (2020); our comparison).

As it is unclear what factors cause the different re-
sponses to N addition in forests, it is difficult to generalize
how AMF respond to N addition. We cannot yet explain
the opposing conclusions of those meta-analysis and the
results from earlier studies. Tentative explanations for the
discrepancies would include the direct effect of N enrich-
ment on soil pH and the associated indirect effects on P
availability, and the negative effects of N enrichment on
plant species richness that could drive AM fungal species
richness (Han et al., 2020; Ma et al., 2021a). A further
possibility is that, as for EcMF, fungal family level tax-
onomy may be a poor predictor of N sensitivity. Treseder

et al. (2018), who analyzed responses at the genus rather
than family level, found that within the Glomeraceae,
Rhizophagus species were more nitrophobic than Glomus
and Funneliformis species. Sensitivity to N also varied
within the Gigasporaceae, especially Scutellospora species
(Treseder et al., 2018). To resolve these discrepancies,
further studies of comprehensive standardized datasets at
finer phylogenetic resolution are needed, with a goal of
differentiating direct effects of N and indirect effects,
e.g., those mediated through decline in pH, changes in P
availability, N:P stoichiometry, host C transfer, and host
plant community responses.

The most important predictor of the impact of N
enrichment on AM fungal richness and diversity was the
ratio of available N:available P (Han et al., 2020), which is
consistent with the model of Johnson (2010). At high
relative P supply (low N:P ratio), N enrichment had nega-
tive effects, whereas at low relative P supply (high N:P
ratio) N enrichment increased richness and diversity of AM
fungi. Other moderators (a decline in pH due to N
enrichment; N addition rate, climatic parameters, and the
effect of N enrichment on plant root biomass) were less
important than the relative supply of soil N and P. Addi-
tionally, Han et al. (2020) noted that rhizophilic and eda-
phophilic taxa differed in their response to various
predictors. For the rhizophilic guild the most important
predictors were decline in pH, duration of the experiment,
and the soil supply of N and P, whereas for the edapho-
philic guild the most important predictors were changes in
root biomass, decline in pH, and experimental duration.
Ecosystem type (forest, grassland, cropland) was never an
important predictor.

2.5 Ericoid mycorrhizal responses

Heathland plants of the family Ericaceae typically occur on
nutrient-poor soils. As they are nitrophobic, N deposition
on dry heathland has resulted in replacement of the Erica-
ceae species Calluna vulgaris by the grass Deschampsia
flexuosa, while on wet heathlands the Ericaceae species
Erica tetralix has been replaced by the grass Molinia
coerulea. Accelerated succession to pine, birch and oak
woodland may also be taking place due to N deposition.
The role of the mycorrhizal partners of heathland plants in
the replacement process has received less attention. Van
Geel et al. (2020) noted a potential loss of ericoid mycor-
rhizal fungal species richness of 40% along an N deposition
gradient in western Europe in both dry and moist heath-
lands and described potential implications for nutrient
acquisition from recalcitrant organic sources and for path-
ogen resistance. Nitrogen deposition reduced mycorrhizal
colonization in Calluna vulgaris with a more negative ef-
fect by ammonium than by nitrate (Hofland-Zijlstra and
Berendse, 2009; Yesmin et al., 1996).
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3. Critical loads of nitrogen and
recovery from nitrogen deposition

3.1 Critical loads

Critical loads are “a quantitative estimate of an exposure to
one or more pollutants below which significant harmful
effects on specified sensitive elements of the environment
do not occur according to present knowledge” (UBA,
2004). For mycorrhizal fungi, harmful effects include de-
clines in abundance, diversity, or loss of species of ECMF.
Wallenda and Kottke (1998) suggested a critical N load of
15—20kg Nha' year™' for sporocarp production and
20—30 kg N ha~' year ' for belowground ECMF commu-
nities in sensitive ecosystems. More recently, syntheses
including data from long-term studies estimated a critical
load of 10—20 kg N ha™" year™' (Bobbink and Hettelingh,
2011), with Pardo et al. (2011), Pardo and Robin-Abbott,
(2011) and Jarvis et al. (2013) estimating critical loads at
5—10 kg N ha ' year ' for conifer-dominated ecosystems.
Suz et al. (2014) defined a critical load for temperate Eu-
ropean oak forests of 9.5—17 kg N ha™' year ', depending
on the level of ECMF community change. Recently, Van
der Linde et al. (2018) estimated a critical load of 5—
6 kg ha~! year™' from 137 intensively monitored European
ICP Forests plots using threshold indicator analysis of
ectomycorrhizas. Although they included pine, spruce,
beech and oaks, the critical load was largely determined by
conifer EcM communities because few beech and oak
occur in low-N deposition regions of Europe. The ECMF
associated with conifers appear to be more sensitive to N
deposition than broadleaf-associated EcMF (Arnolds, 1991;
Cox et al., 2010; Van der Linde et al., 2018). However,
there are no data from broadleaf forests with low N depo-
sition, and empirical critical loads can only go as low as the
range of plots sampled. Therefore, our critical load esti-
mates for these ecosystems could be high. More data are
required to determine whether we should assign a lower
critical load for conifer-dominated ecosystems than for
deciduous ecosystems.

Estimates of critical loads for AMF in forests are sparse.
Based on changes in AMF community structure and loss of
fungal biomass in roots and soil (Van Diepen et al., 2007,
2010, 2011), a critical load for AMF in sugar maple-
dominated forests of eastern North America was esti-
mated at <12 kg N ha™! yearf1 (Gilliam et al., 2011; Pardo
et al., 2011).

3.2 Recovery from nitrogen deposition

Due to plant-soil microbe-soil feedbacks, acidification,
litter accumulation, and long-term storage of soil N, N
deposition can have long-lasting legacies (Hasselquist and
Hogberg, 2014). While the direct effects of N are likely

larger than the acidification effects (many EcMF evolved
under acid soil conditions and most boreal forests occur on
somewhat acidic soils), simultaneous eutrophication and
acidification can leave legacies from which recovery can be
slow (Kjgller et al., 2017).

Reduced levels of N deposition are followed by a slow
partial recovery of EcMF community structure over many
years. Van Strien et al. (2018) noted widespread recovery
of fruiting by some EcMF since the 1990s in the
Netherlands concurrent with reduced N deposition,
although the most nitrophobic species had not recovered,
probably because deposition is still above critical loads
(21—35 kg ha™" year '). Nitrogen fertilization in Norway
spruce led to residual fungal community effects even after
recovery for 23 years (Choma et al., 2017) or 47 years
(Strengbom et al., 2001). In a boreal Scots pine forest, EcM
sporocarp production and species richness had recovered to
control levels 14—21 years postfertilization, but N avail-
ability was still elevated and the ECMF community was still
enriched in nitrophilic taxa, especially Lactarius (Hassel-
quist and Hogberg, 2014; Hogberg et al., 2014).

When EcM forests are replaced by AM forests as a
consequence of N deposition and increased P limitation, it
is likely that the system becomes increasingly dominated
by litter inputs characterized by lower C:N ratios, lower
lignin content, and hence higher leaf litter decomposability
(Phillips et al., 2013). This functional group replacement
will therefore speed up the N cycling rate, creating positive
plant-soil microbe-soil feedbacks, which slow down the
return to the previous EcM state. Thus, N deposition needs
to be reduced to lower levels for recovery of EcM forests
than for short-term maintenance of EcM forests (Suz et al.,
2021). Removal of the forest floor is one successful
restoration method for EcMF (see e.g., Baar and Kuyper,
1998; De Vries et al., 1995; Smit et al., 2003) but would be
difficult to implement at large spatial scales. This man-
agement practice also results in losses of exchangeable
cations, causing the need for cation fertilization.

4. Causes and functional consequences
of community change induced by
nitrogen deposition

Nitrogen deposition influences mycorrhizal fungi both
directly (fungal-mediated or soil-mediated) and indirectly
(tree-mediated) (Smithwick et al., 2013). The relative
importance of both pathways has long been disputed. Here
we suggest a middle ground between both viewpoints and
propose how both pathways interact (Fig. 6.2). The impacts
of these different pathways have been framed from the
perspective of either fungal fitness (mycocentric) or plant
fitness (phytocentric), both of which must be considered to
understand the symbiosis.
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FIG. 6.2 As N availability increases three scenarios of P availability represented in the panels (a) low, (b) medium, and (c) high are hypothesized to lead
to different relative N and P limitation of hosts and resultant C transfer from hosts available for ectomycorrhizal activity; and would select differing
dominant traits hypothesized to be associated with the shifting limitations. We assume that belowground C transfer to mycorrhizas is high under low N or
low P availability, but low under high N and P availability. In (scenario a) P is very low, and hence limitation transitions rapidly from N to P and stays
there, with relatively high C availability maintained by P limitation. In (scenario b) P availability is higher, so as N increases, N and P are both readily
available, and belowground C declines until P availability declines because of uptake, acidification, or other factors, leading to P limitation and an increase
in belowground C availability. In (scenario c¢) P availability is very high, and as N availability increases, neither N nor P is limited, and belowground C
availability is reduced. Dominant traits are coded according to their association with a putative limiting resource: red = N limitation; blue = P limitation;
black = C limitation; and their dash style corresponds to those of the three scenarios with which they are associated. Putative ECMF and AMF traits are
designated with E or A, respectively. Note that AMF exploration types have not been formally defined and should differ from those described for EcMF,
so the short and medium smooth types are approximations. (a—c) after taxon names refer to the scenario in which that taxon is expected to possess some of
the dominant traits under high N. Green vertical lines indicate transitions of nutrient and C limitations with increasing N in the three scenarios.
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4.1 Carbon supply from hosts

As N availability increases, relative C allocation (carbo-
hydrates) to roots declines. Depending on circumstances,
trees could also reduce absolute C allocation to roots and
their associated mycorrhizal fungi. Whether absolute C flux
belowground decreases will depend on how photosynthetic
rates respond to higher N availability (Brassard et al., 2009)
and the sinks for that photosynthate. In a recent meta-
analysis, Ma et al. (2021b) concluded that N addition
reduced fine-root biomass and length of EcM trees by 13%
and 17%, respectively, but increased fine-root biomass and
length of AM trees by 10% and 42%, respectively. Analysis
of '3C tracers indicated that N additions to forests can
reduce net belowground C flux to EcM PLFAs (Hogberg
et al, 2010). Similarly, 6years of fertilization at
100 kg Nha™' year ' suppressed hyphal respiration,
although fertilization at 20 kg N ha~' year ' doubled hy-
phal respiration (Hasselquist et al., 2012). Furthermore, N
inputs decrease the abundance of EcMF relative to sapro-
trophic fungi (Morrison et al., 2016), consistent with the
greater declines in EcMF than saprotroph sporocarps in
regions with high N input (Arnolds, 1991). Despite these
declines in abundance, decreases in percentage of roots
colonized by EcMF at high N levels are often assumed
(e.g., Franklin et al., 2014), but not consistently observed
(Corrales et al., 2017; Lucas and Casper, 2008; Peter et al.,
2001; Taylor et al., 2000; Treseder, 2004).

One class of models of the effect of N on C allocation is
that, because leaves are stoichiometrically constrained by N
availability, C allocation belowground declines when
aboveground growth sinks are stimulated by high N
availability (e.g., Ingestad and Agren, 1991; Poorter and
Nagel, 2000; but see Smithwick et al., 2013). These models
avoid questions of ultimate causes of allocation toward
mycorrhizal fungi, defining them as a sink like others
(e.g., roots) directly feeding on host sugars, competing with
other sinks in the process of balancing resource capture
between above- and belowground resources. These models
are consistent with the common observation of greater
sensitivity of sporocarp production than root tip coloniza-
tion to N deposition (Lilleskov et al., 2011), as with
enhanced carbohydrate competition due to N deposition,
sinks for C that are farthest from the source (EcMF spo-
rocarps) would be expected to suffer more than sinks closer
to the source (EcM root tips), even though root tip density
is usually also reduced under high N availability.

One approach to incorporating mycorrhizal fungi into
such models is to hypothesize that under nutrient suffi-
ciency the change in C balance shifts mycorrhizal fungal
communities toward different suites of beneficial traits
(Fig. 6.2). Because fungi vary in their sensitivity to the
reduction in C flux, large changes in species richness and
species composition could occur.

These models have the virtue of simplicity, but there are
two concerns here. First, this formulation ignores the po-
tential for nonbeneficial mycorrhizal interactions. These
can occur if both plant and fungus are limited by the same
nutrient (Franklin et al., 2014; Treseder and Allen, 2002) or
if the plant cannot regulate C supply to mycorrhizal roots
based on return for other benefits. The conditions under
which plants can actively select for more mutualistic
mycorrhizal fungal species on roots have still not been
resolved. Preferential allocation to beneficial AMF occurs
under some conditions (Bever et al., 2009; Kiers et al.,
2011; Zheng et al., 2015), but the generality of this phe-
nomenon has been questioned, especially under high N
availability (Johnson, 2010; Walder and Van der Heijden,
2015). There may also be evolutionary constraints to that
solution for EcM trees if the mechanism only uses host N
status as the regulating principle. In that case, under N
deposition a tree might then reduce allocation to EcMF,
including to those fungal species specialized in P acquisi-
tion (but see Section 4.3). Kohler et al. (2018) found a
positive relationship between EcMF species diversity and P
uptake, suggesting that species losses driven by N addition
might actually hamper P acquisition.

Furthermore, model formulations are needed that
explain the differences between EcM and AM tree re-
sponses to N deposition. One approach can be found in a
recent modeling effort that explicitly explored the differ-
ences between forests with inorganic and organic N econ-
omies, conceptualized as corresponding broadly with AM
and EcM symbioses, respectively (Rotter et al., 2020).
They hypothesized that “reactive N deposition influences
belowground plant investment (C allocation) in mycor-
rhizas more strongly if the competition between trees for
available forms of N is indirect (organic nutrient economy)
rather than direct (inorganic nutrient economy).” Their
model predicts declines in investment in EcM with
increasing N deposition, and also decline in fungi that are
less efficient at mining N from organic matter. In contrast,
this conceptual model predicts that N deposition will have
no negative impact on tree allocation to AMF. This model
was parameterized for a spruce and beech forest, even
though both are EcM, because the authors could not find
appropriate parameter estimates for AM forest. They argue
that beech forests are intermediate between EcM conifer
and AM forests in their N economies. In their model, these
two tree species responded fundamentally differently in
their allocation to mycorrhizal fungi under increasing N
deposition. Spruce NPP peaked at an optimum allocation to
mycorrhizas that shifted lower with N deposition, whereas
there was a monotonic increase of NPP in beech with in-
crease in allocation to mycorrhizal fungi. Clearly, this
model should be challenged with more data and more
realistic constraints. For example, there is no apparent up-
per threshold built into the inorganic nutrient economy
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model in which N availability no longer limits aboveground
production, and therefore additional investments in my-
corrhizas would not positively affect NPP; nor are other
nutrients (e.g., P) considered.

4.2 Nitrogen supply from soils

In addition to tree-mediated mechanisms, high soil N may
directly affect mycorrhizal fungi, particularly EcMF. Spe-
cies sensitivity is partly phylogenetically conserved (Lille-
skov et al., 2011), with many fungal genera partitioning
along the gradient from nitrophobic to nitrophilic, whereas
other genera contain species with divergent responses to N
(Section 3.2). Species sensitivity is also correlated with
morphological and physiological fungal traits, such as hy-
drophobic mycelium, abundance of extraradical hyphae and
rhizomorphs, ability to acquire N from organic sources,
production of proteolytic enzymes, and the '*N:'*N ratios
in mycelium and sporocarps, due to both differential access
to organic versus inorganic N sources and differential N
allocation from fungus to tree (Hobbie and Agerer, 2010;
Hobbie et al., 2022). One hypothesis is that differences in
host specificity among EcMF are linked to differences in
enzymatic capacities to acquire N directly from complex
soil organic substrates and in differing resource exchange
rates, e.g., if host-specific fungi transfer more soil N per
unit of tree C than generalists (Gorissen and Kuyper, 2000;
Molina and Horton, 2015). Alternatively, adaptations for
mobilizing organic N may be more beneficial in the
recalcitrant litter produced by most conifers than in decid-
uous litter. Host and soil pathways interact, as nitrophobic
fungi are generally thought to be more C-demanding (Lil-
leskov et al., 2011), and hence respond more strongly to
changes in C allocation (or C transfer to fungi) by the tree.

Whether because of changes in host allocation, host
selection, or soil-mediated direct effects, EcMF with
organic N-mobilizing capacities decline with elevated soil
N (Fig. 6.1). For example, elevated N greatly reduces the
abundance of many Cortinarius species with strong per-
oxidative potential, which is hypothesized to be used to
mobilize organic N (Bodeker et al., 2014; Lindahl and
Tunlid, 2015; Lindahl et al., 2021). Although AMF are not
known to have such direct organic N-mobilizing capacity, it
is possible that AMF with high uptake of amino acids are
differentially affected by deposition.

One N-mediated community filtering mechanism was
proposed by Wallander (1995). He proposed that under
higher N, for species adapted to N deficiency that have
obligate high N transfer rates to hosts, C will be used in
acquiring and incorporating N into amino acids, and in the
case of ECMF a significant amount of C will be transferred
back to the host in amino acids transported from the fungus.
For AMF, the fungus can transfer N as NHZ (Govindarajulu
et al., 2005), therefore the fungal C budget is more favorable

because C skeletons from amino acids are retained by the
fungus, although still at some cost related to hyphal transport
as arginine (Hodge and Storer, 2015). Typically, studies do
not distinguish between the effect of host C supply limitation
versus additional costs of N uptake and transfer. Without a
full accounting of C costs of N uptake and transfer to hosts
and gross C flux into mycorrhizas, it will be difficult to
distinguish the relative importance of the two as drivers of
mycelial biomass, production, and respiration. Their relative
importance is worth distinguishing because, although both
mechanisms enhance C limitation, which should select for
fungi that can persist with low C supply from hosts, only the
Wallander (1995) mechanism posits a C penalty to EcMF
that transfer more N to hosts, providing an additional agent
of community structuring.

Differential ability to assimilate nitrate versus reduced
N forms (such as ammonium or amino acids, Finlay et al.,
1992) could also contribute to the differential responses of
ectomycorrhizal taxa to N deposition. This could reflect
both reduced capacity to acquire the N needed for growth
and could also influence the C supply from plant hosts, if
plants can modify their C flux of labile sugars to ectomy-
corrhizal fungi depending on the nutrient payoff. The
ectomycorrhizal fungus Paxillus involutus assimilated ni-
trate in mycelia at half the rate of ammonium when grown
monoxenically with Fagus sylvatica (Finlay et al., 1989),
and growth on nitrate was only 20% that of growth on
ammonium, glutamine, and the dipeptide alanyl-glutamine
in axenic culture in eight taxa of Suillus and Rhizopogon
(Antibus et al., 2018). Fungi with poor abilities to assimi-
late nitrate, such as many Suillus species, may acquire
nitrate-derived N from their host plants, but this pathway of
N acquisition appears to reduce fungal biomass. For
example, in culture studies of Pinus sylvestris with the
nitrophobic Suillus bovinus and the nitrophilic Laccaria
laccata supplied with ammonium or nitrate, nitrate supply
reduced colonization by Suillus but not Laccaria, with this
reduction occurring at both high and low rates of N supply
(Hobbie et al., 2008). Differential ability to assimilate ni-
trate provides another mechanism for variable sensitivity of
ectomycorrhizal taxa to N deposition.

4.3 Nitrogen-mediated shifts in physiological
potential

4.3.1 Shifting limitations and phosphorus
mobilization

In an extremely N-poor ecosystem both trees and mycor-
rhizal fungi may be limited by N (Treseder et al., 2004;
Fig. 6.2), resulting in a “trap” where plant growth can be
constrained by N immobilization in the mycelium (Franklin
et al., 2014, Piischel et al., 2016). With small increases in N
availability the tree may still be N-limited, whereas the
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fungus is likely C-limited. With further increases in N the
tree will no longer be N-limited. How do trees respond to
those new conditions? In some cases, trees will likely
maintain belowground C allocation, while in other cases
they may not, potentially selecting for fungi with a favorable
N for C trade. As N is added, there are three potential host
nutritional statuses likely to filter mycorrhizal fungi differ-
ently: (1) high overall nutrient availability, (2) limitation by
cations, such as Mg or K, which is especially relevant with
cation leaching due to acidification that normally accom-
panies N enrichment, (3) limitation by P, which can be
exacerbated in acidified soils by N deposition (Fig. 6.2). In
the latter case, P limitation should stimulate belowground
allocation (Ericsson, 1995). In support of this conceptual
model, K and Mg limitation suppressed C allocation to root
growth (Wickstrom and Ericsson, 1995) and to EcMF
growth, whereas P limitation stimulated C allocation to roots
and EcMF growth (Hagerberg et al., 2003 and references
therein). The spectrum of competitive fungal traits is likely
to differ greatly among these three cases.

Case 1 and 2, C limitation. As discussed earlier, high
overall fertility may sometimes reduce belowground C flux.
If high overall fertility and limitation by nutrients affecting
light harvest more than growth (e.g., Mg, K) reduce C
allocation belowground, lower C demand would likely be a
strongly selected trait (Fig. 6.2C). Under many N fertil-
ization scenarios, the medium-distance fringe and mat, and
some long-distance, exploration types decline in abundance
(Lilleskov et al., 2011; Treseder et al., 2018), being
replaced by fungi with shorter-distance exploration types. If
C limitation is a dominant community filter, one prediction
would be that C limitation by any mechanism, regardless of
site N status, might select for mycorrhizal communities
with similar functional traits. Consistent with this, hemlock
and birch seedling roots in densely shaded, low N avail-
ability rotting logs under hemlock canopies (Poznanovic
et al.,, 2015), shared the same dominant EcMF taxa,
Tomentella sublilacina and Lactarius tabidus (=
L. theiogalus), as canopy spruce trees under high N depo-
sition in Alaska (Lilleskov et al., 2002). This suggests that
both low light availability and N deposition, by reducing
belowground C flux, may select similar dominants, despite
large differences in N availability. Clearly, this hypothesis
requires testing, especially in the case of cation limitation.
Even if the same EcMF are selected by low C availability
and high N availability, it remains to be tested whether
these fungi can supply key nutrients or other benefits.

For AM fungi, a trait-based synthesis suggested that
elevated N selected for nitrophilic Glomeraceae over
nitrophobic Gigasporaceae (Treseder et al., 2018; but see
above). The authors noted that along a regional deposition
gradient, the N deposition-associated taxa conferred smaller
P benefits on hosts than those negatively associated with N
deposition, yet these taxa did not produce fewer

extraradical hyphae. However, in a parallel analysis based
on a large global sampling, taxa that were more commonly
found at lower soil C:N had lower external hyphal length,
providing an equivocal view of the links between the two
(Treseder et al., 2018). The latter could result in lower P
benefit in response to N inputs, whereas the former does not
link reduced P benefit to N inputs. However, their synthesis
study did not explicitly address whether the community
response to N depends on variation in soil P (see Case 3).
The regional gradient was on relatively P-rich soils, but soil
P varied widely in the global study.

Case 3, P limitation. Under P limitation, C allocation
belowground should increase (Ericsson, 1995), increasing
C availability for fungi and increasing P demand for both
fungal and host nutrition, which would favor a diversity of
P-mobilizing strategies (Fig. 6.2A and B). Consistent with a
model of P mediation of C supply to symbionts, Johnson
et al. (2003) found that at a P-rich site N addition decreased
AMF biomass, whereas at P-limited sites N addition
enhanced AMF biomass. However, the extent to which
such changes are ultimately driven by P-induced changes in
C availability or by the N:P stoichiometry of soils (Han
et al.,, 2020; Ma et al., 2021a) demands further study of
actual C:N:P trade across the symbiotic interface.

Under these conditions, additional potential trait com-
binations could be favored because the increased C and
limiting P create niches for fungi with higher C demand,
lower N-mobilizing capacity, and greater inorganic P- or
organic P-mobilizing capacity (Johnson, 2010). Mycor-
rhizal fungi can enhance P mobilization via four mecha-
nisms: high affinity transporters, increased soil exploration,
mobilization of inorganically bound P, or mobilization of
organically bound P. Although the diversity of P trans-
porters in mycorrhizal fungi is unknown, with continued
expansion of the pool of available fungal genomes (Gri-
goriev et al., 2014; Martin et al., 2011) and transcriptomes,
the suite of transporters associated with taxa responding
differentially to N deposition and resultant P limitation will
become increasingly apparent.

Different fungal exploration types should vary in their
ability to forage for P in soils (Plassard et al., 2011). In
particular, given the low mobility of P in soils, contact and
short-distance exploration types (e.g., many Russula and
Lactarius species), would likely do a poor job of exploring
for P. In contrast, many of the medium-distance fringe and
mat types that are suppressed by elevated N, and also
medium-distance smooth exploration types that are not
suppressed, should be more effective at P exploration. Some
species with rhizomorphic long-distance exploration types
are suppressed by elevated N (e.g., Suillus spp.) whereas
others may be stimulated, such as Paxillus involutus, Tylo-
pilus felleus, and Imleria badia (Almeida et al., 2019; Lil-
leskov et al., 2011), and would be especially good
candidates for effective P scavengers under high-N
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conditions (Fig. 6.2A and B). Consistent with this, the
nitrophilic P. involutus was more efficient at inorganic P
uptake than the nitrophobic Suillus bovinus under similar
conditions, although both are long-distance exploration
types (Van Tichelen and Colpaert, 2000). Paxillus involutus
is also able to mobilize P from primary inorganic forms
(Almeida, 2019). Similarly, 1. badia responded positively to
P limitation enhanced by N additions, and preferentially
colonized apatite ingrowth bags over quartz bags, apparently
stimulated by primary inorganic P (Almeida et al., 2019).

For AM fungi, taxa in the Gigasporaceae have more
extraradical hyphae than taxa in the Glomeraceae, so would
be expected to be better at mobilizing P, but to be sup-
pressed by low C availability (Treseder et al., 2018) driven
by lower carbohydrate allocation to roots, or lower C
transfer from plant hosts to their symbionts. Therefore, one
might expect that Gigasporaceae would be favored under N
or P limitation when C availability (or symbiotic C transfer)
is high, but not under high N and P conditions when C
availability/transfer is low (Fig. 6.2). Consistent with this,
at P-rich grassland sites, Gigasporaceae were most abun-
dant under N limitation, whereas at a P-poor site, Giga-
sporaceae were most abundant under N fertilization
(Johnson et al., 2003), suggesting an overarching role of C
supply from hosts rather than N availability in their abun-
dance. Additionally, Gigasporaceae greatly enhanced foliar
P compared to most genera, including Glomus (Treseder
et al., 2018). However, studies are needed to determine
whether C supply to fungal partners is regulated (at least in
part) by C availability in roots or whether host nutrient
stoichiometry triggers genetic regulation of transfer of host
C to fungal partners, even in the absence of root C limi-
tation. These alternate models should be readily testable
given the widespread availability of metatranscriptomics
linked with root metabolomics.

The evidence for N-mediated increase in mycorrhizal
taxa with high phosphatase activity is limited and mixed.
Taniguchi et al. (2008) found higher phosphatase activity in
EcMF from more N-rich forests (Tomentella and Amanita
species) compared with those from more nutrient-limited
forests (Suillus and Rhizopogon species). In contrast, in a
montane tropical EcM forest, overall soil phosphatase ac-
tivity was suppressed under elevated N inputs, positively
correlated with the abundance of the nitrophobic genus
Cortinarius, and negatively correlated with abundances of
the nitrophilic genera Russula and Tomentella (Corrales
et al., 2017). In these cases, understanding the P status of
the soils and hosts will be critical, because high phospha-
tase activity should only be favored if P becomes limiting
to growth. In the absence of P limitation, a decline in
phosphatase activity could be associated with a decline in
EcMF biomass. Although AM fungi or their hyphal-wall
associated bacteria (Jiang et al., 2021) also produce acid
phosphatases, including free phosphatases in soil solution
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(Sato et al., 2015), virtually nothing is known about AMF
community members differing in phosphatase activity in
response to the interaction of N deposition, C and P
availability to the fungi.

High concentrations of exuded organic acids or car-
boxylates can desorb and mobilize inorganic and organic P
(Lambers et al., 2006). High rates of organic acid produc-
tion were found in both nitrophilic (e.g., Paxillus) and
nitrophobic (e.g., Cortinarius, Piloderma, Suillus) EcCMF
genera (Plassard et al., 2011), suggesting that potential for
P mobilization spans the spectrum of tolerance of N
deposition. However, other nitrophilic taxa show little ca-
pacity for organic acid exudation (e.g., Thelephora, Tylo-
spora, Laccaria bicolor, Hebeloma cylindrosporum). The
AM species Rhizophagus clarus was associated with higher
organic acid concentrations in the rhizosphere and host
foliar P than four other AMF species across a range of soil
aluminum concentrations (Klugh and Cumming, 2007). It
is unknown whether P limitation under high N conditions
could stimulate this species, as was found for Giga-
sporaceae (Johnson et al., 2003).

The above exemplifies the complexities involved in
forms of P targeted and mechanisms of P mobilization, and
our limited understanding of how P-mobilizing traits
respond to shifts in both N and P limitation. Additionally,
diverse traits could enhance P mobilization, pointing to a
need to expand our profiling of phylogenetic distribution of
suites of P-mobilizing traits to develop integrated estimates
of the combined effect of the suite of traits, such as host
stoichiometry.

4.3.2 Host stoichiometry

Given that EcMF capacities for uptake and transfer of
different nutrients might shift under N enrichment, Lilleskov
(2005) hypothesized that EEMF communities might shift the
relative supply rate of different nutrients, at least partially
buffering stoichiometric impacts on hosts. Surprisingly, ef-
fects of EcMF or AMF fungal taxa on host stoichiometry
have been rarely investigated, although individual studies
showing clear correlations between ECMF communities and
foliar N:P along N deposition gradients are suggestive (Suz
et al.,, 2021). For example, Van der Heijden and Kuyper
(2001) found that host N:P was regulated by fungal species,
and the effect depended on substrate N:P. Similarly, Tani-
guchi et al. (2008) found that when seedlings were N-
fertilized, those inoculated with ectomycorrhizal fungal
isolates from high N sites had lower N:P than those inocu-
lated with isolates from low N sites. Smith et al. (2015)
found large fungal species effects on the stoichiometry of
white spruce seedlings. Under unfertilized conditions,
Amphinema sp. (Atheliaceae) had a strong negative effect on
host N:P ratio compared with Thelephora terrestris and
another Atheliaceae species, apparently by preferentially
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supplying P. Some Atheliaceae are nitrophilic, whereas
others are not (Lilleskov et al., 2011), and it is unclear where
these two Atheliaceae lie on that spectrum.

There is evidence that AMF species also differ in effects
on host stoichiometry, suggesting that N-mediated com-
munity change could have stoichiometric consequences for
hosts (e.g., Fellbaum et al., 2014). Johnson (2010) syn-
thesized conceptual understanding of resource stoichiom-
etry impacts on AMF communities and function. Although
not explicitly addressing the issue of how the fungal
community affects host stoichiometry, she emphasized the
limited evidence of AM benefit to host N nutrition versus
the extensive literature on AM benefit to P nutrition. If
correct, this suggests that the dominant mechanism by
which AMF affect host stoichiometry would be variation in
the P supply rate, rather than the N supply rate. However,
indirect effects of N deposition on soil pH with cascading
effects on P availability could explain why many studies
observed negative effects of N enrichment on the AM
symbiosis (Han et al., 2020; Ma et al., 2021a,b).

4.4 Fungal stoichiometry

Fungal stoichiometry itself should also be affected by N
deposition, since the relative proportions of N forms avail-
able in the soil (e.g., nitrate versus reduced N forms) and the
N uptake possible for a given unit of growth should change
as soil N availability changes. In addition, C supply to fungi
should generally decrease as nutrient status of plants in-
creases. Nitrogen fertilization increased sporocarp N con-
centrations in Suillus variegatus, Lactarius rufus, and
associated conifers in short-term fertilization experiments in
Finland (Ohtonen, 1986). The C:N and N:P ratios of spo-
rocarps have been correlated with foliar and soil C:N and
N:P as a marker of N availability. Foliage, sporocarp and soil
correlated in C:N across a podzolization gradient in Pseu-
dotsuga menziesii stands in British Columbia (Kranabetter
et al., 2019) and sporocarp C:N and F horizon C:N corre-
lated across long-term N fertilization gradients in Pinus
sylvestris stands in central Sweden (Hobbie et al., 2019).
Interestingly, the slope of changes in log C:N between
sporocarps and soil were very similar in these two studies,
with British Columbia values at 0.37 (estimated graphically)
and central Sweden values at 0.35 £ 0.05 (estimated from
regression analysis). Similarly, ectomycorrhizal taxa
increased in N concentration along an anthropogenic N
deposition gradient in south-central Alaska (unpublished
data, E. Lilleskov), with strong correlations with the inor-
ganic N levels in the organic horizons and also with the P:Al
ratio in sporocarps, according to the following equation:

Loge Nsporocarp = 1.43 £ 0.23 x mineral Norganic soil +
0.162 £ 0.034 x Loge P/Algporocarp + [Species] + 2.99 &
0.14 (adjusted 1> = 0.72, n = 71),

where N,orcarp 18 the N concentration in sporocarps, min-
eral Norganic soi 1 the concentration of exchangeable
ammonium- + nitrate-N in organic soil, P/Alyporocarp 18
the ratio of total P to total Al in sporocarps, and species
is a categorical variable for fungal species. The correlation
with P:Al presumably indicated the positive relationship
between P uptake and N uptake or between P and N avail-
ability. The consistent patterns here indicate that sporocarp
N concentration or C:N stoichiometry could be useful met-
rics for the N status of a site, as affected by the history of N
deposition.

4.5 Ectomycorrhizal to arbuscular mycorrhizal
comparisons

Given the apparent shifts from EcM to AM forest compo-
sition under N deposition in North America, it is critical to
understand the functional consequences of such shifts. If
we accept conceptual models in which, in contrast with
EcMF, AMF lack the ability to mobilize polymeric or
phenolically bound organic N from the environment but
can access inorganic P effectively (Read, 1991), we might
expect that increased N deposition would favor AMF, and
the findings of Averill et al. (2018) and Jo et al. (2019) are
consistent with this. However, several experimental studies
also suggest that AMF communities are less beneficial
under N fertilization than under unfertilized conditions
(e.g., Treseder et al., 2018), perhaps because high back-
ground P availability reduced the likelihood of a shift from
N to P limitation and the potential for nutritional mutualism
(Hoeksema et al., 2010). Key studies are needed to test the
N—P interactions in AM trees.

At the level of EcM—AM comparisons, it is worth
integrating this conceptual understanding with that of
Albornoz et al. (2016), who found that on roots of Acacia
rostellifera, an Nj-fixing dual mycorrhizal legume (where
N supply should be sufficient), under high inorganic P
availability AMF dominate, whereas as soils age and P is
increasingly found in organic forms, EcCMF dominate. They
hypothesized that this trend was driven by the ability of the
EcMF to access organic P via phosphatases, a function that
is more limited (Phillips et al., 2013; Rosling et al., 2016),
but not absent (Jiang et al., 2021) in AMF. This has rele-
vance to differential AMF-EcMF responses to high N
deposition.

4.6 New insights from phylogenetics and
omics

Genomic methods are generating new insights into func-
tional differences among and within groups that respond
differentially to N deposition. The two sequenced Glom-
eromycotina genomes, Rhizophagus irregularis (Lin et al.,
2014; Tisserant et al., 2013) and R. clarus (Kobayashi
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et al., 2018) revealed low copy number of CAZymes
(carbohydrate-active enzymes involved in the breakdown
of lignocellulose) compared to many EcMF (Kohler et al.,
2015; Kuo et al., 2014). Additionally, comparative geno-
mics suggests the convergent loss of enzymes involved in
the decay of lignocellulosic material in EcMF (Kohler
et al., 2015), yet certain lineages appear to have retained
high levels of oxidative activity, possessing Class II per-
oxidases hypothesized as a potentially important mecha-
nism for organic N mobilization (Lindahl and Tunlid,
2015). These peroxidases are largely absent in the Asco-
mycota and early branching Basidiomycota (Sebacinales)
that form some ectomycorrhizal and other mycorrhizal
symbioses (Nagy et al., 2015).

Secreted proteases are also important in mobilizing
organic N, and so we might expect taxa adapted to higher N
conditions to possess a lower complement. Extracellular
protease activity by many EcMF in the Ascomycota and
Basidiomycota is well-documented (e.g., Talbot and Tre-
seder, 2010) but lacking or greatly reduced in the Glom-
eromycotina (Hodge and Storer, 2015; Talbot et al., 2013).
Consistent with this, the latter possess a reduced comple-
ment of serine proteases compared with saprotrophs and
EcMF (Muszewska et al., 2017). A better understanding of
the integrated function of secreted proteases will be
necessary to link genomics to organismal function.

Within the EcMF, taxa that have a lower genomic po-
tential or expression of genes involved in mining organic N
through oxidation of soil organic matter appear likely to
thrive under higher N availability. Although full genome
analyses are only now under way, there are hints revealed
in the recent literature. For example, Laccaria bicolor is
tolerant of elevated N deposition (Lilleskov et al., 2011).
Like most EcMF, L. bicolor possesses a broad suite of an
estimated 116 secreted proteases (Martin et al., 2008),
which is surprising given its low but variable growth on
protein as a sole N source (Lilleskov et al., 2011). It is
possible that experimental conditions do not always capture
its enzymatic potential, for example, L. bicolor may extract
N from soil fauna such as Collembola (Klironomos and
Hart, 2001), perhaps via extracellular proteases that target
animal protein. Some secreted proteases could be involved
in functions other than nutrient mobilization (e.g., defense),
and some modeled secreted proteases might not actually be
transported into the soil. Consistent with this, Shah et al.
(2016) found that L. bicolor had a smaller fraction of
upregulated secreted peptidases when challenged with soil
organic matter compared with Paxillus involutus, Hebe-
loma cylindrosporum, Suillus luteus and Piloderma cro-
ceum. The largest contrast was with P. croceum, a
nitrophobic taxon that has both a larger number of secreted
proteins and a larger fraction of those that are peptidases.
These species also differed in their expressed suite of
extracellular oxidative enzymes, which is also important for
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mobilizing N that is organically bound. We emphasize
again the need to characterize the integrated functioning of
these suites of enzymes.

Since class II peroxidases are phylogenetically con-
strained (Bodeker et al., 2014), it is worth asking whether
lineages possessing them are more sensitive to N deposi-
tion. A Cortinarius genome has 11 copies of Mn peroxi-
dases, equivalent to white rot fungi (Bodeker et al., 2014).
Bodeker et al. (2014) also found evidence of peroxidase
genes in numerous Cortinarius species, and enhanced soil
peroxidase activity associated with some Cortinarius spe-
cies’ root tips. The high sensitivity of this genus to N
deposition is consistent with the hypothesis that ECMF with
peroxidases are selected against under higher N conditions.
Cortinarius species vary somewhat in their sensitivity to N
deposition, but whether this relates to peroxidase copy
number or activity is untested. The only other sequenced
EcM genomes with >1 copy of Class II peroxidases are
Russulaceae and Hebeloma spp. The Russulaceae in
particular vary widely in sensitivity to N deposition (Lil-
leskov et al., 2011; Van der Linde et al., 2018), and also
have retained variable numbers of peroxidase genes and
other CAZymes (Looney et al., 2022). Elucidation of the
distribution of these oxidative enzymes among N-tolerant
and N-sensitive species, and tests of their extracellular
function, would be enlightening.

The potential of metatranscriptomics lies in revealing
not just genetic potential, but gene expression under
changing soil nutrient availability. For example, after 25
years of fertilizing Norway spruce with balanced levels of
nutrients, metatranscriptomic analyses revealed the change
in coordination of mycorrhizal fungal gene expression with
hosts as trees shift from nutrient-limited to nutrient-
enriched (Law et al., 2022). Specifically, under low soil
nutrients, there was strong gene network coordination of
hosts with the nitrophobic symbionts Piloderma and Cor-
tinarius. After fertilization this coordination broke down,
and shifted to coordination of host gene networks with the
widespread ascomycete, Cenococcum geophilum. In tan-
dem with this, trees reduced expression of sugar efflux
carriers and increased expression of defense-related genes,
consistent with greater retention of C for host metabolism
and a reduced support for symbiont metabolism. Although
this complete fertilization differs from N fertilization and so
inference is limited regarding effects of N deposition, these
methods hold great promise for elucidating community
functional responses to changing N availability in field
settings.

4.7 Interactions with other global change
factors

The interactive effects on mycorrhizal symbioses of N
deposition with other global change factors, such as climate
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change, ozone, and elevated CO,, have been addressed in
detail elsewhere (see, e.g., Mohan et al., 2014 and refer-
ences therein), so are only summarized here. Briefly, these
can act by moderating or exacerbating N deposition effects
on host C fixation and belowground C flux (CO,, O3,
temperature, drought) or by altering soil resource avail-
ability (temperature, drought). Under elevated COj,
mycorrhizal plants and fungi generally benefit (Alberton
et al., 2005), although CO, fertilization effects are best
explained by an interaction between N availability and
mycorrhizal association (Terrer et al., 2016, 2021). Ecto-
mycorrhizal plants increase their biomass in response to
elevated CO,; regardless of N availability, apparently by
accelerating N cycling through enhanced N mining by
oxidative enzymes (e.g., Drake et al., 2011; Phillips et al.,
2012), whereas for AM plants, low N availability limits the
biomass response to CO, fertilization. Thus, AM and EcM
forests may differ in their responses to N deposition under
rising CO; levels. By increasing belowground C allocation
and the potential for N immobilization, elevated CO, may
mitigate some negative impacts of atmospheric N deposi-
tion on EcMF, especially on nitrophobic species that are
often more C-demanding (see below). In contrast, ozone
damage on aboveground tissues of trees has potential
negative effects on belowground C allocation and mycor-
rhizas (Andersen, 2003; Lilleskov, 2005; Mohan et al.,
2014). Ozone can sometimes moderate effects of CO,,
e.g., on sporocarp production (Andrew and Lilleskov,
2009), presumably by opposing effects on host C balance.

Climate change can have complex interactive effects on
mycorrhizas. For example, warming in the absence of
drought could both (a) reduce host C supply by increasing
respiratory costs more than photosynthesis (Yamori et al.,
2014) and (b) change soil resources by increasing N
mineralization. Both could exacerbate N deposition effects
on ecosystems, the former by reducing belowground C
flux, and the latter by increasing soil inorganic N avail-
ability. However, in most warming studies, mycorrhizal
hyphal abundance increases, but hyphal activity decreases
(Mohan et al., 2014). Where moisture effects occur, one
might expect a shift in hyphal anatomy and biochemistry,
e.g., an increase in hydrophobic long-distance types or
melanized hyphae with drought and increased hydrophilic
taxa at higher humidity (Parts et al., 2013). These shifts
could affect the ability of mycorrhizal fungi to forage for
nutrients, interacting with N deposition in as yet untested
ways.

4.8 Implications of large-scale changes in tree
nutrition and tipping points

The preceding overview reveals clear functional diversity
among and within mycorrhizal types, providing the po-
tential for functional shifts as N, C and P shift in relative

availability. However, it is still uncertain whether N inputs
lead to changes in mycorrhizal community structure that
optimize or reduce plant fitness (e.g., in P acquisition). This
has been challenging to investigate robustly using dominant
organisms at ecosystem scales. However, strong imbal-
ances in tree mineral nutrition at ICP Forests plots across
Europe, including lowered P and higher foliar N:P of EcM
trees, and negative health effects at least for conifers, even
under N-limiting conditions (Jonard et al., 2015; Ver-
esoglou et al., 2014), suggest that limits to the nutritional
buffering capacity of ECMF communities at high N depo-
sition levels have been reached. Arbuscular mycorrhizal
trees were not abundant enough at ICP Forests sites to
evaluate in these studies. Field surveys and experiments in
AM and EcM forest ecosystems are needed to resolve the
sign and magnitude of the integrated impact of N-mediated
mycorrhizal fungal community change on host nutrition
and plant community dynamics.

A growing concern is that long-term anthropogenic N
deposition can push ecosystems until a threshold is reached
where an abrupt shift, or “tipping point”, to an alternative
stable ecosystem state occurs that cannot be easily reversed
and that need larger reductions in N input than would be
predicted from critical loads only. Tipping point theory and
its links with ectomycorrhizal feedbacks, phenotypic plas-
ticity, and recovery from N deposition have only recently
been investigated (Suz et al., 2021). There are large-scale
environmental thresholds in EcM fungal communities
linked to increasing N deposition and unbalanced tree foliar
N:P ratios that indicate a tipping point in forest ecosystems.
The precise tipping point will depend on tree species and
their characteristic EcM fungal communities and will likely
also vary to a smaller extent with climate and soil proper-
ties, but there is evidence that an ectomycorrhizal tipping
point is a general phenomenon, at least in Europe. Large-
scale repeated-measures data are still needed to quantify
temporal change, but national observational and local
experimental studies suggest that recovery demands strong
reduction in N deposition (Hogberg et al., 2011; Van Strien
et al., 2018). Furthermore, if N deposition is not halted and
forests remain persistently P-limited, a second tipping point
may occur where EcM trees are displaced by AM trees, as
appears to be happening in North America (Averill et al.,
2018; Jo et al., 2019).

4.9 Nitrogen deposition, organic matter
decomposition, and soil carbon storage

Whether changes in mycorrhizal communities in response
to N deposition can increase C sequestration is an active
area of research. In addition to direct nutritional and pop-
ulation effects on EcMF and trees, chronic N additions can
suppress decomposition and increase soil C accumulation
across AM and especially EcM forests (Frey et al., 2014,
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Kuyper et al., 2023 and references therein). Changes in
decomposition could be driven by multiple factors,
including changing plant communities, litter chemistry, the
environment, and especially both saprotrophic and mycor-
rhizal community abundance, species richness and
composition. In this context, there has been a long-standing
debate about whether EcMF have retained not only the
capabilities for organic matter transformation, but also still
have a facultative saprotrophic lifestyle. The evidence
strongly indicates that EcMF lack a fully saprotrophic
lifestyle, but that they can have substantial capabilities to
transform soil organic matter, thereby affecting soil C pools
and fluxes (Kuyper, 2017; Lindahl and Tunlid, 2015).

Gadgil and Gadgil (1971, 1975) proposed a conceptual
model in which EcMF competitively suppress decomposer
activity, thereby reducing net decomposition. Although
developed for EcMF, recent evidence suggests that this
effect may also be seen with AMF (Leitheit et al., 2015).
Fernandez and Kennedy (2016) summarized the potential
mechanisms by which EcMF could suppress saprotrophs,
one of which is especially relevant to this review, i.e.,
competition for N between both fungal guilds given high
belowground C allocation which favors EcMF. Under this
model of fungal N competition, increased N deposition
should reduce the Gadgil effect, accelerating saprotrophic
activity, all else being equal. However, that does not seem
to align with observations of reduced decomposition under
N deposition, suggesting other mechanisms are at play.

An opposite mechanism, which relates the decline of
EcMF to altered soil C dynamics and C sequestration, is
related to the oxidative capabilities of certain EcMF
(e.g., species of the genus Cortinarius; Bodeker et al.,
2014), because these oxidative enzymes can cause extra-
cellular oxidation of soil organic matter. These ECMF are
highly sensitive to N deposition (Lilleskov et al., 2011), so
their decline under N deposition could contribute to accu-
mulation of soil organic matter. In fact, ECMF possessing
suites of extracellular oxidative and hydrolytic enzymes
capable of breaking down complex organic, which are less
C-limited than saprotrophic fungi, may be more important
in their contribution to the degradation of old, recalcitrant
soil organic matter than saprotrophic fungi (Lindahl et al.,
2007; Lindahl and Tunlid, 2015). Consistent with this hy-
pothesis, Lindahl et al. (2021) found that C storage in
Swedish boreal conifer forest soils was 33% lower when
Cortinarius was present. This relationship was much
stronger when a specific clade of this genus, Cortinarius
acutus (sensu lato) was present. Although highly sugges-
tive of a role for Cortinarius species in soil organic matter
turnover, whether this link is causative or merely correla-
tive requires additional testing. It also points to a need to
expand predictions and tests of functional linkage of soil C
degradation and sensitivity to N availability across the
broad phylogenetic spectrum of EcMF.

109

Models linking the capacity of ECMF to acquire organic
N from soil organic matter to transformations of soil
organic matter by free-living saprotrophs vary widely in
predictions. Whereas Orwin et al. (2011), in agreement
with the Gadgil effect, predicted that EcCMF will slow down
decomposition, Moore et al. (2015) suggested that ECMF
would increase decomposition under some scenarios. These
predictions have a direct bearing on how N deposition
could have cascading effects via changes in EcMF func-
tioning into C pools and fluxes. Orwin’s model, like that of
Talbot et al. (2008), predicts that, all other things being
equal, decreased EcM activity enhances decomposition
rates, while some of Moore’s models suggest the opposite.
However, N deposition slows down decomposition of litter
and soil organic matter, especially by fungi (Kuyper et al.,
2023). The relative importance of N deposition on reducing
EcMF and ligninolytic saprotrophic basidiomycetes, and
hence on enhancing C storage, demands further study.

Given possible shifts from EcM to AM forests under N
deposition, it is important to determine the net effect of N
deposition-mediated shifts between mycorrhizal types
(EcM-AM) on C storage in the entire soil profile. Decom-
position in organic horizons is only one determinant of soil
C storage, and not always the most important one across
ecosystems (Schmidt et al., 2011). We currently do not
know the extent to which oxidative-enzyme activity by
EcMF affects C dynamics in both organic horizons with
particulate organic matter of plant origin, and in mineral
horizons with mineral-associated organic matter with a
predominant microbial signature. Most of the processes
described above are primarily focused on the organic ho-
rizon, and as such influence the most vulnerable pool of soil
carbon, yet interactions of partially degraded root and mi-
crobial inputs with mineral horizons are important de-
terminants of total soil C storage (e.g., Torn et al., 1997;
Doetterl et al., 2015). Averill et al. (2018) stated that an
observed shift from EcM to AM trees under N deposition
was associated with decreased soil C storage. However, this
analysis only included the forest floor and the upper 20 cm
in the mineral soil, and so captured effects on surface soil
C, but could have missed deeper soil C. Other studies have
found elevated mineral soil C effects and total organic C
under AMF forests (Craig et al., 2018; Zhu et al., 2018).
EcM forests are associated with greater C storage near the
surface (Craig et al., 2018; Vesterdal et al., 2013) and so a
bias toward surface sampling would overestimate soil C
loss with decreased dominance of EcM trees.

5. The way forward—recommendations
for future studies

There is a need to move the science forward on multiple
fronts. Although we have a good picture of fungal
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community responses to N deposition in some boreal and
temperate forests, the functional consequences are much less
well sorted out. Additionally, our understanding of fungal
community responses is still limited in tropical forests.

5.1 Integrating emerging omic resources with
field and laboratory investigations of
fungal functioning

A fruitful line of research will be to test the predictive
utility of the genomic and transcriptomic information
versus in situ assays of taxon-specific enzymatic and
nutrient-mobilizing potential under variable levels of inor-
ganic N addition. Currently, our understanding of the
obligate versus facultative extracellular and intracellular in
symbio deployment of the genomic arsenal of peptidases
and oxidative enzymes possessed by ECMF is rudimentary
(Talbot et al., 2013). We do not yet understand interactions
between these enzymes in mobilizing N under field con-
ditions (Pellitier and Zak, 2018). For example, if certain
Cortinarius species express intense peroxidative capacity,
which is nonspecific in bonds targeted, then where, when,
and how do they mobilize proteases to complement those
enzymes? Are taxon-specific traits of organic and inorganic
N and P uptake correlated? How much predictive power do
genome analyses provide regarding enzymatic potential to
target complex organic matter? Are these suites of genes
regulated together by higher level transcription factors that
are sensitive to N availability? Although these are funda-
mental questions about fungal ecophysiology, they have
clear implications for understanding how function is likely
to respond to N deposition.

5.2 Testing the concepts presented here in
tropical forests

Most studies of N deposition impacts have been conducted
in temperate and boreal regions, yet lower latitudes deserve
more attention given the rapid increase in N deposition,
especially in Asia. Most tropical forests are dominated by
AM trees, so it is important to understand how tropical
AMEF will respond functionally to N deposition. Given that
P limitation predominates over N limitation in older, more
weathered, tropical soils (Vitousek and Howarth, 1991),
combined with the apparent specialization of AMF on P
over N, functional shifts with N deposition might simply
push systems to even greater emphasis on P acquisition.
However, especially given the uncertainty about whether N
deposition will enhance or inhibit AMF acquisition of P
(Johnson, 2010; Treseder et al., 2018), the role of N in
altering AMF nutrient acquisition in the tropics demands
attention. Camenzind et al. (2014) found that in a high-
elevation tropical forest, N additions decreased intra-
radical fungal abundance and reduced richness of

Diversisporales but not of Glomerales, whereas P addition
reduced Glomerales richness. Given the cooler environ-
ment and younger soils in montane forests, it remains to be
determined whether this response is representative of
warmer, more weathered low-elevation tropical forests.

Within EcMF, dominant tropical taxa are hypothesized
to be poorly adapted for complex organic N uptake given
the more open N cycle (Kuyper, 2012). As for AMF, this
raises the question of whether tropical ECMF would be as
sensitive to N deposition. Tropical EcM forests can form
monodominant stands with substantial litter accumulation
on nutrient-poor soils where organic N use could be
beneficial (Connell and Lowman, 1989) and may reduce
inorganic N availability (Corrales et al., 2016). Some
tropical ECMF can grow on protein as a sole N source in
axenic culture (Brearley et al., 2005), suggesting extracel-
lular protease activity. Furthermore, tropical ECMF tend to
be more diverse on low-nutrient soils (Corrales et al.,
2018). For example, Peay et al. (2010) found that EcMF
associated with Dipterocarpaceae were more diverse at
low-fertility sites with sandy soils than at high-fertility sites
with clay soils, with all 12 identified Cortinariaceae
restricted to low-fertility sites. Similarly, N fertilization of a
montane tropical EcM forest led to community shifts
identical to those at higher latitudes (Corrales et al., 2017).
Given that the broadly dominant lineages in the tropics are
the Russulaceae, Boletaceae, Amanita, Sebacina, and
Thelephoraceae (Corrales et al., 2018), none of which is
known to predominantly harbor nitrophobic species, it is
unclear whether the findings of Corrales et al. (2017) in a
tropical montane forest can be generalized across tropical
EcM forests or are limited to a small N-poor subset of
ecosystems. Research is especially needed in tropical and
subtropical China, considering its high levels of N depo-
sition (Du et al., 2014, 2016). In one such forest in Fujian,
Fan et al. (2018) concluded that N deposition had increased
both P limitation and EcM mobilization of organic
phosphate.

Some N addition studies in tropical and subtropical Asia
can suffer from interpretive challenges arising from high
background N deposition. For example, in a tropical study,
He et al. (2021) fertilized with N in a study system already
experiencing deposition of ~50 kg N~' ha™' year™', with
control plots lacking any dominant nitrophobic fungi,
making it challenging to determine potential N deposition
impacts. In this study, even at these high background
deposition levels, there were still community shifts asso-
ciated with N addition, e.g., increases in Russulaceae and
declines in Inocybe spp. In a subtropical study, Zhao et al.
(2020) added N to a mixed AMF and EcMF forest expe-
riencing ~19 kg N~ ha™" year™! for 5 years, finding no
significant effect on mycorrhizal relative abundance and a
positive impact of soil NHf-N on mycorrhizal richness.
They did not distinguish impacts on AMF versus EcMF.
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Again, given that baseline deposition is above critical loads
for high-latitude ecosystems, there are challenges in
determining N deposition impacts from this study. It is
important to establish tropical and subtropical studies of
mycorrhizal community response to N inputs (whether
gradient or experimental studies) that include sites with the
lowest possible N deposition levels.

5.3 Additional areas for further investigation

Some additional areas worthy of future investigation
include, in no particular order.

e Improved understanding of responses of AMF commu-
nity structure and function to N deposition, with partic-
ular attention to integrated effects of C, N, and P
limitations on functional organization of the
community.

e Experimental tests of the effects of N deposition on
shifts from EcM to AM tree dominance and their conse-
quences for soil C storage.

e Refined critical loads, especially for EcM temperate
broadleaf, AMF, and tropical forests.

e Improved understanding of the strength of legacies and
feedbacks to predict recovery rates after reduction of N
deposition.

e Improved understanding of mycorrhizal community
mediation of shifts in P uptake rate and uptake mecha-
nisms from different sources during the transition from
N to P limitation.

e Robust data directly linking spatial and temporal
changes in (1) environment (soil, atmospheric), (2)
mycorrhizal taxonomic and functional diversity, and
(3) forest nutrition, growth, and health.

e Understanding the effects on ecosystem processes
(e.g., nitrate leaching, greenhouse gas emissions) of
transition to low-diversity nitrophile-dominated EcM
forests with inorganic N enrichment.

e Expanded investigation into interactive effects of N
deposition and other global change factors on mycor-
rhizal community structure and function.

e Mechanistically linking mycorrhizal fungi into models
of forest C, N, and P cycling.

e Defining and testing C use efficiency and nutrient use
efficiency by mycorrhizal fungi, especially in response
to changing N and P availability.

e Increased understanding of the functioning of the my-
corrhizas of N-fixing trees as a natural analog to N
deposition.

6. Conclusions

Recent studies confirm the clear and strong sensitivity of
mycorrhizal fungal communities to N inputs, and this has

clear conservation implications given their high beta di-
versity. The N impact on these communities occurs at all
levels, including mycorrhizal types, as well as dominant
families, genera, and species. The functional differences at
the coarse levels of phylogeny (Dikarya —
Glomeromycotina) and mycorrhizal type (EcMF—AMEF)
are clear, suggesting N-mediated shifts from EcM to AM
forests would reduce soil C cycling pathways and the ca-
pacity to access organic N and organic P. The functional
shifts at finer taxonomic levels within ECMF suggest that
functional suites of soil exploration types have declined
under N deposition, with a probable loss of enzymatic
potential for mobilizing organic N, and continuing uncer-
tainty about effects on P cycling. Genomics has opened up
new areas of investigation, simultaneously revealing both
the presence of diverse suites of putative extracellular hy-
drolytic and oxidative enzymes and our lack of under-
standing of the functional integration of these enzymes.
Similarly, taxon-level understanding of traits relevant to C,
N, and P dynamics is improving, suggesting that commu-
nity functional shifts may be contingent on P availability.
How these trait suites are coupled and how they mediate the
soil-fungal community-host system must be explored to
understand the functional consequences of observed com-
munity shifts and to predict changes in ecosystem processes
and forest condition under increased N deposition.
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