Ecosystems
https://doi.org/10.1007/s10021-021-00628-6

ECOSYSTEMS] ™.

© 2021 The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature | updates

Coupled Shifts in Ectomycorrhizal
Communities and Plant Uptake
of Organic Nitrogen Along a Soil
Gradient: An Isotopic Perspective

Peter T. Pellitier,"**® Donald R. Zak,"?® William A. Argiroff,'® and
Rima A. Upchurch’

School for Environment and Sustainability, University of Michigan, Ann Arbor, Michigan 48109, United States of America;
’Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, Michigan 48109, United States of America;
’Department of Biology, Stanford University, Stanford, California 94305, United States of America

ABSTRACT

Plants associating with mutualistic ectomycorrhizal
(ECM) fungi may directly obtain nitrogen (N)
bound in soil organic matter (N-SOM). However,
the contribution of N-SOM to plant growth under
field conditions remains poorly constrained. We
tested the hypothesis that turnover in ECM com-
munities along soil inorganic N gradients mediates
a functional transition from plant reliance on N-
SOM in low inorganic N soils, to primarily inor-
ganic N uptake in inorganic N-rich condition soils.
We quantified the 6°N of Q. rubra foliage and
roots, organic and inorganic soil N pools, and used
molecular sequencing to characterize ECM com-
munities, morpho-traits associated with N-forag-
ing, and a community aggregated sporocarp ¢'°N.
In support of our hypothesis, we document the
progressive enrichment of root and foliar §'°N with
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increasing soil inorganic N supply; green leaves
ranged from — 5.95 to 0.16Y9,, as the supply of
inorganic N increased. ECM communities inhabit-
ing low inorganic N soils were dominated by the
genus Cortinarius, and other fungi forming hyphal
morphologies putatively involved in N-SOM
acquisition; sporocarp estimates from these com-
munities were enriched (+ 49%,), further supporting
fungal N-SOM acquisition. In contrast, trees
occurring in high inorganic N soils hosted distinct
communities with morpho-traits associated with
inorganic N acquisition and depleted sporocarps
(+ 0.5%,). Together, our results are consistent with
apparent tradeoffs in the foraging cost and contri-
bution of N-SOM to plant growth and demonstrate
linkages between ECM community composition,
fungal N-foraging potential and foliar §'°N. The
functional characteristics of ECM communities
represent a mechanistic basis for flexibility in plant
nutrient foraging strategies. We conclude that the
contribution of N-SOM to plant growth is likely
contingent on ECM community composition and
local soil nutrient availability.

Key words: Plant-soil interactions; Soil organic
matter; Organic nitrogen; Isotopes; Ectomycor-
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HIGHLIGHTS

e Symbiotic mycorrhiza allow plants to obtain
locally abundant forms of limiting nutrients

e Nitrogen isotopes reveal the contribution of soil
N sources to plant growth

e Organic nitrogen does not ubiquitously con-
tribute to the growth of host trees

INTRODUCTION

Elucidating the microbial interactions controlling
the availability of limiting plant nutrients remains a
key research priority that holds promise to inform
global models of plant response to climate change
(Nasholm and others 2009; Wieder and others
2015). The majority of plants associate with myc-
orrhizal root symbionts to alleviate nutrient limi-
tation (Smith and Read 2010; Genre and others
2020). Arbuscular (AM) and ectomycorrhizal
(ECM) fungi represent two of the main types of
mycorrhiza, and the mycorrhizal-associated nutri-
ent economy (MANE) framework has identified
fundamental differences in the role of AM and
ECM fungi in ecosystem processes (Phillips and
other 2013; Averill and others 2019). One corner-
stone of this framework is that ECM fungi forage
for nitrogen (N) organically bound in soil organic
matter (N-SOM) and transfer this source of N to
their plant host, whereas AM plant hosts are reliant
upon inorganic N alone (Read 1991; Phillips and
others 2013).

An unresolved question is the extent to which
ECM communities differ in their capacity to access
N-SOM and transfer this N to their plant source
(Zak and others 2019). Understanding this varia-
tion is essential, because distinct ECM communities
are often conceptualized to function similarly in
their capacity to provision N-SOM to their plant
host. The possibility that association with ECM
fungi allows plants to ‘short-circuit’ supply rates of
inorganic N (that is, net N mineralization) has sig-
nificant implications for predicting plant produc-
tivity responses to elevated atmospheric CO,
(Terrer and others 2016, 2019) modifying the
outcomes of plant competition (Corrales and others
2016) and soil C dynamics (Orwin and others 2011;
Zak and others 2019). However, ECM fungi have
repeatedly evolved, approximately 85 times (Ted-
ersoo and Smith 2013), from a wide ecological ar-
ray of fungal ancestors, and their genomic potential
to decay SOM varies widely among ECM lineages
(Kohler and others 2015; Pellitier and Zak 2018;

Miyauchi and others 2020). The evolution of the
ECM lifestyle has generally resulted in massive loss
of genes involved in SOM decay (Kohler and others
2015; Miyauchi and others 2020). However, these
gene losses have not been equal across ECM lin-
eages (Pellitier and Zak 2018). Although certain
ECM has highly reduced genomic potential to
produce hydrolytic and oxidative enzymes medi-
ating SOM decay (Wolfe and others 2012), others
such as the genus Cortinarius or Piloderma have gene
repertoires that rival certain freeliving white-rot
saprotrophs (Bodeker and others 2009). Under-
standing factors structuring the geographic distri-
bution of distinct ECM lineages is critical for
building synthetic understanding of the contribu-
tion of N-SOM to plant growth.

Studies at local, regional, and continental scales
consistently identify soil inorganic nitrogen (N)
availability as a key factor structuring ECM com-
munities (Taylor and others 2000; Lilleskov and
others 2002; Peay and others 2015; van der Linde
and others 2018). Soil inorganic N availability may
also impact the functional attributes of ECM com-
munities (Lilleskov and others 2002; Courty and
others 2016), which could feedback to influence
plant nutrition. For example, plants inhabiting low
inorganic N availability soils host ECM taxa with
morphological characteristics (Moeller and others
2014; Defrenne and others 2019), enzyme profiles
(Tedersoo and others 2012; Courty and others
2016; Sterkenburg and others 2018), and isotopic
signatures (Hobbie and Agerer 2010; Kranabetter
and MacKenzie 2010) consistent with enhanced
SOM decay potential. Linking these fungal char-
acteristics with plant uptake of N-SOM has proven
challenging; however, there remains minimal evi-
dence for the generalized, greater relative contri-
bution of N-SOM to plant growth in low inorganic
N availability soils, particularly in temperate forest
ecosystems (Zak and others 2019). Because the
decay of SOM is thought to be metabolically costly
(Lindahl and Tunlid 2015), these patterns are
broadly congruent with understanding of biological
market perspectives whereby plants associate with
fungi that optimize resource acquisition while
minimizing C cost (Christian and Bever 2018). In-
deed, organic N in the form of amino acids and
proteins may primarily contribute to plant N bud-
gets under conditions of low inorganic N avail-
ability (Kielland 1994; Nordin and others 2004;
Jones and others 2005; Ndsholm and others 2009).
The contribution of N-SOM to plant growth may
also follow similar patterns (Read and Perez-Mor-
eno 2003; Koide and others 2014).
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Comparison of §'°N among plant tissues, fungal
sporocarps, and soils offers insights into plant
assimilation of distinct N sources, including N-SOM
(Michelsen and others 1996, Robinson 2001;
Hobbie and Hobbie 2006). For example, foliage of
ericoid mycorrhiza and ECM plants is generally
depleted in S'°N, relative to AM-associated and N
fixing plants (Craine and others 2009), which is
considered broadly indicative of their capacity to
provision the plant host with N derived from or-
ganic sources (Michelsen and others 1996, 1998;
Craine and others 2009; Mayor and others 2015;
Averill and others 2019). There remains consider-
able variation among ECM-associated foliar §'°N
that remains poorly explained (Hobbie and Hog-
berg 2012). In particular, foliar 6'°N for ECM-
plants exhibits large shifts across soil inorganic N
gradients; foliage becoming relatively enriched as
inorganic soil N availability increases (Hobbie and
others 2000; Pardo and others 2006; Kranabetter
and MacKenzie 2010).

There are two main hypothesized mechanisms
whereby ECM communities can modify foliar '°N.
First, because ECM hyphae fractionate N transfer
products, delivering relatively more depleted '*N to
the host, while retaining a greater proportion of >N
in their hyphae and sporocarps (Hogberg and oth-
ers 1999; Kohzu and others 2000; Hobbie and
Colpaert 2003), a larger proportion of N passing
through ECM hyphae results in comparatively de-
pleted plant tissue (Michelsen and others 1996;
Hobbie and Agerer 2010; Mayor and others 2015).
Secondly, the biochemistry of soil N that ECM
fungi assimilate may impact both relative intra-
hyphal fractionation as well as the §'°N that plants
receive. The 6'°N of organic and inorganic soil N
pools can vary significantly, and '°N-SOM may be
enriched relative to dissolved organic nitrogen
(DON) and inorganic N sources (Melillo and others
1989; Yano and others 2010; Hobbie and Hogberg
2012). All things equal, plants reliant on N-SOM
sources may have relatively depleted tissues due to
greater relative intra-hyphal fractionation (Werner
and Schmidt 2002; Yano and others 2010) while
ECM fungi would have enriched hyphae and
sporocarps (Michelsen and others 1996; Hobbie
and Hobbie 2006; Hobbie and Agerer 2010). In
contrast, if ECM communities primarily provision
their hosts with inorganic N, plants and ECM
sporocarps may both have §'°N that more closely
reflects the 6'°N of soil inorganic N (Hobbie and
Hobbie 2006, 2008). This logic is conceptually akin
to mechanisms proposed to explain patterns of 6'°N
observed among ERI, ECM and AM plant foliage
(Craine and others 2009; Averill and others 2019).

While these two mechanisms are not mutually
exclusive, they are rarely studied in relation to
plant 6'°N dynamics (Michelsen and others 1998;
Lilleskov and others 2002; Hobbie and Hobbie
2006).

We studied plant and soil 6'°N, and ECM com-
munities along a natural soil inorganic N gradient
to evaluate shifts in the contribution of N-SOM to
Quercus rubra L individuals. We characterized ECM
communities using molecular sequencing, esti-
mated community aggregated ECM sporocarp ' °N
values using global databases and quantified the
relative abundance of ECM root-tips on individual
root-systems. Foremost, we predicted that ECM
communities occurring in low inorganic N soils
have a greater abundance of ECM root-tips and
greater capacity to forage for N-SOM. Together
these factors should result in Q. rubra tissues being
relatively depleted (smaller 6'°N). In contrast, trees
occurring in high inorganic N soils may associate
with ECM communities that predominately forage
for inorganic N, and be less reliant overall upon
ECM for N uptake. Under these conditions, we
predict that tree tissue will be comparatively en-
riched. Finally, we predict that community aggre-
gated estimates of ECM sporocarp 6'°N values will
be inversely related with soil inorganic N avail-
ability if ECM communities exhibit functional shifts
across the soil gradient.

METHODS
Sampling Sites

Sixty mature Quercus rubra L. individuals were
sampled across a natural soil inorganic nitrogen
gradient in Manistee National Forest in north-
western Lower Michigan (Supplementary Fig-
ure S1). All 60 trees studied here are approximately
100 years old, resulting from regrowth following
forest clearing in the early twentieth century. This
soil gradient has been extensively characterized,
and relative differences among soils studied here
have persisted for decades (Zak and others 1986;
Zak and Pregitzer 1990; Edwards and Zak 2010).
Annual rates of net N mineralization, an estimate
of inorganic N availability, range from 38 to
120 kg N ha ! y! (calculated from Zak and Pre-
gitzer 1990), which broadly spans soil inorganic N
availability in the upper Lake States region (Pastor
and others 1984; McClaugherty and others 1985).
Variation in nutrient cycling in this region is de-
rived from micro-site climatic differences in nutri-
ent and water retention that have developed in the
past approximately 10,000 years (Zak and others
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1986). An interlobate moraine transects the study
region, and a network of outwash plains with
slightly coarser textured soils are associated with
lower rates of net N mineralization; in contrast,
soils occurring in more upland positions on mor-
aines are associated with greater rates of net N
mineralization. The 60 individual trees inhabited
12 forest stands, which are broadly representative
of ecosystem classifications previously developed
for this region (Zak and others 1986; Zak and Pre-
gitzer 1990). Soils across the study region are de-
rived from sandy (~ 85% sand) glacial drift, and
range from Typic Udipsamments to Entic
Haplorthods. Because the sampling region is rela-
tively small, with the most distant sites being about
50 km apart (Figure S1), all trees experience the
same macro-climatic conditions. Each stand was
approximately 1 ha in size. Within each stand, five
mature Q. rubra individuals that were at least 10 m
apart were randomly selected (using a random
number generator) and sampled. All trees occur
within an elevation band of 70-130 m (Zak and
others 1986). The length of the growing season is
approximately 100-120 days, and mean annual
temperature is approximately 7.3 °C.

Soil, Leaf and Root Sampling

In May 2018, 5 root cores were collected radially
around the dripline of each focal Q. rubra individual
in order to harvest fine roots; cores were 10-cm
deep and 121 cm® (11 x 11 cm square). Five
additional soil cores (5 cm diameter, 10 cm deep
after removing litter layer) were collected imme-
diately adjacent (within 20 cm) to the root cores for
subsequent analysis of edaphic characteristics. Soil
and root cores were stored on ice and immediately
transported to the laboratory. Soil was also col-
lected in an identical manner around the same
focal trees in August 2018 for additional edaphic
characterization. Full-sun green leaves were col-
lected from the top of the forest canopy for each
focal tree in August 2019 using a 20-gauge shot-
gun. Q. rubra leaves were identified and collected
from the uppermost forest floor (Oi horizon) in
early May 2019 within 3.5 m of the base of each
focal tree, representing senesced leaves from the
2018 growing season.

Senesced leaves and green leaves (~ 7 leaves
each) were prepared for stable isotope analysis by
deveining, homogenizing and drying at 60 °C for
48 h. Leaves were then ground using a ball mill.
Leaves with necrotic regions or visible discoloration
(< 5%) were not included. Bulk soil was also
prepared for stable isotope analysis by homoge-

nizing the aforementioned soil cores at the indi-
vidual tree-level, passing the material through a 2-
mm sieve, drying at 105 °C for 12 h, and grinding
with a ball mill (# = 60). Root cores were homog-
enized on a site-level basis, fine roots (< 0.5 mm
diameter), and first through third-order roots were
selected rinsed of adhering soil particles and dried
at 60 °C for 48 h. The majority of co-occurring
roots present were Acer rubrum, which is easily
distinguished from Q. rubra, A. rubrum roots were
removed from the pooled samples. Three 1-g sub-
samples of the stand-level root composite were
then dried and ground for isotope analysis as de-
scribed above (n = 36).

Freshly sieved soil extracts (May sampling: 1:2
soil: 2 M KCl) were used to determine the 6'°N of
extractable inorganic and organic N (dissolved or-
ganic nitrogen; DON). NH,* and NOs;~ were
sequentially diffused onto individual acid traps for
seven days each using MgO followed by Devarda’s
metal (Brooks and others 1989). To measure §'°N-
DON we used a persulfate digest on soil extracts to
convert DON to NO;~ and diffuse onto new acid
traps (Cabrera and Beare 1993). Acid traps were
then encapsulated for stable isotope analysis. 6'°N
for each plant tissue and soil component was
measured using a PDZ Europa ANCA-GSL ele-
mental analyzer interfaced to a PDZ Europa 20-20
isotope ratio mass spectrometer (Sercon Ltd., Che-
shire, UK), at the University of California Davis,
Stable Isotope Facility. Stable isotope abundances
are reported as 6'°N in parts per mil (%,). Samples
with more of the heavy isotope are referred to as
enriched; samples with less of the of heavy isotope
are referred to as depleted (Robinson 2001).

Soil mineralization rates and total free primary
amines (TFPA) in soil solution were quantified for
soil samples collected in both May and August
2018. Soil inorganic N was extracted from fresh
sieved soil using 2 M KCIl, followed by a 14-day
aerobic incubation assay in order to measure rates
of soil inorganic N mineralization (Vitousek 1982).
NO,~ and NH," in soil extracts were analyzed col-
orometrically (AQ2; Seal Analytical, Mequon, WI).
Aerobic incubations of inorganic N were conducted
following Vitousek (1982). TFPA in soil (primarily
amino acids and amino sugars) was measured using
fresh sieved soil extracted with 2 M KCl following
Darrouzet-Nardi and others (2013). These extracts
were identical to those used to measure
extractable NOs;~ and NH," prior to aerobic incu-
bation. TFPA is expressed as pmol leucine equiva-
lents, because leucine was used as the analytical
standard; estimates of TFPA availability may be
considered relative indices of labile organic N
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availability in soil solution (Darrouzet-Nardi and
others 2013). Total C and N contents of bulk soil
(% of dry mass) were determined using combus-
tion analysis on a LECO TruMac CN analyzer
(LECO Corporation, St. Joseph, MI, USA) for soil
collected in May 2018. Soil pH was determined for
2:1 deionized water-soil slurries with an Accumet
15 pH meter for soil collected in August 2018
(Fisher Scientific, Waltham, MA, USA).

Understory Plant Community Sampling

In May 2020, we located focal Q. rubra trees, and
estimated the percent cover of all understory plant
stems, present in 1m? square sampling quadrats in
two replicate quadrats. Quadrats were placed at
random azimuths from the base of the focal tree at
a distance of 3 m. Percent cover was averaged be-
tween the replicate plots at the individual tree ba-
sis.

Ectomycorrhizal Community
Characterization

In August of 2018, ectomycorrhizal root-tips were
isolated from five individual “ECM cores”” taken
immediately adjacent (at most 25 cm) to the
aforementioned soil and root cores. Surface litter
was removed, and ECM cores were 10 cm deep and
121cm® (11 x 11 cm square). ECM cores were
pooled for each individual focal tree and ECM tips
were manually excised using a dissecting micro-
scope after visually eliminating all non-Quercus
roots. Definitive ectomycorrhizal tips on Quercus
rubra were collected after visual confirmation of
ECM mantle and high turgor (Agerer 2001). Root-
tip sampling was standardized across samples by
visually assessing the tips of at least 90% (wet
weight) of all Quercus roots collected for individual
focal trees. Samples were stored at 4 °C and pro-
cessed within 12 days of field sampling.

In total, 14,944 individual ECM root-tips were
excised, rinsed in 2% cetyl trimethyl ammonium
bromide (CTAB) supplemented with 0.8% [-mer-
captoethanol, and then frozen in fresh 2% CTAB at
— 80 °C. CTAB was removed after thawing sam-
ples, and root-tips were lyophilized for 12 h. Tips
were then weighed using a microbalance and DNA
was extracted from the totality of each sample,
using two or three individual DNA extraction col-
umns; each extraction utilized about 10 mg of
lyophilized root-tip per extraction, so as not to bias
extraction efficiencies. The ITS2 fragment of rRNA
was amplified using PCR, following Taylor and
others (2016). PCR libraries were barcoded using

dual indexed Ilumina primers, cleaned using
AMPure XP, and sequenced using Illumina Mi-Seq
(2 x 250; San Diego, CA) at the University of
Michigan Microbial Systems Molecular Biology
Laboratory.

Hlumina sequencing generated a total of
27,274,716 raw reads that were demultiplexed, and
forward reads were processed using DADA2 and
clustered into absolute sequence variants (ASV)
and assigned taxonomy using the UNITE dynamic
database (v.8) (Nilsson and others 2019). Com-
munities were analyzed after rarefying samples to
24,021 sequences. ASV were collapsed to species
level assignment and taxa that could not be as-
signed to Kingdom Fungi, and appeared less than
twice across all samples were removed. The ecto-
mycorrhizal status of fungal genera was assigned
using literature searches (Tedersoo and Smith
2013), and fungal taxa with uncertain or non-ECM
status were removed from subsequent analyses
(~ 20% of overall sequences). We used the DE-
EMY (characterization and DEtermination of
EctoMYcorrhizae) database (http://www.deemy.d
e/) to gather morphological information on the
exploration type (hyphal foraging distance) and
rhizomorph occurrences of ECM taxa present in
our dataset at more than 0.05% relative abun-
dance. We assigned morphological data for 28 ECM
genera comprising more than 93% of all identified
ECM sequences. The full root-tip sampling and
molecular sequence processing protocol is de-
scribed in full (Supplementary Methods).

Community-Wide Estimates of ECM 6'°N

Sporocarp surveys present significant challenges to
the estimation of the 6'°N of composite ECM
communities (Kranabetter and MacKenzie 2010).
Foremost, surveys are labor-intensive due to the
sporadic and asynchronous nature of fungal fruit-
ing, resultant analyses generally suffer from low
community coverage. Many ECM fungi also do not
fruit annually, and some do not produce conspic-
uous fruiting bodies, resulting in missing repre-
sentation for certain lineages. Additionally,
sporocarp diversity and biomass rarely reflect the
occurrence of fungi forming ECM root-tips (Gardes
and Bruns 1996). Finally, ECM sporocarps sampled
near an individual tree can rarely be linked with
specific root-systems (Smith and others 2011),
obfuscating the relationship between foliar §'°N
and sporocarp §'°N.

To minimize many of these limitations, we used
an alternative procedure to estimate community-
weighted 6'°N sporocarp values for ECM commu-
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nities inhabiting individual Q. rubra root-systems.
We employed a global database of '°N values for
ECM fungal sporocarps compiled by Mayor and
others (2009), in conjunction with the relative ITS2
sequence abundance of each genus detected on
each root-system. The relative sequence abundance
of each genus was multiplied by their sporocarp
0'"°N estimate, and the components were then
summed for all genera present on individual trees
(samples), producing an community weighted
sporocarp 6'°N estimate. The global database con-
tained a total of 961 sporocarp observations span-
ning 21 genera (Mayor and others 2009). Two
observations of Hebeloma sporocarps in the global
dataset were extremely enriched (+ 209,,) and were
removed from our analysis. Similar to Mayor and
others (2009), we calculated mean ¢'°N values for
each genus (Supplementary Table 1). Because not
all ECM genera we detected in our field plots were
represented by published 6'°N sporocarp observa-
tions, we also calculated the relative abundance of
ECM sequences, on a per-tree basis, for which 3PN
sporocarp values could be ascribed.

Statistical Analysis

Rates of net N mineralization were calculated by
summing the concentrations of NO;~ and NH,"
prior to and following aerobic incubation; net N
mineralization was the difference between these
values, and mineralization rates are expressed on a
dry soil basis. To examine relationships among soil
0"°N, sporocarp 4'°N and plant 6'°N, we used best-
fit regression functions (generally linear) and cor-
relation analysis (Pearson-product moment). In
addition, to account for potential non-indepen-
dence among trees (samples) as a result of spatial
proximity within stands, we accounted for the ex-
act distance among trees using distances calculated
from GPS coordinates. To achieve this, we used
linear mixed effect (LME) models to individually
assess the relationship between soil mineralization
rates, and leaf 0'°N (green and senesced), and
sporocarp estimates, taking into account the
underlying spatial sampling structure, using a
gaussian correlation structure. Euclidean distances
among trees were calculated and restricted maxi-
mum likelihood estimation was conducted using
the package nlme 3.1 (Pinheiro and others 2020).
Residuals were plotted to check for violations of
normality. Due to the stand-level sampling con-
ducted for the root samples, statistical models were
not conducted for root samples.

We used multivariate generalized linear models
(GLM) to test the effect of soil chemistry on the

composition of ECM communities, using the R.
package mvabund version 4.0.1; this analysis was
achieved using Hellinger transformed counts, and a
negative binomial distribution (Wang and others
2012). Abiotic parameters (pH, soil N, C:N, August
net N mineralization) were also included in the
model without interaction terms and model resid-
uals were visually assessed. The effect of predictor
variables was quantified using likelihood-ratio tests
(ANOVA, pit trap resampling, 1000 bootstraps)
with Bonferonni correction using the ‘summary.-
manyglm’ command. To study the effect of ECM
community composition on green leaf §'°N, we
used a partial Mantel test in the Vegan package v.
2.5.6 to compare distance matrices based and Hel-
linger-transformed abundances of ECM taxa. Geo-
graphic distances among individual trees were
calculated using the R package Geosphere 1.5-10,
prior to incorporation in the model. All analyses
were conducted using R 4.0.2.

RESULTS

We re-established the underlying soil inorganic N
gradient in this region. We confirmed that variation
in soil inorganic N availability across stands was
consistent across the growing season; soil samples
obtained from under the same canopies in May and
August 2018 were highly correlated (Pearson
r = 0.77; Figure S2). The mean stand level coeffi-
cient of variation was 38% for August soil sam-
pling, which provided a continuous range of net N
mineralization values across a range of scales, and
hence inorganic N supply (Figure S3). Green-leaf
O°N increased across the soil inorganic N gradient,
ranging from highly depleted -5.95%, in low inor-
ganic N sites to + 0.169%, where inorganic N avail-
ability was high (linear fit: P < 0.001, R?,4; = 0.60;
third-order polynomial fit P < 0.001, Rzadj = 0.63;
LME (spatially explicit model): t=9.185,
P < 0.0001), as did the relationship for senesced
leaves (range = — 5.559,, to + 0.919%,, linear fit:
P < 0.001, R, = 0.57, third-order polynomial fit
P < 0.001, R%4=0.59 LME: =856,
P < 0.0001, Figure 1). Green-leaf N concentra-
tions (R%q =0.36, P < 0.001; LME: f=5.23,
P < 0.001) and senesced leaf N concentrations
(R’ =035 P <0.001; LME: (=542,
P < 0.001) were both positively correlated with
inorganic N availability (Figure S4-5). Analytical
variance for green leaf samples run in duplicate
ranged from 0.00 to 0.16%,. Similar to foliage, root
0'"°N became progressively enriched across the
gradient (Figure 1).
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The proportion of NO;~ present in soil solution
(unincubated soils) increased across the gradient
(Figure S6-7) for both May and August sampling
time points. 8'°N-NO5~ became significantly de-
pleted (linear fit: R?,4; = 0.09, P < 0.05), whereas
0'"’N-NH,"* became progressively enriched in
higher inorganic N soils (linear fit: Rzadjz 0.29,
P < 0.001; Figure S8). When the §'°N of inorganic
N available in soil solution was weighted by the
proportional abundance of NO;~ and NH," present
in each unincubated sample, the §'°N of the
weighted inorganic N pool did not significantly
vary across the gradient (LME; t= — 1.70,
P = 0.094; Figure 2). Rates of nitrification, calcu-
lated as the difference in the abundance of NO5;™
between incubated and unincubated soils (Zak and
Grigal 1991) generally increased with rates of net N
availability, whereas ammonification decreased
(Figure $9-10). In contrast, SOM ¢'°N increased

significantly across the gradient (linear fit: Rzadj
= 0.39, P < 0.001; LME; #=5.90, P < 0.0001;
Figure 2). Finally, the 6'°N of dissolved organic
nitrogen (DON) did not vary across the soil N gra-
dient (linear fit: P = 0.22; Figure 2; LME: ¢ = 1.39,
P =0.17), and the measured pool of total free pri-
mary amines (TFPA) in soil solution did not vary
across the soil inorganic N gradient (Figure S11).
Sequencing depth adequately captured fungal
diversity present in each sample (Figure S12), and
the proportion of sequences ascribed ECM status
did not significantly vary across samples (Fig-
ure S13). Non-ECM taxa are presented in Supple-
mentary Table 14. Inorganic N availability was a
strong predictor of shifts in ECM community
composition (GLM: Wald,q;: 4.86, P < 0.001), and
C:N (Wald,g: 5.10, P < 0.001) and pH (Wald,g;:
4.41, P < 0.001) also emerged as significant pre-
dictors. Notably, the abundance of ECM genera
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Figure 2. Relationship between soil N sources and their 6'°N across the soil N gradient. The §'°N of N-SOM increased
significantly: Rzadj =0.39, P < 0.001 (linear fit), whereas no significant differences in §'>’N DON or the standing inorganic
N pool were observed. The inorganic N pool is weighted by the relative abundance of ammonium and nitrate present in
unincubated soils, multiplied by the §'°N of each compound class for each sample. Mineralization rates are presented for

soil sampled in August 2018

such as Cortinarius and Hebeloma were inversely
correlated with soil inorganic N (Figure 3). In
contrast, Russula and Tomentalla were positively
associated with increasing soil inorganic N avail-
ability which is consistent with their “nitrophilic”
niche requirements (Suz and others 2014; van der
Linde and others 2018).

Compositional turnover in ECM communities
was associated with shifts in the presence of hyphal
morphologies involved in N-foraging (Figure 4).
The relative sequence abundance of medium-dis-
tance exploration types (linear fit: Rzadj = 0.46,
P < 0.0001: LME: t = -6.6, P < 0.0001 (two out-
liers removed), and fungi forming rhizomorphic
hyphae (linear fit: Rzadj = 0.28, P < 0.0001; LME:
t=-3.81, P =0.0003) were negatively correlated
with foliar 6'°N (Figure 4). The proportion of ECM
sequences assigned morphological attributes using

DEEMY also did not vary across samples (P = 0.50).
The abundance and biomass of ECM root-tips de-
clined significantly across the inorganic N gradient
(root-tip count: linear fit: R%,4 = 0.25, P < 0.001;
LME: t = — 4.21, P < 0.001; root-tip weight: linear
fit: R%gq =0.10, P < 0.01; LME: t=— 271,
P =0.009) (Figure S15-16). Green-leaf 6'°N was
inversely related to the number (linear fit: Rzadj =
0.31, P < 0.001; LME: t= — 2.80, P =0.0070)
and weight of ECM root-tips (linear fit: Rzadj =
0.18, P < 0.001; LME: ¢t=— 3.71, P < 0.0001).
Finally, there was a significant positive correlation
in ECM community dissimilarity and green leaf
0'°N (partial Mantel r = 0.06, P = 0.04).

The global database of sporocarp ¢'°N measure-
ments allowed us to assign values to ECM genera
representing an average of 69% of all sequences
detected in each sample. Critically, the proportion
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Figure 3. Relative abundance of dominant ECM genera (headings) representing more than 2% of sequences across all
samples. Red lines represent smoothed loess splines. X-axis indicates net N mineralization rates which estimate soil
inorganic N availability. Mineralization rates are presented for soil sampled in August 2018

of sequences annotated with ECM sporocarp 6'°N
values did not vary across the inorganic N gradient
(linear fit: P = 0.43; Figure S17). ECM community
weighted 6'°N sporocarp estimates were negatively
related to inorganic N availability (linear fit:
R%,4 = 0.09; P < 0.05; LME: t = — 1.58, P = 0.12,
Figure 1). When we subset the foliar database to
exclusively use sporocarp accessions derived from
sampling locations between 5 and 10 °C; we again
detected an inverse linear relationship between soil
mineralization rates and sporocarp 6'°N (linear fit:
P =0.03). All accessions are retained in the pre-
sentation of Figure 1 and associated analyses.
Standard errors for individual genera are reported
in Supplementary Table 1. Multiplying &"°N

sporocarp estimates by the number of ECM root-
tips present on individual root-systems, thereby
taking into account estimates of shifts in the
number of ECM root-tips along the gradient,
strengthens the negative relationship between
sporocarp 6'°N estimates and inorganic N avail-
ability (linear fit: R%,q; = 0.19, P < 0.001; LME:
t=—3.68, P < 0.0001). Finally, on a per-tree-
basis, there was a significant and negative rela-
tionship between sporocarp §'°N estimates, and
green-leaf 6'°N (linear fit: R*=0.11, P < 0.01;
LME: t=— 3.07, P =0.003), that was also sup-
ported when sporocarp values were scaled by the
number of colonized ECM root-tip (linear fit R%.q
=0.30;, LME: t=—3.16, P=0.003). For four
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Figure 4. Relative sequence abundance of rhizomorphic and medium-distance exploration types and green-leaf 5'°N.
ECM communities were characterized from the same focal Q. rubra trees from which leaves were sampled. Roots and
senesced leaves follow similar patterns. Lines indicate linear fits, P < 0.001 for both panels. The spatially explicit LME
model was also highly significant when two significant outliers, with very high proportions of medium distance
exploration types were removed. Individual ECM taxa can form both medium distance exploration types and

rhizomorphic hyphae

samples, less than 25% of all sequences could be
attributed to ECM genera with known &N
sporocarp values (Figure S17); removing these
samples did not change the trends or overall sig-
nificance of the relationship between foliar 6'°N
and sporocarp '°N (linear fit: P = 0.04; LME:
P = 0.007), but the relationship between mineral-
ization rates and sporocarp ¢'°N values was ren-
dered insignificant (linear fit: P = 0.09). No
understory N-fixing taxa were detected that could
contribute to unmeasured inorganic N availability
(Figure S18).

DiscussioN

To evaluate the hypothesis that N-SOM primarily
contributes to plant growth under conditions of
low inorganic N supply, we studied the 6'°N of Q.
rubra leaves and roots, inorganic and organic soil N
pools and ECM fungal communities along a natural
soil inorganic N gradient. Our results suggest that
turnover in the N foraging potential of ECM com-
munities mediates a transition from plant reliance
on N-SOM in low inorganic N soils, to inorganic N
in soils in which inorganic N is plentiful. This work
provides some of the strongest evidence to date that
N-SOM can contribute to temperate tree N budgets.
Specifically, foliar 6'°N for trees occurring in inor-
ganic N-rich soils were equally, if not more en-
riched than global mean values for AM-associated
plants, which are entirely dependent on inorganic

N (Craine and others 2009). In contrast, Q. rubra
foliage occurring in low inorganic N sites, matched
mean global values for ericaceous (ERI) plants,
thought to be heavily dependent on organic N
sources (Craine and others 2009). Together, this
work extends existing mycorrhizal nutrient eco-
nomic frameworks by documenting that plant ac-
cess to N-SOM may be dependent upon ECM
community composition and decay trait-tradeoffs
that favor ECM N-SOM decay capacity in low
inorganic N soil conditions.

ECM fungi act as an important intermediary
between soil and plant 6'°N, and this study offers
insight into how fungal N-foraging may generate
wide intraspecific variation in foliar ¢'°N. Taxo-
nomically, ECM communities inhabiting soils with
low inorganic N availability were dominated by the
genus Cortinarius, which has been extensively
implicated in the acquisition of N-SOM (Bddeker
and others 2014; Kohler and others 2015;
Sterkenburg and others 2018). In contrast, soils
with high inorganic N availability were dominated
by Russula and Tomentella; many representatives
from these genera have limited genomic capacity to
obtain N-SOM (Avis 2012; Sterkenburg and others
2018). Additionally, the dominance of hyphal
morphologies associated with N-SOM acquisition
also declined significantly across the inorganic N
gradient, further supporting the idea that compo-
sitional changes in ECM communities have func-
tional consequences for plant N uptake (Moeller
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and others 2014; Defrenne and others 2019). No-
tably, foliar 6'°N became progressively depleted as
the abundance of specific ECM taxa and morpho-
types implicated in the acquisition of N-SOM in-
creases, likely reflecting the contribution of N-SOM
to plant N budgets. The patterns of ECM taxonomic
and morphological turnover reported here mirror
patterns found in a range of ecosystems (Suz and
others 2014; Kranabetter and others 2015; van der
Linde and others 2018; Defrenne and others 2019),
suggesting that greater plant uptake of N-SOM
under conditions of low soil N availability may be
common.

We used global estimates of ECM sporocarp 6'°N
in conjunction with the relative sequence abun-
dance of ECM genera present on individual root-
systems to calculate a community-weighted
sporocarp 0'°N estimate. While these estimates
cannot account for site-level variation (Taylor and
others 1997; Kranabetter and MacKenzie 2010) or
reflect absolute sporocarp values for the specific
forest stands we studied, the narrow intrageneric
sporocarp  0'°N  variation (CV = ~ 0.77%)
strengthens the utility of this approach. Consistent
with our predictions, ECM communities occurring
in low inorganic N soils were dominated by genera
that produce sporocarps that are enriched (+ 49,,),
becoming progressively depleted in higher inor-
ganic N soils (+ 0.5%,). The wide divergence be-
tween sporocarp and green-leaf §'°N  under
conditions of low inorganic N availability, which
progressively narrows with increasing rates of net N
mineralization, further supports the interpretation
of significant assimilation and fractionation of N-
SOM where inorganic N availability is low, and
limited fungal fractionation of inorganic N under
conditions of higher inorganic N availability. Bio-
chemically, fungal assimilation of NH,* and NO;~
and subsequent conversion to glutamate or glu-
tamine may entail minimal fractionation as com-
pared to fungal assimilation of organic N, followed
by deamination, transamination and biosynthesis
of amino acids transfer compounds (Werner and
Schmidt 2002; Yano and others 2010). Highly de-
pleted sporocarps have previously been associated
with ‘contact’ type hyphal morphologies and effi-
cient inorganic N uptake (Hobbie and Agerer
2010), processes that are consistent with the field-
based patterns reported here. These patterns also
mirror previous observations of highly enriched
ECM sporocarps in N limited boreal forest soils and
progressive depletion with increasing N availability
(Taylor and others 2003; Kranabetter and
MacKenzie 2010; Mayor and others 2015). Due to
the limitations of global sporocarp data as applied

here, these patterns cannot stand alone but instead
provide important context for the functional shifts
inferred from taxonomic and morphological study.

Direct plant N uptake may also impact the pat-
terns reported here. For example, the large diver-
gence between plant §'°N and 6'°N-SOM at the
low end of the gradient, but the near convergence
of foliar §'°N with the 6'°N of inorganic N in soils
with increasing inorganic N availability. These
patterns may result from a greater proportion of
unfractionated N taken up directly by plants under
conditions of high inorganic N availability. Al-
though we did not explicitly calculate percent col-
onization of ECM root-tips or estimate standing
hyphal biomass, we found a reduction in the
standardized number of root-tips recovered under
conditions of high inorganic N availability. Similar
reductions in mycorrhizal colonization are well
documented under conditions of high inorganic N
availability (Nilsson and others 2005). In contrast,
direct plant uptake of N under conditions of low
inorganic N availability is unlikely given the high
number of ECM root-tips encountered, and the
likelihood that ECM percent colonization is very
high under these conditions (Taylor and others
1997). Despite the potential for variation in direct
plant N uptake across the studied gradient, esti-
mates of the proportion of plant N uptake passing
through ECM root-tips commonly exceeds 75%
(Hobbie and Hogberg 2012). Despite these consid-
erations, because calculation of community-
weighted sporocarp 6'°N values is agnostic to the
degree of fungal colonization, our results suggest
that shifts in ECM community composition may
impact plant 6'°N values irrespective of shifts in the
proportion of direct plant N uptake.

Consideration of plant and fungal uptake of
NH,*, particularly under conditions of high inor-
ganic N availability may also prove critical. While
relative supply rates of NH,* were reduced in these
soils and rates of nitrification appeared high, esti-
mations of nitrification using aerobic laboratory
incubations in the absence of plant roots may
overestimate NO;~ production (Zak and others
1990). Supporting this potential, oak-dominated
ecosystems occurring on coarse textured soils in the
Great Lakes region, similar to those studied here,
typically exhibit low net nitrification rates in the
field (Pastor and others 1984; Zak and others 1986).
When combined with the potential for greater di-
rect plant N uptake under conditions of high inor-
ganic N availability and highly enriched soil §'°N
NH,* values, a transition from plant uptake of
NO;~ to NH,* may moderately contribute to the
overall foliar patterns found here.
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The contribution of DON to plant growth is also
challenging to infer. As measured, standing stocks
of DON in soil solution (TFPA), cannot capture
rapid fluxes and plant uptake (Inselsbacher and
Nasholm 2012). However, the availability of DON
was uniformly low across the soil inorganic N gra-
dient, and it was also highly depleted in compar-
ison to foliar and root 6'°N. These patterns are
consistent with previous studies from this region
observing negligible shifts in the availability of
soluble peptides across a similar soil fertility gradi-
ent (Rothstein 2009). Given that ECM transfer
relatively depleted products to the plant host
(Hobbie and others 2000), the enriched foliar and
root pools (relative to 6'°N DON) do not support
significant plant assimilation of DON along the
studied soil inorganic N gradient.

The isotopic patterns observed for senesced
leaves further corroborate the patterns observed for
green leaf 6'°N suggesting that our inferences are
relatively robust across multiple growing seasons.
Results from senesced leaves must be carefully
interpreted as they are subject to partial decay and
leaching during snowmelt, and because they were
collected in the vicinity of the focal host tree, their
precise origin cannot be determined.

We studied a widespread and ecologically
important temperate tree species, gathering essen-
tial support for the hypothesis that N-SOM differ-
entially contributes to plant N budgets. Moreover,
we primarily attribute the large variation in Q. ru-
bra foliar 6'°N originates to shifts in the composi-
tion and function of associated ECM communities.
Projections of gross primary productivity (GPP)
under future climatic regimes that posit the wide-
spread contribution of N-SOM to ECM plant
growth may need to be readjusted if certain ECM-
associated plants have nutrient economies more
akin to AM-associated plants (Terrer and others
2016; Averill and others 2019). Although studies in
boreal forest ecosystems have long-acknowledged
the contribution of organic N sources to plant
growth, particularly under conditions of low inor-
ganic N availability (Kielland 1994; Nasholm and
others 2009), our work provides some of the
strongest evidence to date documenting similar
contributions for temperate tree growth. These
findings are remarkably consistent with previous
research documenting a foliar shift of about 59,
among boreal plant species occurring across inor-
ganic N gradients (Michelsen and others 1996;
Hobbie and others 2000; Kranabetter and
MacKenzie 2010). Shifts in the functional attri-
butes of ECM communities may represent a
mechanistic basis for flexibility in plant nutrient

foraging strategies. Further study of the trait-
tradeoffs that impact ECM community assembly
and community function are likely to improve our
capacity to constrain the contribution of N-SOM to
plant growth.
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