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Abstract
As global change shifts the species composition of forests, we need to understand which

species characteristics affect soil organic matter cycling to predict future soil carbon (C) storage.
Recently, whether a tree species forms a symbiosis with arbuscular (AM) versus ectomycorrhizal
(EcM) fungi has been suggested as a strong predictor of soil carbon storage, but there is wide
variability within EcM systems. In this study, we investigated how mycorrhizal associations and
the species composition of canopy trees and mycorrhizal fungi relate to the proportion of soil C
and nitrogen (N) in mineral-associations and soil C:N across four sites representing distinct
climates and tree communities in the Eastern U.S. broadleaf forest biome. In two of our sites, we
found the expected relationship of declining mineral-associated C and N and increasing soil C:N
ratios as the basal area of EcM-associating trees increased. However, across all sites these soil
properties strongly correlated with canopy tree and fungal species composition. Sites where the
expected pattern with EcM basal area was observed were 1) dominated by trees with lower
quality litter in the Pinaceae and Fagaceae families and 2) dominated by EcM fungi with medium
distance exploration type hyphae, melanized tissues, and the potential to produce peroxidases.
This observational study demonstrates that differences in soil organic matter between AM
andEcM systems are dependent on the taxa of trees and EcM fungi involved. Important

information is lost when the rich mycorrhizal symbiosis is reduced to two categories.

Keywords: arbuscular mycorrhizae, C:N, ectomycorrhizae, Fagaceae, fungi, MAOM,
mineral-associated organic matter, Pinaceae, soil carbon, soil nitrogen, species composition, tree

community
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Introduction

Forest soils store 75% of global soil carbon (C; Jackson et al. 2017), and managing forests
for C storage has some of the highest climate change mitigation potential of natural climate
solutions (Griscom et al. 2017). Our ability to manage forests for soil C storage is challenged by
the changing composition of forests due to climate change, pests and pathogens, and shifting fire
regimes (Nowacki and Abrams 2008, Morin and Liebhold 2015, Jo et al. 2019). In order to predict
the future potential and reliability of forest soil C storage, we need a better understanding of how
tree species affect the quality and quantity of soil organic matter (SOM).

One key way that tree species affect SOM is through their association with mycorrhizal
fungi. Although mycorrhizal fungi are biotrophs—they provide plants with soil nutrients in return
for photosynthate—they interact with OM and free-living soil saprotrophs, making them critical
mediators of OM formation and retention (Frey 2019). Most trees form a symbiosis with one of
two types of mycorrhizal fungi: arbuscular mycorrhizae (AM) or ectomycorrhizae (EcM). There
is accumulating evidence that SOM differs between ecosystems dominated by these mycorrhizal
types (Averill et al. 2014, Zhu et al. 2018). Specifically, bulk soil C:Nitrogen (N) ratios are
generally greater in EcM relative to AM ecosystems (Averill et al. 2014, Zhu et al. 2018, Cotrufo
et al. 2019) with EcM ecosystems having higher soil C concentrations (Averill et al. 2014, Wu et
al. 2022) but storing less N (Zhu et al. 2018). While AM forests can store less topsoil C than EcM
forests, they can store more deep soil C leading to greater soil C storage overall (Craig et al. 2018).

Not all soil C has the same long-term sequestration potential. Soil C exists on a continuum
of transit times (Sierra et al. 2017) based on its molecular composition, degree of decomposition,
and accessibility to microbes (Schmidt et al. 2011, Lehmann et al. 2020). Conceptually, soil

organic matter (SOM) is often split into multiple pools, which differ in their stabilization
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mechanisms and susceptibility to microbial decay. In a broad sense, there is particulate organic
matter (POM), which can be unprotected or occluded within aggregates, and mineral-associated
organic matter (MAOM), in which organic matter is sorbed onto mineral surfaces or complexed
with metals (Lavallee et al. 2020). MAOM fractions have longer radiocarbon-based ages than
POM fractions indicating resistance to microbial decomposition (Heckman et al. 2022) and are
generally less responsive to global changes like soil warming (Soong et al. 2021, Rocci et al. 2021).
The proportion of POM and MAOM in SOM differs with the dominant mycorrhizal association
of an ecosystem (Craig et al. 2019, Cotrufo et al. 2019, Wu et al. 2022). EcM-dominated forests
tend to have a greater proportion of their SOM stored in POM pools relative to AM-dominated
forests. These differences in the proportion of protected SOM could affect the susceptibility of soil
C stocks to global change-driven losses.

Two related explanations exist for why SOM differs between forests dominated by AM-
or EcM-associated tree species. One hypothesis, which is not directly related to the fungi
themselves, rests on differences in litter chemistry between host plant species (Lin et al. 2017).
AM leaf litter tends to decompose faster than EcM litter (Cornelissen et al. 2001, Midgley et al.
2015, Sun et al. 2018, Keller and Phillips 2019). High quality, easier-to-decompose litter is utilized
more efficiently by microbes, which leads to more OM in microbial necromass that ultimately
sorbs to soil minerals (Cotrufo et al. 2013, Cordova et al. 2018). If litter chemistry is the dominant
control of MAOM formation, we would expect larger MAOM pools in AM systems and larger
POM pools in EcM systems. This pattern has been observed across European grasslands,
agricultural lands, and forests (Cotrufo et al. 2019) and forests in the southeastern United States
(Craig et al. 2019). A second hypothesis is based on how the fungal symbionts acquire nutrients.

While both AM and EcM fungi can acquire mineral forms of N, some EcM fungi also act as
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“decomposers” by producing degradative enzymes (e.g. peroxidases) to speed N release from OM
(Lindahl and Tunlid 2015). This organic N mining by EcM fungi can limit the activity of
saprotrophs via competition for N through the hypothesized ‘Gadgil effect’ (Gadgil and Gadgil
1975, Averill and Hawkes 2016). A less active saprotrophic community could also lead to more
SOM remaining in the partially decomposed POM pool in EcM-dominated systems.

In spite of these developing theories, we lack systematic tests of the mechanisms by which
mycorrhizal associations affect SOM. Mycorrhizal associations are being incorporated into models
of coupled C and N cycles (e.g., Sulman et al. 2017), offering an important step towards projecting
future forest C storage as global change alters species composition (Jo et al. 2019). Such a
consideration is critical in the eastern United States, where AM-associated tree species are
increasing in dominance due to climate change, N deposition, and fire exclusion (Averill et al.
2018, Jo et al. 2019). However, accurately incorporating mycorrhizal fungi into biogeochemical
models depends on identifying the most important mechanisms responsible for differences in SOM
quality and quantity. For example, if litter quality is the driver of AM-EcM differences in SOM,
models that consider plant functional types or species-specific effects (e.g., Crowley and Lovett
2017) might be sufficient for capturing these mycorrhizal differences. If, on the other hand, EcM
fungal functional traits are the main driver, we may need to account for functional differences
within the EcM fungal guild. Not all EcM fungi have the same capacity to oxidize organic matter
and liberate N (Bodeker et al. 2009). In this case, the inclusion of the AM/EcM dichotomy into
models such as CORPSE (Sulman et al. 2019), may be insufficient unless they include more
granularity in the diversity of fungal traits among EcM fungi.

Most prior studies of mycorrhizal effects on SOM have focused on differences between

AM and EcM dominated forests (e.g., Cotrufo et al. 2019, Keller et al. 2021) or across gradients
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of EcM dominance (e.g., Craig et al. 2019). While revealing the aforementioned SOM differences
between AM and EcM systems, many of these studies have not investigated species effects beyond
the AM/EcM dichotomy. Here, we investigated how mycorrhizal associations are related to soil C
and N across four sites in the eastern U.S. broadleaf forest biome, which capture broad variability
in climate and tree species. Our sites represented each of the four ecoregions in the eastern United
States temperate forest—warm continental (New Hampshire), hot continental (Wisconsin), Prairie
(Illinios), and subtropical (Georgia)—described in Jo et al. (2019). This breadth naturally provided
tree species diversity and allowed us to also investigate how soil C and N are related to canopy
tree and EcM fungal community composition. Specifically, we analyzed the effects of mycorrhizal
association, canopy tree family, and EcM fungal taxa on the proportion of C and N associated with
soil minerals (MAOM) and bulk soil C:N. Furthermore, we explored potential mechanisms by
which mycorrhizal associations and species affect soil C and N by examining relationships with
leaf litter quality and the enzymatic potential of EcM fungi. We hypothesized that AM systems
would have a larger proportion of soil C and N in mineral-associations and a lower bulk soil C:N
than EcM systems, but that the magnitude of the differences would depend on the EcM taxa
present.
Methods
Study Sites

We collected soils across gradients of EcM basal area in four forested sites across the
eastern United States (Table 1): Flambeau River State Forest, Wisconsin (45.62°N, 90.79°W,
122,000 m? area; WI), Allerton Park and Recreation Center in Monticello, Illinois (39.99°N,
88.66°W, 103,000 m? area; IL), Chattahoochee National Forest (34.99°N, 83.56°W, 245,000 m?

area and 34.96°N, 83.48°W, 15,000 m? area; hereafter referred to as GA), and Norwich,
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Vermont/Hanover, New Hampshire (43.72°N, 72.35°W, 20,000 m? area and 43.72°N, 72.16°W,
60,000 m? area; hereafter referred to as NH). These sites can all be classified as hardwood forests,
except for the NH location, which is a mixed hardwood forest. Historical rates of N deposition
have been similar across sites with recent decreases in NH relative to the other sites (Table 1). At
each site, we collected soils from eight to twelve 10-m radius plots across a gradient of EcM basal
area. Plots were spaced at least 25 m apart. Within each plot, we measured the diameter at breast
height (1.3 m) of all trees greater than 2 cm in diameter and identified each tree to species where
possible, and genus where not. We assigned all trees as EcM or AM based on their genus
(Appendix S1: Table S1). The basal area of Populus, known to associate with both EcM and AM
fungi, was assigned as 50% EcM. In GA, <6% of the total basal area was occupied by the
ericaceous tree, Oxydendron arboreum. Given that ericoid mycorrhizae are more functionally
similar to EcM than to AM, we assigned the basal area of this genus to EcM, but we also present
data without including them as EcM (Appendix S1). The understory did not include ericaceous
shrubs at any sites except GA, where thickets of evergreen ericaceous shrubs were avoided when
setting up plots.
Soil Collection and Characterization

At each site, we collected soil cores of the top 10 cm of mineral soil after removing the O
horizon. We combined mineral soil cores collected from two spots at the center of our circular
plots using a 5 cm diameter stainless steel corer in NH. At the other sites (W1, IL, and GA), the
10-m radius plots were divided into four sections using cardinal directions. Within each section,
five cores were randomly taken using a 1 cm diameter soil probe. All cores from each plot were
then combined and homogenized for analysis. Soil samples were sieved through a 2 mm mesh. A

subsample was dried at 60°C and ground to measure %C and %N on an Elemental Analyzer
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(Costech ECS 4010 for NH soils and a Carlo Erba NA1500 for other soils). We took subsamples
for density fractionation (dried at 60°C), and subsamples for DNA extraction (frozen at -80°C).

The dried soil was separated by density into fine POM, occluded POM, and MAOM pools
(Sollins et al. 2006, 2009). We added 75 ml of 1.7 mg cm™ of low C/N sodium polytungstate (SPT)
solution to 20 g of dried soil. We tested the density of 1.7 mg cm™ across all our sites to ensure it
resulted in good separation of POM and MAOM and left few soil minerals in the POM fraction.
The SPT/soil mixture was then shaken for five minutes on a reciprocating shaker before being
centrifuged in a swinging bucket rotor for one hour (4710 g and 20°C). The duration of
centrifugation was determined based on the chosen SPT density so that no dense particles with
diameters >0.8 um remained in solution. The free light fraction (fine POM) was then aspirated
from the centrifuge tube, filtered through a 0.8 um polycarbonate filter, and rinsed with deionized
water until the filtrate was the density of water. The fine POM was then rinsed off the filter into a
drying tin. The remaining soil and SPT solution were shaken on a reciprocating shaker for five
minutes, sonicated for two minutes (while in an ice bath to prevent warming), and centrifuged
again for an hour before aspirating the occluded light fraction (occluded POM), filtering, and
rinsing it as above. Lastly, the dense fraction (MAOM) was rinsed and centrifuged until the
supernatant was the density of water before transfer to a drying tin. All fractions were dried,
weighed, ground, and analyzed by Elemental Analyzer (Costech ECS 4010) for %C and %N.
Fungal ITS Sequencing and Community Analysis

Soil DNA extractions were performed on 1 g of fresh soil using the Omega Bio-tek
E.ZN.A. Soil DNA kit following the manufacturer’s protocol. Fungal communities were
characterized by sequencing the ITS2 region of the fungal rRNA gene using forward ITS3-KYO2

(Toju et al. 2012) and reverse ITS4 (White et al. 1990) primers with added Nextera read primer
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sequences for the first PCR reaction (Lankau and Keymer 2016). Duplicate PCR reactions were
conducted under the conditions outlined in Caporaso et al. (2011). The second round of PCR added
the P5 and P7 flow cell adapters to prepare the library for sequencing on an Illumina MiSeq, along
with an external set of sample barcodes located between the flow cell adaptors and read primers.
Amplicons were cleaned with the Omega BioTek E-Z 96 Cycle Pure kit. Purified products were
quantified using a Qubit 2.0 fluorometer with the Qubit dsSDNA HS assay (Thermo Scientific,
Grand Island, NY). Amplicons were pooled at equal concentration and sequenced on an Illumina
MiSeq using V3 chemistry using paired-end sequencing (300 cycles).

Barcode sequences were separated by the University of Wisconsin-Biotechnology center,
filtered for quality, and assigned to amplicon sequence variants (ASV’s, equivalent to 100%
identity operational taxonomic units) using the DADA2 program (Callahan et al. 2016) as
implemented in the QIIME2 pipeline. Three samples from NH and four from GA produced too
few quality sequence reads to be included in our analyses. Non-singleton ASVs were identified to
the lowest confident taxonomic level using the naive Bayesian classifier RDP and the UNITE
database for ITS reads (Nilsson et al. 2019). We used the FUNGUILD database to assign ASVs to
functional groups (Nguyen et al. 2016). Based on the annotations provided by FUNGUILD, we
assigned all ASVs to one of five broad putative categories: AM fungi, EcM fungi, plant pathogens,
saprotrophs, and other. If an ASV was assigned to multiple categories that included EcM fungi, it
was assigned to EcM fungi. All subsequent statistical analyses were performed on the EcM fungi
subset. We assigned peroxidase capabilities to EcM fungal genera using the approach in Argiroff
et al. (2022). We recognize that assigning all species in a genera as “peroxidase-producing” based

on one species belonging to that genus containing peroxidase gene copies is a large assumption;

umo( ‘el ‘0L166£61

AU £Q 6Z6€°£99/2001°01/10p/w0d Ka[im Areiqijour[uo seunolesa;/:sdiy woij papeoy

:sdpj) SUONIpuO)) pue swId [, A S “[7z07/11/L7] uo Areiqry aurjuQ ASJIA\ ‘UISUOISIA JO ANSIO

SULI0) W00 KoM  ATeaqrjaul|

10§ K111 durjuQ AJ[IA\ UO (SUONIPUOD-P

Jo s

SI[OIME Y ‘s

9177 suowwo)) danear) sfqesrjdde oy £q paurosos ore

BRG]


https://www.zotero.org/google-docs/?DeOEhj
https://www.zotero.org/google-docs/?1YNKBb
https://www.zotero.org/google-docs/?jzdQiE
https://www.zotero.org/google-docs/?hpAins
https://www.zotero.org/google-docs/?iYOMbD
https://www.zotero.org/google-docs/?IJ3sS8
https://www.zotero.org/google-docs/?IJ3sS8

however, it is currently our best estimate awaiting further research into fungal genomes and
function.
Tree community-weighted litter properties

We searched the literature for the leaf litter decomposition constants (k) and C:N ratios of
the tree species found at our sites. We conducted these searches in Web of Science and Google
Scholar using the keywords such as “litter,” “decomposition,” “decay,” and “C:N,” as well as the
latin and common names for each tree species. We also extracted decomposition constants and
C:N ratios from the Long-Term Inter-site Decomposition Experiment Team (LIDET; Harmon et
al. 2009) and the TRY Plant Trait Database (Kattge et al. 2020). We extracted data from graphs
using WebPlotDigitizer when actual numbers were not available in the text or tables. For studies
that reported mass loss over time, but not the k value, we used R to estimate the decomposition
constant by fitting a single exponential decay function to the data. C:N mass ratios were calculated
manually if they were not directly reported. We averaged data for litter chemistry and
decomposition per species per published study, except for LIDET data, which was not averaged
due to the continental study area. We noted discrepancies in variables such as mesh size, location
of study, ecosystem, and state of leaf senescence. The data were then averaged by species. For
species with insufficient data by species, we assigned an average based on tree family. We then
calculated an average litter C:N and k value for each plot by weighting the values by the basal area
of each species.
Statistical Analyses

Tree communities were compared among the sites using a Principal Components Analysis
(PCA). There were 16 plant families represented in our sites, but we chose to run the PCA using

the nine most dominant plant families based on their total basal area (>0.8 m?) to avoid biasing the
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results due to zero inflation. A PCA was chosen so that we could use the principal components as
predictors of SOM properties. We ran the PCA in R (R Core Team 2021) using the prcomp
function and graphed the results with ggbiplot. EcM fungi communities were compared among
sites using bray-curtis dissimilarity indices in several ways including a a permutational
multivariate analysis of variance (MANOVA), and an analysis of similarity (ANOSIM) in R
(vegan package; Oksanen et al. 2020). Site dispersions were compared using the betadisper
function. Site EcM fungi communities were compared using nonmetric multidimensional scaling
(NMDS). Finally, relative abundances were calculated to examine the dominant EcM fungal taxa
within sites.

We first used multiple linear regressions to examine the relationship between our SOM
properties, bulk C:N and the proportion of C and N in MAOM, and EcM basal area and its
interaction with site. We then used multiple regressions to examine the relationship between the
SOM properties with the first three principal components of the plant family PCA and site. For the
proportion of C in MAOM and bulk C:N, the relationships with the predictors were not linear, so
a general additive model (GAM) was performed using the gamm function in the mgcv package in
R (Wood 2011). For the models with the PCA predictors, we compared all combinations of model
predictors and selected the most parsimonious set of predictors based on the model with the lowest
corrected AIC (AICc). Additionally, we ran linear models to test how the absolute abundance of
MAOM C and POM (fine plus occluded) C changed with the PCA predictors and site.

We used multiple regressions to test how SOM properties related to the basal area-weighted
litter C:N and to the decomposition constants including an interaction with site. All regressions
were linear, except for the relationship between soil and litter C:N where a GAM was used. For

all regressions, residuals were checked for normality and homogeneity of variance. A constant
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variance structure based on site was used in all models. We also explored the relationships between
potential plant-related predictors of SOM properties (EcM basal area, the second principal
component of the dominant plant family PCA, basal-area weighted litter k and C:N) using
correlations.

We tested the correlation of EcM fungal community composition with each SOM property,
with the tree community, and with EcM basal area using Mantel tests from the vegan package in
R (permutations=9999). The EcM fungal community and plant community dissimilarity matrices
were based on Bray-Curtis while for each SOM property and EcM basal area a dissimilarity matrix
based on euclidean distances was used. Lastly, we regressed the proportion of C and N in MAOM
against the relative abundance of peroxidase-capable EcM. All of the data used here can be
accessed via the ESS-DIVE repository (Hicks Pries et al. 2022), and the code for performing the
statistical analyses and producing the graphs is available on Figshare (Hicks Pries 2022).

Results
Tree and EcM Fungi Communities

The sites differed in both their dominant tree communities and their EcM fungal
communities. Forty tree species were present among all sites, with 10, 13, 13, and 19 species found
at sites in WI, NH, IL, and GA, respectively (Appendix S1: Table S1). A PCA using the basal area
of the 9 dominant plant families showed a strong separation among the sites (Fig. 1A). The first
principal component explained 28.8% of the variation and separated the more northern sites (in
NH and WI) from the more southern sites (in GA and IL). This component was driven by the basal
area of Betulaceae (birches) relative to the basal area of Juglandaceae (EcM hickories and AM
walnuts), Ulmaceae (elms), and Fagaceae (oaks and beeches; Appendix S1: Table S2). The second

principal component explained 16.6% of the variation and separated sites in NH and GA from the
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sites in Wl and IL. This component was driven by the basal area of Pinaceae (pines and hemlocks)
and Fagaceae, which were more prevalent at the NH and GA sites.

The composition of EcM fungal communities also differed among sites as demonstrated
by NMDS (Fig. 1B). Both graphs showed that sites in NH and GA had more similar communities
than the sites in IL and WI. According to an ANOSIM of the EcM fungal communities, between
group differences were greater than within group differences (R=0.78, p<0.0001,
permutations=9999). A permutational MANOVA also showed significant differences in EcM
fungal communities between sites (p<0.0001, df=3, permutations=9999). The communities were
more dispersed in NH than at other sites (test of group homogeneity; p=0.0001), which may have
affected the results; however, the NMDS plot showed that the site centroids still differed.
Dominant EcM taxa (based on relative abundance) differed across sites; Inocybe and Tuber were
more abundant in WI and IL while Cenococcum, Piloderma and Tricholoma were more abundant
in GA and NH (Appendix S1: Fig. S1).

Soil Organic Matter

Soil OM properties were significantly related to the percentage of EcM basal area only at
the GA and NH sites; there was no significant relationship between SOM properties at the WI and
IL sites (Fig. 2). The proportion of C in MAOM decreased as the percentage of EcM basal area
increased in NH and GA (Site x EcM interaction, f=5.084, df=3, p=0.0058), as did the proportion
of N in MAOM (Site x EcM interaction, f=3.22, df=3, p=0.0364). Similarly, while there was no
significant relationship between soil C:N and the percentage of EcM basal area at the WI and IL
sites, soil C:N significantly increased as the percentage of EcM basal increased at the NH and GA
sites (Site x EcM interaction, f=7.236, df=3, p=0.0009). Assigning Oxydendron basal area as non-

EcM did not affect the results (Appendix S1: Fig. S2)
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Relating SOM properties to the tree communities, the best fit model for all properties
included the second principal component from the PCA of the dominant plant families (PC2; i.e.,
the basal area of trees in the Pinaceae and Fagaceae) and site as significant predictors (Fig. 2). The
proportion of C and N in MAOM decreased significantly as the basal area of Pinaceae and
Fagaceae increased (estimated df=3.69, =4.535, p=0.006 for C and df=1, t=13.409, p=0.0009 for
N)). Lastly, soil C:N increased significantly with the basal area of Pinaceae and Fagaceae, and like
with C in MAOM, the increase only occurred when values of PC2 were greater than 0 (estimated
df=4.06, £=20.12, p<0.0001). There was a significant site effect for all SOM properties, but no
interaction of site with the basal area of Pinaceae and Fagaceae. Plotting the residuals of the GAM
models by site visually demonstrated that fitting separate smoothing curves by site was not needed,
and the best fit of the linear soil C:N model based on AICc did not include the interaction.
Decreases in the proportion of MAOM as the basal area of Pinaceae and Fagaceae increased were
driven by increases in the abundance of POM-C in NH (df=3, f=2.8, p=0.055) and decreases in
the abundance of MAOM-C in GA (df=3, =2.1, p=0.12); the abundance of POM-C and MAOM-
C remained relatively constant in IL and WI (Appendix S1: Fig. S3).

To explore mechanisms of how tree identity could affect SOM properties, we related SOM
properties to characteristics of the aboveground litter at each site using basal area-weighted litter
C:N and decomposition constants (Appendix S1: Fig. S4). There were no significant relationships
between the basal area-weighted decomposition constant (k) and the SOM properties (litter k£
effect, df=1, p’s>0.11), nor were there any significant interactions (litter k£ x site effect, df=3,
p’s>0.18). There were significant relationships between the basal area-weighted litter C:N and
some SOM properties. The proportion of C and N in MAOM decreased as the basal area-weighted

litter C:N increased (litter C:N effect, df=1, p’s<0.0005) without significant interactions between
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site and litter C:N (litter C:N x site effect, df=3, p’s>0.55). Soil C:N was not significantly related
to the basal area-weighted litter C:N (litter C:N effect in GAM, estimated df=1, p=0.87) but was
significantly related to site with GA and NH having higher soil C:N than IL and WI (site effect,
df=3, p<0.0001). Overall, the basal area of Pinaceaec and Fagaceae (PC2) was more highly
correlated with the community-averaged litter properties than the percentage of EcM basal area
(Appendix S1: Fig. S5). Litter C:N increased (df=36, r=0.47, p=0.003) and litter £ decreased
(df=36, r=-0.41, p=0.009) as the basal area of Pinaceae and Fagaceae increased. There were no
significant correlations of community litter properties with EcM basal area.

Investigating the correlation of EcM fungal communities with SOM, the dissimilarity of
the three SOM properties were significantly correlated with the compositional variation (beta
diversity) of the EcM fungi (Appendix S1: Fig. S6). Specifically, the proportion of C and N in
MAOM across our sites decreased significantly with increasing relative abundances of peroxidase-
capable EcM (Fig. 3; df=1, p’s<0.002). Soil C:N was not related to the abundance of peroxidase-
capable EcM (p=0.18). Similar to litter properties, the compositional variation of the EcM fungal
communities was not significantly correlated with differences in the EcM basal area (mantel r=-
0.004, p=0.475), but was significantly correlated with the compositional variation of the tree
communities (mantel r=0.3428, p=0.001; Appendix S1: Fig. S7).

Discussion

Only half of our sites demonstrated the expected relationship of declining MAOM fractions
and increasing soil C:N ratios as EcM basal area increased, and this result was not due to soil
minerals (Appendix S1: Figure S8). At first glance, the fact that our findings did not conform to
mycorrhizal relationships observed at regional (Craig et al. 2019), continental (Jo et al. 2019,

Cotrufo et al. 2019), and global scales (Wu et al. 2022) may seem surprising. However, a closer
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look at the meta-analyses of Cotrufo et al. (2019) and Wu et al. (2022) reveals large variability
around the means and medians of soil C:N and the mineral-associated fraction, particularly for
EcM-dominated ecosystems. In these studies, the range of soil values in EcM ecosystems exceed
both the upper and lower limits of those in AM ecosystems, suggesting that an understanding of
diverse EcM effects on soils could be more informative than the AM/EcM dichotomy. We used
our data to explore the potential drivers of this large variability within EcM ecosystems.
Understanding what drives this variability may help elucidate the mechanisms by which
mycorrhizal types affect ecosystem processes like SOM storage (Averill et al. 2014, Zhu et al.
2018, Craig et al. 2018), N cycling (Phillips et al. 2013, Lin et al. 2022), and responses to global
change (Terrer et al. 2021). Mechanisms that have been invoked to explain the differences between
AM and EcM ecosystems include differences in leaf litter quality (Sun et al. 2018, Keller and
Phillips 2019), rhizodeposition (Keller et al. 2021), fungal necromass decomposition (Langley and
Hungate 2003), and nutrient acquisition strategies (Averill et al. 2014; Fig. 4). Here, we focus on
how the functional variability of different EcM-associating tree species and EcM fungi may
explain the observed pattern across our sites and thus help explain the range in soil characteristics
among EcM ecosystems.
The role of tree characteristics

A diversity of plant families were represented across our sites, allowing us to explore how
species variability affects the EcM/AM dichotomy. In terms of EcM-associated families, Pinaceae
and Betulaceae dominated the NH plots, Fagaceae and Pinaceae dominated the GA plots, Fagaceae
and Juglandaceae (Carya genus) dominated the IL plots, and Betulaceae and Malvaceae dominated
the WI plots. This variation in EcM trees across our sites may have contributed to the lack of

consistent relationships between EcM basal area and soil properties because leaf litter properties

umo( ‘el ‘0L166£61

:sdyj) SUONIPUO)) pue swId [, Ay S “[7z07/11/L7] uo Areiqry aurjuQ A1 ‘UISUOISIA JO ANSIOAIUN £q 6Z6€°K99/2001°01/10p/w0d" Kd[1m°KIeiqi[ourjuo’sjeunofesa;/:sdiy woiy papeoy

SULIOY/W0" KO 1M " KTRIqI[oul]

10§ K111 durjuQ AJ[IA\ UO (SUONIPUOD-P

Jo s

9177 suowwo)) dAnear) afqesrjdde oy £q pauroaod are sojone yQ osn

BRG]


https://www.zotero.org/google-docs/?9ZxaFq
https://www.zotero.org/google-docs/?O7OCLy
https://www.zotero.org/google-docs/?hJF2Px
https://www.zotero.org/google-docs/?hJF2Px
https://www.zotero.org/google-docs/?SMPfIX
https://www.zotero.org/google-docs/?PTcDC3
https://www.zotero.org/google-docs/?EO6KnI
https://www.zotero.org/google-docs/?EO6KnI
https://www.zotero.org/google-docs/?Cz4VKc
https://www.zotero.org/google-docs/?Cz4VKc
https://www.zotero.org/google-docs/?LzrndY
https://www.zotero.org/google-docs/?LzrndY

did not follow expectations. We expected litter quality would decrease as EcM basal area increased
because generally EcM leaf litter has a slower decay rate than AM leaf litter (Sun et al. 2018,
Keller and Phillips 2019). However, in our sites EcM basal area was not correlated with either
basal-area weighted litter C:N or decomposition constants. It should be noted that these metrics
were only an approximation of overall litter quality; they assume that litterfall scales with basal
area and that average literature values are representative of the litter quality at our sites, which can
shift depending on climate and nutrient availability.

Litter quality may have contributed to differences in soil properties among our sites but not
through the lens of the AM/EcM dichotomy. Instead, this relationship was driven by the basal area
of trees in the Pinaceae and Fagaceae, which were significantly related to soil properties through
the second principal component of the plant family PCA. In contrast to EcM basal area, PC2 was
significantly correlated with the weighted litter C:N and decomposition constants. Trees in the
Pinaceae and Fagaceae families had the lowest-quality leaf litters out of the plant families in this
study, with the smallest average decay constants (0.36+£0.05, n=17 and 0.51£0.05, n=31,
respectively) and high average C:N values (76+8, n=9 and 6448, n=9, respectively). The sites that
had the most Pinaceae and Fagaceae (NH and GA) had significantly greater soil C:N than the WI
and IL sites. Soil C:N values generally decrease from the values of plant litter (ranged from 19 to
91 in the data compiled for this study) to the values of microbial biomass (=8-9) as microbes
decompose SOM because more N remains in the soil relative to C, which is lost via respiration
(Cleveland and Liptzin 2007). Higher soil C:N in Pinaceae- and Fagaceae- dominated plots
suggests that their low-quality leaf litter slowed decomposition. Supporting this point, the
proportion of C and N in MAOM decreased as plot-averaged litter C:N increased. Labile litter is

more likely to become MAOM because it can be more efficiently incorporated into microbes
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during decomposition, which can then become sorbed to soil minerals when the microbes die
(Cotrufo et al. 2013). Overall, our results demonstrate that plant identity affects soil properties but
not necessarily based on their mycorrhizal associations. This result calls into question the utility
of AM and EcM designations in models and meta-analyses. In order to assign AM or EcM types,
the plant species must be known, which makes it just as feasible to consider how plant phylogeny
helps explain patterns in SOM. Important information is lost when the diversity of plants is reduced
to two categories. Our study suggests plant family might be an appropriate level of generalization.

Belowground inputs are another potential reason plant families were a better predictor of
soil properties than EcM basal area. Root inputs are often larger contributors to SOM than
aboveground plant inputs (Rasse et al. 2005, Jackson et al. 2017, Sokol et al. 2019). However, in
forests, retention of leaf and root litter inputs can be similar within the top of the mineral soil
(Hicks Pries et al. 2017, Keller et al. 2021). Leaf and root litter quality do not necessarily follow
the same patterns within mycorrhizal types (Taylor et al. 2016, Sun et al. 2018) but do generally
covary within a species (Freschet et al. 2012), which might make plant identity a better predictor
of soil properties than mycorrhizal type. Notably, one meta-analysis that found mycorrhizal type
was a significant predictor of root decay with EcM roots decaying more slowly than AM roots had
a preponderance of data points from the EcM orders Fagales and Pinales (See et al. 2019). The
low-quality root litter of Pinaceae and Fagaceae could have contributed to the relationship between
soil properties and the basal area of Pinaceae and Fagaceae (PC2) much like the low-quality leaf
litter discussed above.

Rhizodeposits are another belowground source of SOM that can differ among tree species.
Higher rates of root exudation should fuel microbial activity in the rhizosphere, promoting the

formation of MAOM (Sokol et al. 2019). Root-derived C accumulation was higher among AM vs.
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EcM tree seedlings in a mesocosm study (Wurzburger and Brookshire 2017), and greater over two
growing seasons in AM-dominated forests than EcM-dominated forests (Keller et al. 2021). This
accumulation of root-derived C also resulted in greater root-derived mineral-associated C in AM-
dominated forests, which matches the pattern of increased MAOM as AM basal area increased at
our NH and GA sites. In Keller et al. (2021), the largest differences were found between AM and
Pinaceae- versus Fagaceae-dominated sites. Collectively, our results and these studies illuminate
that plant family may be a better predictor of MAOM and soil C:N than mycorrhizal association
regardless of the organic matter source.
The role of fungal characteristics

The forests represented in our sites differed not only in the phylogeny of dominant EcM-
associated plants, but also in the species of the EcM fungi themselves. EcM fungal communities
were more similar in the NH and GA sites, where we observed the expected pattern in SOM
properties with EcM basal area, and were different from the IL and WI sites where the patterns
were not observed. Dominant EcM taxa differed with /nocybe and Tuber having higher abundance
in WI and IL and Cenococcum, Piloderma and Tricholoma having higher relative abundance in
GA and NH. These differences in dominant species may also affect SOM given that EcM fungi
have more functional variability than AM fungi, having independently evolved over 80 times
(Pellitier and Zak 2018). We found evidence for this connection between species and function
across our sites, where the compositional variation of the EcM fungal communities was
significantly correlated with the proportion of C and N in mineral-associations and soil C:N. EcM
fungal species differ in their growth form (Agerer 2001), their affinity for N-rich soils (Cox et al.

2010, Lilleskov et al. 2011), the degree to which their hyphae are melanized (Silleti et al. 2017),
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and their capacity to produce extracellular enzymes (Bodeker et al. 2009, Lindahl and Tunlid
2015). These traits can affect SOM cycling both directly and indirectly.

EcM fungi can be categorized by ‘exploration type’ based on the distance traveled from
the root tip by their hyphae, the density of their rhizomorphs, and hydrophobicity of their hyphae
(Agerer 2001). The categories include contact with few emanating hyphae, medium distance, and
long-distance exploration types (Agerer 2001). These categories may represent different foraging
strategies and have been shown to correlate with soil nutrients and soil C stocks (Clemmensen et
al. 2021). For example, species with medium distance fringe and mat exploration types,
hypothesized to access organic N sources, decline in response to N deposition (Lilleskov et al.
2011). These different growth forms may have ramifications for the volume of soil influenced by
hyphae and the decay rates of their necromass (Fernandez et al. 2016). EcM fungi can have
175,000 cm of hyphae per cm?® soil, which is several orders of magnitude greater than the estimated
2400 cm of AM hyphae per cm? soil (See et al. 2022). Therefore, mycorrhizal hyphae facilitate
the formation of MAOM by delivering plant-derived C to mineral surfaces via exudates and
necromass (See et al. 2022). In this study, GA and NH sites had greater relative abundances of
medium-distance fringe exploration types, Piloderma and Tricholoma, while IL and WI had
greater relative abundances of contact/short distance, non-rhizomorph-forming exploration types
Inocybe and Tuber. While it is unknown how these exploration types affect SOM cycling, longer
distance, rhizomorph-forming EcM fungi may have led to more EcM fungal influence in GA and
NH sites where the expected SOM patterns with increasing EcM basal area were seen.

Mycorrhizal fungi are an important source of SOM via their necromass (Clemmensen et
al. 2013, Liang et al. 2019). Necromass inputs are a function of hyphal biomass and turnover rates.

EcM fungal hyphae turnover more slowly than AM hyphae, but species-specific data for EcM
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fungi are lacking (See et al. 2022). Fungal necromass decomposition depends on the degree to
which the fungal tissues are melanized with melanized necromass decomposing more slowly
(Fernandez and Koide 2014). Overall, EcM hyphae are more melanized than AM hyphae, but EcM
species differ in their degree of melanization (Siletti et al. 2017). For example, among species
colonizing the Pinaceae, Geospora sp. are highly melanized while Suillus sp. are not (Fernandez
et al. 2016). Soil melanin contents are positively related to soil C (Siletti et al. 2017). Since melanin
retards decomposition, the dominance of EcM species with high melanin would likely decrease
the proportion of MAOM and increase soil C:N. While not dominant, the highly melanized
Cenococcum (Siletti et al. 2017) did have greater relative abundances in the NH and GA sites
relative to the WI and IL sites.

Lastly, EcM species differ in their ability to produce extracellular enzymes, particularly
peroxidases (Bodeker et al. 2009). Cortinarius, Russula, and Lactarius are the main genera that
have peroxidase genes, and Cortinarius are correlated with high peroxidase activity in soils
(Bodeker et al. 2014). Across boreal and northern temperate ecosystems, C storage in organic
horizons is negatively correlated with the abundance of peroxidase-producing EcM fungi
(Clemmensen et al. 2013, Lindahl et al. 2021, Argiroff et al. 2022), perhaps due to their direct
contribution to organic matter decomposition (Argiroff et al. 2022). In our study, the proportion
of MAOM across our sites decreased significantly with increasing relative abundances of
peroxidase-capable EcM (Piloderma, Cortinarius, Russula, and Lactarius). This pattern suggests
that EcM fungi with peroxidases may suppress decomposition, leading to a higher proportion of
POM. One mechanism for this suppression is that peroxidase-capable EcM fungi may induce
saprotrophic N limitation by mining N from organic matter (Averill and Hawkes 2016). While

experiments testing whether EcM fungi suppress decomposition (i.e., the Gadgil effect) have had
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equivocal results (e.g., Brzostek et al. 2015, Lang et al. 2021), one recent study suggested the
Gadgil effect predominantly occurs in systems with high lignin:N litter inputs (Smith and Wan
2019), which would apply to the GA and NH sites where Pinaceae and Fagaceae dominated the
EcM plots and where peroxidase-capable EcM fungi were more prevalent. Differences in EcM
fungi’s ability to mine N from SOM is a potential, yet unexplored, reason for the context-
dependency of the Gadgil effect.
Conclusion

This observational study shows that differences in SOM driven by the AM-EcM dichotomy
are dependent on tree and fungal species. Thus, functional trait diversity within plant host and
fungal associates modulates soil C and N cycling. The expected patterns of increasing soil C:N
and decreasing MAOM with increasing EcM basal area were only observed within sites where: 1)
the dominant EcM-associated trees were in the Pinaceae or Fagaceae and 2) the dominant EcM
fungi had medium distance exploration types, more melanized tissues, and a greater potential to
produce peroxidases. The extent to which the identity of the plants versus the identity of the
mycorrhizal fungi are driving these patterns separately or co-varying as paired trait syndromes is
not known. Neither is the extent to which the patterns observed here in the top 10 cm of mineral
soil are reflected across the rest of the soil profile. Careful experiments are needed to disentangle
the mechanisms driving these patterns and to test the relative influence of plant effects (leaf and
root litter quality, root exudation) and fungal effects (growth form, necromass quality, and
extracellular enzyme capacity) on SOM. These experiments will also help illuminate the
mechanisms causing patterns across AM- and EcM-dominated systems more generally. How these

species interactions affect SOM cycling, particularly the partitioning of SOM to mineral-
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associated pools that are less vulnerable to climate change, is an important question as global

change causes shifts in the species composition of forests.
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Table 1. Soil and climate parameters of the four forest sites where we collected soils from stands

(10-12 m radius) ranging in the proportion of tree basal area occupied by EcM-associated trees.

Site Plots | Stand | Soil Soil Series EcM | MAT/ Carbon | Nitrogen | Al+0.5Feox! | N
Age Order range | MAP (%) (%) (mg g soil) | dep?
(year) (%) 2000,
! 2017
(kg
N/ha/
y)
ambeau 8 (8)° | 80-100 | Alfisol Freeon 0-84 4.3°C/ 1.9+ 0.16 + 54+04 9.9,
River State Magnor 794mm | 0.1 0.03 10.9
orest,
Wisconsin
(W)
| Hanover, 11 (8) | >50 Inceptisol | Pittstown 0-80 6°C/ 7.0+ 0.33+ 8.1+£0.7 8.8,
W Spodosol | Bernardstown 1092 mm | 0.5 0.03 5.9
Hampshire
(MH)
Allerton Park, | 11 (11)| 100 Mollisol Sawmill 3-82 11.1°C/ 1.7+ 0.14 + 22+0.1 10.8,
“inois (IL) 1020 mm | 0.07 0.005 8.5
_hattahoochee | 8 (4) | 80 Inceptisol | Ashe 32-87 | 13.4:°C/ |27+ 0.12 + 51+0.7 9.6,
PMational Ultisol Tusquittee 1750 mm | 0.3 0.02 8.1
b orest, Hayesville
LL'}eorgia (GA)

'Oxalate-extractable iron and aluminum

?Total inorganic nitrogen wet deposition data from the National Atmospheric Deposition

Program (2022)

3The number of plots from which we were able to obtain fungal DNA sequences is in

parentheses

Abbreviation: N dep? = N deposition?
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Figure 1. The communities of trees and EcM fungi varied among sites. (A) A PCA of the
dominant tree families shows the forest stands in New Hampshire (NH) and Georgia (GA) had
more similar tree communities by basal area than the forest stands in Wisconsin (WI) and Illinois
(IL), particularly along the second principal component (PC2). PC2 was driven by the basal area
of trees in the Pinaceae and Fagaceae families. (B) An NMDS of the compositional variation in
EcM fungal communities (Bray-Curtis dissimilarity) shows the forest stands in NH and GA also

have more similar EcM communities than forest stands in the WI and IL.

Figure 2. Only two sites (in GA and NH) demonstrated the expected relationship between soil
organic matter characteristics and EcM basal area where the proportion of C and N in mineral-
associated organic matter decreased (A,C) and the overall soil C:N increased (E) as EcM-
associated trees became more dominant in the forest stand. In contrast, the second principal
component (PC2) of the dominant plant family PCA was significantly related to soil organic
matter characteristics. The proportion of C and N in MAOM decreased (B,D) and the bulk soil
C:N increased (F) as the basal area of trees in the Pinaceae and Fagaceae became more
dominant. Brown points represent forest stands in NH, tan in GA, dark green in WI, and light

green in IL. The lines show the predictions from significant regressions (0<0.05).

Figure 3. The proportion of C in MAOM (and N, not shown) decreased as the relative
abundances of EcM genera with known peroxidase production capabilities increased. EcM with
peroxidases included Cortinarius, Lactarius, Piloderma, and Russula. Brown points represent

forest stands in NH, tan in GA, dark green in WI, and light green in IL. The black line shows the
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prediction from a significant linear regression (0<<0.05) with the gray ribbon showing the 95%

confidence interval.

Figure 4. Mechanisms by which plant (top) and fungal (bottom) traits associated with arbuscular
mycorrhizae (AM) and ectomycorrhizae (EcM) can affect soil C:N ratios and the partitioning of
organic matter among mineral-associated (MAOM) and particulate (POM) pools. For plant traits,
EcM-associating trees tend to have low quality leaf (and sometimes root) litter that can lead to
high soil C:N ratios and more organic matter being stored as POM. Recent evidence suggests
that AM-associating trees may have higher rhizodeposition rates, which can encourage MAOM
formation; however, rhizodeposition comparisons between AM and EcM trees are often
idiosyncratic. For fungal traits, AM fungi acquire N by scavenging it from the environment while
some EcM fungi can actively mine nitrogen from organic matter, which can induce competition
with saprotrophs that may decrease decomposition and lead to more organic matter remaining as
POM. Lastly, EcM fungi tend to produce more hyphal biomass and lower quality fungal
necromass than AM fungi, which may also lead to reduced decomposition and more POM. The
extent to which EcM mycorrhizae display the typical EcM traits listed here are taxa dependent.
The pink background represents arbuscular mycorrhizal traits while the purple to blue color
gradient represents the range of these traits found within EcM trees and fungi. Created with

BioRender.com.
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