
Mycorrhiza Better Predict Soil
Fungal Community Composition
and Function than Aboveground

Traits in Temperate Forest
Ecosystems

Amelia A. Fitch,1* Ashley K. Lang,1,2 Emily D. Whalen,3

Eliza M. Helmers,1 Sarah G. Goldsmith,1 and Caitlin Hicks Pries1

1Department of Biological Sciences, Dartmouth College, Hanover, New Hampshire 03755, USA; 2Department of Biology, Indiana

University, Bloomington, Indiana 47405, USA; 3Department of Natural Resources and the Environment, University of New Hamp-
shire, Durham, New Hampshire 03824, USA

ABSTRACT

Forests in the northeastern US are experiencing

shifts in community composition due to the

northward migration of warm-adapted tree species

and certain species’ declines (for example, white

ash and eastern hemlock) due to invasive insects.

Changes in belowground fungal communities and

associated functions will inevitably follow. There-

fore, we sought to investigate the relative impor-

tance of two important tree

characteristics—mycorrhizal type [ectomycorrhizal

(EcM) or arbuscular mycorrhizal (AM)] and leaf

habit (deciduous or evergreen) on soil fungal

community composition and organic matter cy-

cling. We sampled soil in the organic and mineral

horizons beneath two AM-associated (Fraxinus

americana and Thuja occidentalis) and two ECM-as-

sociated tree species (Betula alleghaniensis and Tsuga

canadensis), with an evergreen and deciduous spe-

cies in each mycorrhizal group. To characterize

fungal communities and organic matter decompo-

sition beneath each tree species, we sequenced the

ITS1 region of fungal DNA and measured the

potential activity of carbon- and nitrogen-targeting

extracellular enzymes. Each tree species harbored

distinct fungal communities, supporting the need

to consider both mycorrhizal type and leaf habit.

However, between tree characteristics, mycorrhizal

type better predicted fungal communities. Across

fungal guilds, saprotrophic fungi were the most

important group in shaping fungal community

differences in soils beneath all tree species. The

effect of leaf habit on carbon- and nitrogen-tar-

geting hydrolytic enzymes depended on tree myc-

orrhizal association in the organic horizon, while

oxidative enzyme activities were higher beneath

EcM-associated trees across both soil horizons and

leaf habits.
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HIGHLIGHTS

� Tree species harbored distinct soil fungal com-

munities, with mycorrhizal type explaining more

variation than leaf habit.

� Among guilds, saprotrophic fungi contributed

most to differences in community composition.

� Oxidative enzyme activities were higher beneath

ectomycorrhizal-associated trees.

INTRODUCTION

Climate change and invasive insects are shifting the

distribution of tree species and altering the com-

position of forest communities. As some tree spe-

cies migrate northward with changing temperature

and precipitation regimes (Jo and others 2019;

Sharma and others 2022), forests of the north-

eastern US are also experiencing tree species

declines in the Fraxinus and Tsuga genera due to the

invasions of the emerald ash borer and hemlock

woolly adelgid, respectively (Horsley and others

2002; Morin and others 2017). Changes in forest

tree communities will have a profound effect on

the soils they inhabit. The species composition of

tree communities has bearing on the belowground

communities of soil organisms that live on and

around their roots, including symbiotic mycorrhizal

fungi (Otsing and others 2021), and free-living

saprotrophic and pathotrophic fungi (Tedersoo and

others 2016). Soil carbon (C) storage and nitrogen

(N) cycling are also known to vary below different

tree species (Hicks Pries and others 2022; Crowley

and Lovett 2017; Knops and others 2002). North-

eastern forests at higher latitude and elevation have

lower tree species diversity relative to forests fur-

ther south in New England (Thompson and others

2013). Consequently, northern New England for-

ests should be more susceptible to pests and species

loss, given the relatively low functional redun-

dancy among tree species (Ellison and others

2005). Understanding the relationships between

tree traits and belowground fungal communities

and soil decomposition processes will allow us to

better predict the effects of forest community

change (Reich 2014).

Forest community change will shift the relative

abundances of trees with differing mycorrhizal

associations, either arbuscular mycorrhizal (AM) or

ectomycorrhizal (EcM) fungi (Jo and others 2019),

an important tree trait that influences soil C and N

cycling. Mycorrhizal fungi play an important role

in soil N cycling by taking up soil N, which they

give to trees in exchange for photosynthetically-

derived sugars. The carbon-to-nitrogen (C:N) ratio

of soil connects to how organisms such as mycor-

rhizal fungi search for and extract nutrients (Phil-

lips and others 2013). Soils under EcM-associated

trees generally have higher soil C:N ratios relative

to AM-associating trees, with a larger proportion of

soil N in less-available organic forms (Zhu and

others 2018). EcM fungi have evolved over sixty

times from saprotrophic lineages, and some of these

species have retained the genetic capacity to mine

N from organic matter by producing N- and C-tar-

geting enzymes or via fenton chemistry (Pellitier

and Zak 2018), where production of hydrogen

peroxide in concert with soil ferrous iron creates

oxidizing hydroxyl radicals (Buée and others 2007;

Orwin and others 2011). In contrast, AM fungi are

limited to scavenging inorganic N released from

organic matter by saprotrophic microbes, creating

an inorganic N economy (Lambers and others

2008; Phillips and others 2013). When soil N is

limiting, EcM competes with saprotrophic microbes

for organic N, contributing to N limitation (Frey

2019). In a process known as the Gadgil effect,

these interactions sometimes slow saprotrophic

litter decomposition in EcM-dominated soils, as

enzymes are N-rich and energetically expensive

(Fernandez and Kennedy 2016; Gadgil and Gadgil

1974). Nitrogen limitation can alter microbial

community composition to favor saprotrophic

species that are better equipped to survive in a low

N environment (Cheeke and others 2017; Güsewell

and Gessner 2009).

Though there is a rich literature on the effects of

mycorrhizal fungi on soil microbial community

composition (Fitch and others 2020; Liang and

others 2016) and associated decomposition pro-

cesses (Cheeke and others 2017; Wurzburger and

Brookshire 2017), the effect of leaf habit (ever-

green vs. deciduous) on soil fungal community

composition and function is not often accounted

for (Cornelissen and others 2001; Sun and others

2018). This oversight may conflate mycorrhizal

effects with leaf habit effects since there is a wide

range of representation between mycorrhizal types

and evergreen or deciduous leaf habits, though

most temperate and boreal evergreen trees are

associated with EcM fungi (Averill and others
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2019). Trees can broadly be classified as deciduous

or evergreen, where each group employs different

strategies to grow and recycle N from leaf litter

(Loehle 1988). In contrast with the high C:N ratios

and multiyear lifespan of evergreen leaves, decid-

uous leaves generally have lower C:N ratios and are

shed annually. These strategies, or leaf habits, have

different effects on soil litter decomposition and N

availability, with subsequent effects on soil micro-

bial community composition (Chen and others

2016; Dijkstra and Cheng 2007; Osborne and oth-

ers 2021). Whereas deciduous litter generally

undergoes rapid decomposition (Prescott and oth-

ers 2000), leading to soils with shallower organic

horizons and fast N cycling (Ollinger and others

2002), the high C:N and lignin-rich evergreen litter

decays more slowly and promotes deeper organic

horizons (Lu and others 2021; Silver and Miya

2001). The relatively slow turnover of N from

evergreen-derived soil organic matter may lead to

N limitation, constraining enzyme production and

nutrient release (Rowe and others 2006). This N-

limited environment in soils below evergreen trees

tends to promote higher fungal biomass relative to

deciduous soils (Awad and others 2019) and sup-

ports a different fungal community, including

species of saprotrophic fungi that can produce

oxidative enzymes necessary to break down lignin

in evergreen tree leaves (Sinsabaugh 2010). In

addition, differences in soil fungal community

composition between deciduous and evergreen

forests may be driven in part by the saprotrophic

fungi who experience seasonal pulses of leaf litter

inputs, with subsequent variation in nutrient

availability (Jacob and others 2009; Nottingham

and others 2009).

Given that most AM-associated trees have lower

leaf tissue C:N and lignin:N compared to most EcM-

associated trees (Averill and others 2019), we have

yet to disentangle the effects of leaf habit and

mycorrhizal type on observed patterns of decom-

position and fungal community composition across

AM- and EcM-associated forests. In the northeast-

ern US, mixed evergreen–deciduous forests are

common, and AM and EcM associations are ob-

served for both evergreen and deciduous trees.

Although most evergreen trees associate with EcM

fungi in this region, trees in the Cupressaceae family

associate with AM fungi (Brundrett and Tedersoo

2020), creating an opportunity to analyze the ef-

fects of mycorrhizal fungi and leaf habit in a fac-

torial design. To investigate the relative importance

of tree species, mycorrhizal association, and leaf

habit on soil fungal communities and their associ-

ated functions, we sampled soil under four tree

species, each representing a unique leaf habit and

mycorrhizal type combination: Fraxinus americana

(deciduous, AM-associated), Thuja occidentalis (ev-

ergreen, AM-associated), Betula alleghaniensis (de-

ciduous, EcM-associated), and Tsuga canadensis

(evergreen, EcM-associated). Due to the effects of

mycorrhizal fungi on soil nutrient economies

(Phillips and others 2013), our first hypothesis was

that trees of each mycorrhizal type (AM vs. EcM)

would foster distinct mycorrhizal and free-living

(that is, saprotroph and pathotroph) soil fungal

communities regardless of differences in leaf habit

(evergreen vs. deciduous). However, due to the

need to decompose lignin-rich leaf litter, sapro-

trophic fungal communities would be affected by

leaf habit, resulting in more similar saprotrophic

communities beneath AM- and EcM-associated

evergreens. Further, because both leaf habit and

tree mycorrhizal association have been shown to

affect fungal communities, these traits may interact

to shape distinct communities beneath each tree

species. Both saprotrophic and some ectomycor-

rhizal fungi influence decomposition through

extracellular enzyme production, targeting organic

compounds for C, N, and phosphorus (P). Conse-

quently, we hypothesized that extracellular en-

zyme activities would align with fungal community

structure.

METHODS

Site Selection

This study was conducted at eight forest sites in

Vermont and New Hampshire, USA (Table S1). We

sampled soils from 24 plots (10 m in diameter) that

were dominated (> 50% basal area) by one of four

tree species. Each tree species was either AM- or

EcM-associated and had either an evergreen or

deciduous leaf habit: F. americana L. (AM decidu-

ous), T. occidentalis L. (AM evergreen), B.

alleghaniensis Britton (EcM deciduous), and T.

canadensis L. Carrière (EcM evergreen), hereafter

referred to as ash, cedar, birch, and hemlock,

respectively. We sampled soil under each species at

multiple sites and under multiple species within

sites when possible (Table S1). To address the

potential confounding effects of tree species and

site characteristics, we extracted information about

annual precipitation, mean annual temperature

(PRISM Climate Group 2014), soil series, parent

material, and slope range for each site using pub-

licly available data (Vermont Center for Geographic

Information 2022; Soil Survey Geographic (SSUR-

GO) database New Hampshire, 2021). For plot and

Mycorrhiza Better Predict Soil Fungal Community Composition 1413



species-level characteristics, we measured organic

horizon depth, soil texture, and soil pH.

Soil Collection and Processing

We collected soil from the organic horizon and

from the top 10 cm of the uppermost mineral soil

horizon at the center of each plot, each of which

was dominated (> 80%) by one focal tree species,

where the focal species was always close to the plot

center. All soil was sampled during the snow-free

season in 2017–19. At the center of each plot, we

removed the Oi layer and collected soil from the

Oe + Oa horizon and from the top 10 cm of the

mineral B horizon, as the A horizon was often

found in a mixed OA horizon. When an E horizon

was present, we collected from 10 cm of mineral

soil from just below the E horizon. Soil samples

were brought back to the laboratory and stored at

4�C. Within a week of collection, mineral soil

samples were sieved (< 2 mm), and organic hori-

zon soils were root-picked and homogenized. A

subset of all samples was dried at 60�C for 48 h, and

ground, while the rest was stored at - 20�C for

downstream DNA extraction. Ground soils were

analyzed for C and N concentrations on an ele-

mental analyzer (Carlo Erba Instruments, Wigan,

UK). Percent clay at each sample site was analyzed

by hydrometer grain size analysis. pH was mea-

sured on a Mettler Toledo S220 pH/ion meter,

using a 1:1 ratio of soil to water.

DNA Extraction and Functional
Classification

Fungal DNA was extracted from organic horizon

and mineral soils using the Qiagen PowerSoil Kit

(Qiagen Science Inc., Germantown, MD). Samples

were prepared at the University of Wisconsin-Ma-

dison Biotechnology Center similarly to the process

detailed in Illumina’s 16S Metagenomic Sequenc-

ing Library Preparation Protocol, Part # 15044223

Rev. B (Illumina Inc., San Diego, CA), where the

ITS1 region was amplified using the forward pri-

mers ITS1-f (CTTGGTCATTTAGAGGAAGTAA) and

reverse primer ITS4 (TCCTCCGCTTATTGATATGC)

(Gardes and Bruns 1993). Duplicate PCR reactions

were conducted under the conditions outlined in

Caporaso and others (2011). PCR products were

cleaned using an AxyPrep Mag PCR clean-up kit

(Axygen Biosciences, Union City, CA). Quality of

the cleaned products was assessed using an Agilent

DNA 1000 kit (Agilent Technologies, Santa Cara,

CA), and concentrations were quantified using

Qubit dsDNA HS Assay Kit (Thermofisher Scien-

tific). Libraries were pooled in an equimolar fash-

ion prior to sequencing. Paired-end, 300-bp

sequencing was performed by Illumina MiSeq (v3).

Sequences were processed using R software (R Core

Team 2021, version 3.6.1) following the DADA2

ITS-specific pipeline (‘‘DADA2’’ package; Callahan

and others 2016). The ITS1 region was extracted

using itsxpress for downstream community analysis

(Rivers and others 2018). Unique amplicon se-

quence variants (ASVs) were identified to the

lowest confident taxonomic level using a Naı̈ve

Bayesian Classifier from the UNITE ITS database

(Wang and others 2007). Singletons and non-fun-

gal ASVs were removed, and samples were rarefied

to a sequencing depth of 16,803 using the ‘‘rrarefy’’

function in R (‘‘vegan’’ package; Oksanen and

others 2020). Thereafter, amplicon sequence vari-

ant (ASV) relative abundance was calculated for

each sample. ASVs were assigned functional guild

classifications (EcM, saprotroph, and pathotroph)

using FUNGuild (Nguyen and others 2016). ASVs

not belonging to these three functional guilds were

classified as ‘‘other’’ where functional information

was available, and as ‘‘unknown ecology’’ when

taxonomic and/or functional information was not

available. Because ITS sequencing may be biased

against AM fungi (Lekberg and others 2018), we

did not include those ASVs in this analysis. While

all DNA barcodes used for fungal sequencing have

been shown to over- or under-represent certain

taxa, the ITS1 region has been shown to produce

similar representations of fungal community com-

position as compared to ITS2 and SSU (O’Brien and

others 2005). We acknowledge that our fungal

community data are relative and not absolute

abundances because they are not accompanied by

soil microbial biomass or another indication of

abundance (Gloor and others 2017).

Extracellular Enzyme Assays

We performed fluorometric and colorimetric assays

of extracellular enzyme activity (EEA) using

methods modified from German and others (2011)

and Saiya-Cork and others (2002). We quantified

potential activity of the following hydrolases,

where the enzyme abbreviation is followed by the

enzyme’s product and target substrate: b-glucosi-

dase (BG; glucose from cellulose), cellobiohydro-

lase (CB; disaccharides from cellulose), N-acetyl-

glucosaminidase (NAG; monosaccharides from

chitin), leucine-aminopeptidase (LAP; amino acids

from proteins), and acid phosphatase (AP; phos-

phate ions from organic compounds); and two

oxidases: phenol oxidase (PO) and peroxidase
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(PER). In brief, soil subsamples (1 g) were

homogenized using an immersion blender with

125 ml of Milli-Q water (pH � 7), to ensure cap-

turing in situ soil pH. For the hydrolases, 200 ul of

sample homogenate was pipetted into 96-well

plates with 50 ll of each 4-methylumbelliferone-

labeled fluorogenic substrate in replicates of four

and incubated in the dark at 12�C (reflecting

average in situ temperature) (Koch and others

2007). Fluorescence was measured on a microplate

spectrophotometer (365-nm excitation and 450-

nm emission) for hydrolases after the addition of

15 ul of 1 M NaOH. For phenol oxidase and per-

oxidase, the samples were mixed with 50 ul L-3,4-

dihydroxyphenylalanine (L-DOPA) or 50-ul L-

DOPA and 20-ul hydrogen peroxide, respectively,

incubated in the dark at field temperature, and

then, their absorbance (460 nm) was measured on

the microplate reader (Tecan Spark).

Statistical Analysis

We characterized fungal communities through

several steps: First, we evaluated multivariate

homogeneity of group dispersions with a Bray–

Curtis similarity matrix (functions ‘‘betadisper’’

and ‘‘permutest,’’ vegan package 2.5–7 in R v.

4.0.5; Oksanen and others 2020). The effects of tree

species (the interaction between leaf habit and

mycorrhizal type), horizon, and soil pH on fungal

community structure were first evaluated by per-

forming a PERMANOVA (‘‘adonis’’ function) on all

ASVs, and differences were visualized using non-

metric multidimensional scaling (NMDS). The rel-

ative abundances of fungal functional groups

(saprotrophs, pathotrophs, and EcM) were fitted to

the NMDS using the ‘‘envfit’’ function. Given a

significant interaction between leaf habit and

mycorrhizal type from the initial PERMANOVA

result, we then performed a pairwise comparison

using the ‘‘adonis.pair’’ function to compare dis-

similarities among tree species (that is, the mycor-

rhizal type by leaf habit interaction). To

complement the NMDS, we evaluated the effects of

tree species (the interaction between leaf habit and

mycorrhizal type), horizon, and pH on these

functional guilds using a linear model followed by

Tukey’s HSD post hoc comparisons. We evaluated

the contribution of individual fungal species to

community dissimilarity using similarity percent-

ages (SIMPER) analysis on the Bray–Curtis distance

matrix with the ‘‘simper’’ function (vegan package

2.5–7). We evaluated relative contributions to

community dissimilarity by performing compar-

isons across tree species in one SIMPER analysis

and two separate comparisons for each mycorrhizal

type and leaf habit. Given the results from the

SIMPER analyses, which revealed that ASVs within

the genus Mortierella made the largest contribution

to community dissimilarity, we evaluated differ-

ences in Mortierella relative abundance across tree

species using one-way ANOVA.

We used linear mixed modeling (‘‘lmer’’ func-

tion, lme4 package 1.1–26; Bates and others 2015)

to predict singular or PCA grouped potential en-

zyme activities in response to leaf habit (evergreen

and deciduous) and mycorrhizal type groups (AM

and EcM) (Bates and others 2015). We used a

principal component analysis to group enzymes for

subsequent statistical analyses based on relatedness

across samples and functional categorization. BG,

CB, and NAG were grouped on principal compo-

nent axis 1, which was extracted for downstream

analysis (Figure S1). Oxidative enzymes (PO and

PER) were summed to represent overall potential

oxidative activity. In all models, we included the

soil C:N ratio, pH, and interactions with horizon as

predictors that would likely affect potential enzyme

activities. Lastly, we included ‘‘site’’ and ‘‘substrate

batch’’ as random effects to account for variance

that may have been associated across sites and

weekly batches of enzyme assay substrates. We

performed model selection by sequentially remov-

ing interactions and then predictors with the least

significant p-value and verifying that the AIC value

for the newest model did not increase relative to

the previous model (Bolker and others 2009). We

verified model variance homogeneity by plotting

model residuals by each of the model predictors at

each step of the model selection process and model

normality by plotting model residuals in a his-

togram. If there was a significant interaction, we

used the ‘‘contrast’’ function in the emmeans

package (Lenth 2021) to perform pairwise com-

parisons to estimate marginal means. We used the

‘‘ggpredict’’ function to visualize the estimated

marginal effects, which measure the association

between a change in the predictor with a change in

the response variable, from the model output. We

also analyzed the effects of tree species, leaf habit,

and mycorrhizal type on soil C:N ratio using linear

mixed modeling and AIC sequential model selec-

tion, including sampling site as a random effect.

RESULTS

Site Soil Characteristics

Organic horizon depth varied across sites (Table S1)

and was highest beneath cedar and lowest beneath
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ash trees (Table S2). Soil C:N was higher in soils

under EcM-associated relative to AM-associated

trees (ANOVA, t75 = 3.53, p < 0.001; Table S2)

and in soils with evergreen relative to deciduous

trees (t75 = 3.57, p < 0.001). Soil pH was lower in

soils under EcM-associated trees (t37 = - 2.61,

p = 0.013; Figure S2) and did not differ by leaf

habit (t3.3 = 1.49, p = 0.226). Across sampling sites,

soil pH was highest in soils from cedar plots

(Table S2 and Figure S3).

Fungal Community Composition

Fungal community composition was distinct be-

neath each tree species (two-way PERMANOVA

interaction, F1,45 = 2.28, p < 0.001). Differences in

fungal community composition were largest be-

tween the AM-associated evergreen species (T.

occidentalis) and the ECM-associated evergreen

species (T. canadensis), with less distinction between

the AM- and ECM-associated deciduous species

(pairwise PERMANOVA, p = 0.002 and 0.033,

respectively; Figure 1A). As expected, EcM relative

abundance was higher in soil beneath EcM-asso-

ciated trees (linear model (lm), t1,42 = 3.32,

p = 0.002; Figure 2). The differences in fungal

community composition between AM and EcM

soils were not driven exclusively by differences in

the relative abundance of mycorrhizal fungi; we

observed similar results by analyzing the free-living

fungal community separately (two-way PERMA-

NOVA interaction, F1,45 = 1.16, p = 0.046; Fig-

ure 1B). Similar to the full community analysis, the

free-living fungal communities in soils under

evergreen hemlock and cedar trees were more

different than in soils under deciduous ash and

birch trees (pairwise PERMANOVA, p = 0.005 and

0.029, respectively). Saprotroph relative abun-

dance was higher in soils under hemlock (EcM

evergreen) relative to cedar (AM evergreen) trees,

but was relatively similar in soils under birch and

ash deciduous trees (lm interaction, t1,42 = 3.0,

Tukey HSD, p = 0.063 and p = 0.35, respectively).

Pathotroph relative abundance was higher in the

mineral relative to the organic horizon soils (lm,

t1,43 = 2.23, p = 0.031) and higher in evergreen

relative to deciduous soils (t1,43 = 2.12, p = 0.039),

regardless of dominant tree mycorrhizal type. Soil

pH also significantly affected fungal community

composition (PERMANOVA; F1,45 = 2.54,

p < 0.001; Figure S3), but did not affect the rela-

tive abundance of fungal guilds.

Figure 1. Non-metric multidimensional scaled representation of fungal community composition with A all ASVs and B

free-living taxa (mycorrhizal taxa removed). Each color represents plots from a tree species of one mycorrhizal type (blue

for EcM and yellow for AM), and the shade of the color represents leaf habit (darker for evergreen and lighter for

deciduous). Circles represent the mineral soil, while triangles represent the organic horizon. Ellipses show the standard

error of plots within one species and horizon, where dashed lines are the mineral soil and solid lines are the organic

horizon. Arrows indicate significant correlations (p < 0.05) between the relative abundances of fungal guilds (saprotroph,

EcM, and pathotroph) and differences in fungal community composition. The overall stress for these ordinations is 0.156

for A and 0.157 for B.
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Given that each tree species fostered distinct soil

fungal communities, we analyzed the contributions

of individual fungal taxa to community dissimilar-

ity (beta diversity) between tree species. To

understand how the effect of tree species relates to

the effects of mycorrhizal type and leaf habit, we

then analyzed the contributions of both mycor-

rhizal type and leaf habit to overall community

dissimilarity. We found that the effects of mycor-

rhizal type and leaf habit were both important

factors contributing to fungal community dissimi-

larity, but mycorrhizal type explained twice the

variability (10%) relative to leaf habit (5%) for a

total of 15% (SIMPER analysis, p < 0.05; Fig-

ure 3A). When fungal community dissimilarity was

compared among tree species, significantly con-

tributing taxa explained a total of 85% of com-

munity dissimilarity, and three tree species

comparisons explained over 20% each (Figure 4A).

Of the 30 taxa that contributed the most to com-

munity dissimilarity in mycorrhizal type and leaf

habit comparisons, 14 were saprotrophic, and

saprotrophs as a functional group had the greatest

contribution to dissimilarity (Figure 3B). Similarly,

15 out of 27 taxa in the tree species comparisons

were saprotrophs, contributing a total of 73% to

community dissimilarity (Figure 4B). The genus

Mortierella is highly ranked in both analyses and

contributed significantly to differences in fungal

communities between cedar (AM evergreen) and

hemlock (EcM evergreen) and between cedar and

ash (AM deciduous) soils. Differences in the rela-

tive abundance of Mortierella across tree species

supports this finding, where soils under cedar trees

harbored the lowest relative abundance in com-

parison with all other tree species (Tukey’s HSD,

p < 0.001), while ash, birch, and hemlock soils

contained similar Mortierella relative abundances.

For comparative reference, the relative abundance

of ASVs across tree species is shown in Figure S4.

Potential Enzyme Activities

As with the fungal communities, potential enzyme

activities differed across tree species, mycorrhizal

type, and leaf habit. In organic horizons, there was

a species effect (interaction between the effect of

mycorrhizal association and leaf habit) on C-tar-

geting enzyme activities, represented by the com-

bined activities of B-glucosidase, cellobiohydrase,

and N-acetyl glucosaminidase as principal compo-

nent one (PC1) (t33.7 = 2.72, p = 0.010). Specifi-

Figure 2. Functional guild relative abundance proportions in each tree species: hemlock (EcM evergreen), birch (EcM

deciduous), ash (AM deciduous), and cedar (AM evergreen). Each color represents a functional guild. ASVs that did not

fall into the main functional guilds were labeled as ‘‘Unidentified ecology.’’ ASVs that were not identified to any

taxonomic level were defined as ‘‘Other.’’
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cally, C-targeting enzymes had higher potential

activity in soils below hemlock (EcM evergreen)

relative to birch deciduous trees (EcM evergreen)

(pairwise comparisons from LMER, p < 0.001) and

in soils below ash (AM deciduous) relative to birch

(EcM deciduous) trees (p = 0.006, Figure 5A). C-

targeting enzyme activities did not differ among

species in the mineral soil. Across soil horizons,

leucine aminopeptidase (LAP) had higher potential

activity in soils below ash (AM deciduous) relative

to birch (EcM deciduous) trees, but was similar in

soils below hemlock and cedar (LMER, p = 0.026,

Figure 5C). Potential LAP activity was also higher

in the organic relative to mineral horizons (LMER,

t66.5 = 3.53, p < 0.001) and marginally increased

with soil C:N (t36.6 = 3.53, p = 0.075). The potential

activity of oxidative enzymes was higher in EcM

relative to AM soils across leaf habits and soil

horizons (t71 = 2.91, p = 0.005; Figure 5B). The

only enzyme whose activity was affected by pH was

AP, and its potential activity decreased with pH

(t36.7 = - 2.0, p = 0.054).

DISCUSSION

Effects of Mycorrhizal Type on Fungal
Community Composition

We add to the small, but growing literature eval-

uating the effects of tree species on soil fungal

community composition and function representing

the two major leaf habits and mycorrhizal types

(see Midgley and Sims 2020; Heděnec and others

2023). Comparing the relative differences between

mycorrhizal type and leaf habit showed that fungal

communities were distinct between tree species,

and more affected by mycorrhizal type than leaf

habit. These findings support the hypothesis that

belowground traits (for example, roots and associ-

ated mycorrhizal fungi) have a greater effect on the

free-living fungal community than aboveground

traits such as leaf litter (See and others 2019;

Figure 3. Average contribution of individual fungal taxa to overall community dissimilarity (beta diversity, p < 0.05)

between mycorrhizal types (dark gray) or leaf habits (light gray), based on SIMPER analysis: A Each bar represents an ASV

identified to the lowest level, and stacked boxes within a bar represent individual ASVs identified to the same level (that is,

three to ‘‘Unassigned’’ or two to ‘‘Mortierella’’). Associated fungal guilds are represented by colored boxes. B Each stacked

bar represents one of the four fungal guilds, and outlined boxes within each bar represent an individual ASV’s

contribution.
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Whalen and others 2021). These effects remained

even when mycorrhizal taxa were removed from

the analysis. Thus, our first hypothesis that fungal

community composition would differ between

mycorrhizal types was supported.

Several fundamental differences between AM

and EcM fungal function likely contributed to these

distinct communities, including the effects on

saprotrophic fungi, how mycorrhiza may alter

exudation with soil inorganic N availability, and

their association with soil pH. First, the process of

exuding organic molecules to saprotrophic mi-

crobes to prime further decomposition and nutrient

release is likely different between AM- and EcM-

associated roots and fungi (Keller and others 2021).

Saprotrophic microbes use exudates from roots and

associated mycorrhizal fungi as an energy source to

manufacture extracellular enzymes (de Vries and

Caruso 2016; Schneider and others 2012). Second,

these differences in photosynthate exudation relate

to the strategies EcM and AM fungi use to obtain N,

where AM-dominated soils generally have higher

levels of inorganic N (Lin and others 2022). Under

increasing available soil N, AM-associated roots and

fungi have been shown to increase exudation,

while EcM fungi decreased exudation to the rhi-

zosphere, coinciding with reduced rhizosphere

bacterial biomass (Keller and Phillips 2019; Gorka

and others 2019). Differences in N availability have

also been shown to affect fungal community com-

position across natural N gradients (Cox and others

2010; Pellitier and others 2021). This effect of N

variability on fungal communities may be linked to

root exudation rates, as there is field evidence that

variation in seasonal exudation rates affects free-

living microbial community composition and

potential enzyme activities (Kaiser and others

2010; Vořı́šková and others 2014). Lastly, the effect

Figure 4. Average contribution of individual fungal ASVs to overall community dissimilarity between tree species, based

on SIMPER analysis: A Each bar represents an ASV identified to the lowest level and stacked boxes within a bar represent

individual ASVs identified to the same level (that is, three to ‘‘Unassigned’’ or two to ‘‘Mortierella’’). Associated fungal

guilds are represented by colored boxes. B Each stacked bar represents one of the four fungal guilds, and outlined boxes

within each bar represent an individual ASV’s contribution. Only significantly contributing (p < 0.05) taxa were included

from each tree species comparison.
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of soil pH on microbial communities is well docu-

mented (Lauber and others 2009; Carrino-Kyker

and others 2016), and we found that pH affected

microbial community composition. Across hori-

zons, soil pH was more strongly associated with tree

mycorrhizal type than with leaf habit (Figure S2).

Soils beneath EcM-associated trees were more

acidic than AM soils, supporting findings from

other studies (Midgley and Sims 2020; Heděnec

and others 2023). Whether these pH differences are

due to plant habitat preference (Curtis 1946; Pel-

litier and others 2021), or differences caused by the

mycorrhiza themselves (Lin and others 2022) are

still up for debate. However, taking pH into account

in our models, we still found a significant effect of

mycorrhizal type on fungal communities. The

mycorrhizal type effect on fungal community

structure is thus not solely due to differences in soil

pH.

Effects of Leaf Habit on Soil Fungal
Community Composition

Our second hypothesis, that evergreen litter would

promote similar saprotroph communities, was not

supported; instead, saprotrophic communities be-

Figure 5. Potential enzyme activities across mycorrhizal type, leaf habit, and soil horizon: A Principal component 1

representing B-glucosidase, cellobiosidase, and N acetylglucosaminidase, where significant effects occurred only in the

organic horizon, B combined oxidase, and C leucine aminopeptidase potential activities. Error bars represent standard

error of marginal effects averages. For all panels, response variables show the marginal effects (that is, the isolated effects of

the explanatory, x-axis variable).
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neath deciduous tree species were more similar

than those beneath evergreen trees. We hypothe-

size that EcM fungi affected saprotrophic fungi via

N limitation in evergreen but not in deciduous

soils, leading to more similar saprotrophic com-

munities in soils beneath deciduous trees than

evergreen soils (Fernandez and others 2020). A

potential explanation for this pattern may be that

EcM fungi compete with saprotrophs for N only

when N is limiting (Smith and Wan 2019), which

would be more likely under evergreen relative to

deciduous trees. Increased competition from EcM

could select for saprotrophic communities domi-

nated by competitive taxa adept at resource

acquisition, which may have fostered highly dis-

tinct fungal communities in the hemlock soils

compared with birch soils. Indeed, we found that

the highest soil C:N (and lowest soil %N) was un-

der evergreen EcM trees relative to both deciduous

EcM- and AM-associated trees in this study. We

suggest that faster leaf litter decomposition under

birch relative to hemlock trees (Finzi and others

2014) likely elevated N availability (Mueller and

others 2012), reducing N competition between

EcM and saprotrophic fungi. This fast-decaying

deciduous litter may have produced similar nutri-

ent conditions to those observed in soils under AM

trees, leading to more similar fungal community

compositions (Chen and others 2019).

Connecting Fungal Community
Composition to Extracellular Enzyme
Activities

We expected leaf habit to be more closely related to

oxidative enzyme activities than tree mycorrhizal

association because evergreen litter generally has

higher lignin:N ratios than deciduous litter

(Northeastern Ecosystem Research Cooperative

2010; Taylor and others 1989), and oxidative

activity is key to decomposing lignin-rich litter

(Ollinger and others 2002; Sinsabaugh 2010).

However, we found that mycorrhizal type better

explained oxidative enzyme activity, with higher

oxidative activity in EcM-dominated soils versus

AM-dominated soils (Figure 5B). Two comple-

mentary mechanisms can help explain these re-

sults. First, though saprotrophs are often thought of

as the major wood and lignin decomposers (Janusz

and others 2017; Lindahl and Tunlid 2015), some

species of EcM fungi have retained the ability to

produce oxidative enzymes (Kohler and others

2015), and many species are capable of oxidizing

substrates via fenton chemistry (Op De Beeck and

others 2018, 2020). Oxidation via fenton chemistry

can be mistaken for extracellular oxidative enzyme

activity in enzyme assays like those used in our

study (Jones and others 2020). Consequently, a

combination of these mechanisms, either direct

enzyme production or fenton chemistry, could

explain results from recent studies showing evi-

dence that EcM fungi are associated with higher

levels of peroxidase activity (Talbot and others

2015; Bödeker and others 2014), and support our

findings where higher oxidase activity was found in

soils beneath EcM-associated trees regardless of leaf

habit.

Second, higher potential oxidative enzyme

activity observed in soils under EcM-associated

trees may also be related to relatively greater mel-

anized fungal necromass as a C source for sapro-

trophic microbes (Drigo and others 2012). EcM

fungal necromass has been shown to have a higher

average melanin concentration compared to AM

fungi (Siletti and others 2017), and melanin is

composed of a group of complex phenolic polymers

that require oxidative breakdown. The genus Mor-

tierella has been shown to produce oxidative en-

zymes (for example, Lisov and others 2021) and is

broadly associated with fungal necromass decom-

position (Fernandez and Kennedy 2018; Siletti and

others 2017). In our study, Mortierella was the most

important taxa explaining differences in fungal

community composition across tree species and

exhibited the lowest relative abundance in soils

beneath AM cedar trees (Figure S4). Greater fungal

necromass in soils beneath EcM-associated trees

may promote a higher relative abundance of Mor-

tierella, which may help to explain the elevated

oxidative activity observed in these plots. Further,

melanized fungal necromass is an important source

of SOM in EcM relative to AM systems, since

melanin slows the decomposition of EcM tissues

and increases its incorporation into SOM (Sch-

weigert and others 2015; Fernandez and others

2019). Decomposition of melanized fungal necro-

mass has also been shown to significantly influence

decomposer community composition (Fernandez

and Kennedy 2018; Fernandez and Koide 2014).

These differences in Mortierella relative abundance

are an example of how mycorrhizal type can affect

fungal community composition and associated en-

zyme activities.

The potential activities of NAG and C-targeting

enzymes (that is, PC1) were higher and more

variable in the organic horizon and differed by tree

species (Figure 5a), implying the effect of leaf habit

depended on mycorrhizal type. In organic horizon

soils, potential activity was higher below evergreen

relative to deciduous leaf habit, but only when the
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trees were EcM-associated. These results indicate

either there may be a need for more saprotrophic

enzyme production beneath EcM-associated ever-

green trees, or that the mycorrhizal fungi present

are contributing directly to the overall enzyme

activity (Kohler and others 2015). Because en-

zymes are energetically expensive to produce

(Wallenstein and Burns 2011), these differing re-

sponses suggest that there must be a need for

additional enzymatic decomposition in soils be-

neath EcM-associated evergreen trees, such as

mining N from organic compounds into plant-

available forms. A related, underlying mechanism

could be connected to how tree roots of different

mycorrhizal associations alter exudation with

increasing N availability. EcM-associated deciduous

trees may have had lower exudate transfer through

their associated mycorrhizal fungi, relative to EcM

evergreen trees in response to lower C:N ratios

(Table S2) and decreased C-targeting enzyme pro-

duction and activity (Kotroczó and others 2014;

Gorka and others 2019). In soils beneath AM-as-

sociated trees, the similar C- and N-targeting en-

zyme activity suggests that roots and associated AM

fungi behaved similarly, with the potential expla-

nation that there was no difference in root rhi-

zodeposition between leaf habits. Higher C-

targeting and peptide-targeting enzyme activity in

soils under ash (AM deciduous) relative to birch

(EcM deciduous) (Figure 5a, c) indicates that AM-

associated plants may have increased exudation to

the rhizosphere under increasing soil N availability

while EcM-associated roots decreased exudation

(Keller and others 2021; Keller and Phillips 2019).

Lower C:N ratios in soils under ash relative to birch

trees support this hypothesis, as does their rela-

tively higher rate of leaf litter decomposition (Sun

and others 2018) and accompanied N release.

Another potential mechanism contributing to

these tree species-specific results is the prevalence

of chitin, an important C-rich and N-containing

component of fungal tissue targeted by chitinases,

one of the three enzyme activities measured and

represented by PC1 (Figure S1). Chitin should be

found more prevalently in EcM-dominated soils as

EcM fungi produce significantly more biomass than

AM fungi (Frey 2019) and because ECM-domi-

nated forest soils harbor more fungal biomass in

general (Cheeke and others 2017). Furthermore,

the presence of chitin in SOM has been shown to

regulate chitinase production across multiple lin-

eages of EcM fungi (Maillard and others 2018). In

this study, we also observed higher chitinase

activity in soils under hemlock (EcM evergreen)

compared with birch (EcM deciduous) trees (Fig-

ure 5a). Soils beneath hemlock trees are often

characterized by high fungal necromass and chitin

contents, which could stimulate chitinase activity

(Maillard and others 2018), although the mecha-

nism is not well-established. Soils with higher N

availability have been shown to promote EcM

species with shorter exploration types (Hobbie and

Agerer 2010; Lilleskov and others 2011); in con-

trast, soils with lower N availability (for example,

hemlock) may support medium- to long-distance

exploration types. Although the relationship be-

tween exploration type and total fungal necromass

production is not yet resolved, these longer dis-

tance explorers could conceivably produce greater

necromass and chitin inputs to soils, elevating

chitinase activity. Differences in the composition

(and associated exploration types) of EcM in

hemlock versus birch forest soils could thus help to

explain the observed differences in chitinase

activities between these two leaf habits. In sum-

mary, these divergent potential enzyme activities

across tree species indicate that mycorrhizal asso-

ciations and leaf habits are both important tree

traits that affect C- and N-targeting enzyme pro-

duction.

CONCLUSION

Considering both tree mycorrhizal type and leaf

habit are necessary for predicting tree species ef-

fects on soil fungal communities and organic mat-

ter cycling (Hicks Pries and others 2022). However,

mycorrhizal association better explained fungal

community composition relative to leaf habit.

Mycorrhiza can affect saprotrophic community

composition via exudation of photosynthate and

competition from EcM fungi, depending on N

availability. Because leaf habit affects soil N avail-

ability, this tree characteristic is inextricably linked

to the effects of root and mycorrhizal fungal exu-

dation. The effects of leaf habit on C- and N-tar-

geting hydrolytic enzyme activities depended on

mycorrhizal type, and oxidative enzyme activities

were explained by tree mycorrhizal association.

This study is limited by the representation of each

leaf habit and mycorrhizal type by only one species,

but overall demonstrates the importance of con-

sidering leaf habit when trying to understand the

effects of tree mycorrhizal associations on soil

fungal communities and functions. To support and

strengthen these findings, future studies on the

relative importance of these two characteristics

should include other AM-associated trees with

lower quality litter such as Magnolia sp. (Serna-

González and others 2019) and EcM-associated
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trees with higher quality litter such as Tilia sp. or

Carya sp. (DeForest and Snell 2020; Northeastern

Ecosystem Research Cooperative 2010). Climate

change and invasive pests will increase forest dis-

turbances and shift forest communities. Our find-

ings indicate that removal of even a single-tree

species could have significant effects on soil fungal

communities and decomposition-related functions

in northeastern forests.
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S, Harend H, Buegger F, Pritsch K, Koricheva J, Abarenkov K.

2016. Tree diversity and species identity effects on soil fungi,

1426 A. A. Fitch and others

https://doi.org/10.1111/nph.14971
https://doi.org/10.1111/nph.14971
https://doi.org/10.1038/s41396-019-0583-9
https://doi.org/10.1038/s41396-019-0583-9
https://doi.org/10.1111/j.1461-0248.2011.01611.x
https://doi.org/10.1111/j.1461-0248.2011.01611.x
https://doi.org/10.1016/j.soilbio.2021.108247
https://doi.org/10.1016/j.soilbio.2021.108247
https://doi.org/10.3389/fmicb.2021.567961
https://doi.org/10.3389/fmicb.2021.567961
https://doi.org/10.1111/nph.14598
https://doi.org/10.1111/nph.14598
https://doi.org/10.1007/s10021-021-00628-6
https://doi.org/10.1007/s10021-021-00628-6
https://doi.org/10.1111/nph.12221
https://doi.org/10.1139/x00-097
https://doi.org/10.1139/x00-097
https://prism.oregonstate.edu
https://prism.oregonstate.edu
https://www.R-project.org/
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.12688/f1000research.15704.1
https://doi.org/10.12688/f1000research.15704.1
https://doi.org/10.1007/s11270-006-9177-z
https://doi.org/10.1007/s11270-006-9177-z
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1038/ismej.2012.11
https://doi.org/10.1038/ismej.2012.11
https://doi.org/10.1016/j.soilbio.2015.05.012
https://doi.org/10.1016/j.soilbio.2015.05.012
https://doi.org/10.1111/ele.13248
https://doi.org/10.1111/ele.13248
https://doi.org/10.5091/plecevo.2019.1398
https://doi.org/10.5091/plecevo.2019.1398
https://doi.org/10.1073/pnas.2116691118
https://doi.org/10.1073/pnas.2116691118
https://doi.org/10.1016/j.soilbio.2017.05.030
https://doi.org/10.1007/s004420100740
https://doi.org/10.1007/s004420100740
https://doi.org/10.1016/j.soilbio.2009.10.014
https://doi.org/10.1016/j.soilbio.2009.10.014
https://doi.org/10.1111/nph.15884
https://www.nhgeodata.unh.edu/datasets/NHGRANIT::soil-survey-geographic-ssurgo-database-for-new-hampshire/about
https://www.nhgeodata.unh.edu/datasets/NHGRANIT::soil-survey-geographic-ssurgo-database-for-new-hampshire/about
https://www.nhgeodata.unh.edu/datasets/NHGRANIT::soil-survey-geographic-ssurgo-database-for-new-hampshire/about
https://doi.org/10.1073/pnas.1716595115
https://doi.org/10.1073/pnas.1716595115
https://doi.org/10.1016/j.soilbio.2015.05.006
https://doi.org/10.2307/1938416
https://doi.org/10.2307/1938416


protists and animals are context dependent. ISME J 10(2):2. h

ttps://doi.org/10.1038/ismej.2015.116.

Thompson JR, Carpenter DN, Cogbill CV, Foster DR. 2013. Four

centuries of change in northeastern United States forests.

PLoS ONE 8(9):e72540. https://doi.org/10.1371/journal.pone.

0072540.

Vermont Center for Geographic Information. 2022. https://ge

odata.vermont.gov/
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