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Abstract. Mycorrhizal fungi enhance plant access to nitro-
gen (N) in nutrient-poor environments like the Arctic tun-
dra by depolymerizing N-rich organic compounds into forms
available to plants and microbes. As climate change reshapes
plant communities and mycorrhizal associations, shifting
dominance from herbaceous species to shrubs, changes in
mycorrhizal type and plant species dominance may differen-
tially stimulate N cycling. Both dominant and rare species,
along with mycorrhizal associations, contribute to ecosys-
10 tem processes and stability, though the specific roles of
these components in N cycling and overall ecosystem func-
tioning remain uncertain. We investigated how mycorrhizal
associations and plant diversity affect gross N mineraliza-
tion and nitrification rates in an Oroarctic ecosystem. Four
s years after a plant removal treatment, we measured these
rates using in situ 1N labelling and quantified a selection
of nitrification genes. Treatment plots included (1) unma-
nipulated (Control); or the removal of: (2) ectomycorrhizal
(EcM) and ericoid mycorrhizal (ErM) plants, letting arbus-
20 cular mycorrhizal (AM) and non-mycorrhizal (NM) plants
dominate (AM/NM); (3) AM and NM plants, letting EcM
and ErM plants dominate (EcM/ErM); (4) low-abundance
species, leaving the most abundant species (Dominant); and
(5) high-abundance species, leaving only the low-abundance
25 species (Rare). Gross N mineralization rates were 73 % and

o

78 % higher in EcM/ErM and Dominant, respectively, com-
pared to Control, while AM/NM and Rare showed more
moderate increases of 30 % and 46 %. Gross nitrification was
also highest in ECM/ErM, with a 26 % increase over Con-
trol. Gene abundances did not mirror nitrification patterns.
Archaeal ammonia oxidizers (AOA), Nitrospira-type nitrite
oxidizers (NIS), and comammox clade A (ComaA) were
consistently more abundant than bacterial ammonia oxidiz-
ers (AOB), Nitrobacter-type nitrite oxidizers (NIB), and co-
mammox clade B (ComaB), suggesting a stable site-level ni-
trifier community. Dominant had the lowest gene copy num-
bers overall, except for AOB, which was highest. In addition,
AOA gene abundance was significantly lower in Dominant
compared to Control, with a marginal reduction observed for
NIS. Our findings highlight the key role of ECM/ErM fungi
in accelerating N cycling in Oroarctic soils, challenging tra-
ditional assumptions that N transformation rates are slow in
EcM/ErM dominated ecosystems. These insights underscore
the need to consider mycorrhizal associations and plant com-
munity composition when predicting tundra ecosystem re-
sponses to environmental change.
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1 Introduction

The availability of soil nutrients plays a pivotal role in shap-
ing tundra plant productivity and the composition of plant
communities (Chapin et al., 1995; Shaver et al., 2001), as
well as their responses to climate change (Aerts, 2009; Riley
et al., 2021; Stow et al., 2004; Sturm et al., 2001). As cli-
mate change is particularly pronounced in the Arctic, shifts
in plant growth and community composition are occurring
(Bjorkman et al., 2020; Hollister et al., 2015), including in-
creased plant productivity (“‘arctic greening”) and shrub ex-
pansion (“shrubification”) (Bjorkman et al., 2020; Mekon-
nen et al., 2021; Myers-Smith et al., 2011; Sistla et al., 2013;
Tape et al., 2006). Changes in plant community composition
contribute to shifts in biodiversity above- and below-ground
(Mod and Luoto, 2016; Parker et al., 2018, 2021), with my-
corrhizal fungi mediating these changes by influencing soil
microbial community composition and activity, impacting
soil carbon (C) content, and nutrient cycling (Andresen et al.,
2022; Bahram et al., 2020; Eagar et al., 2022; Hawkins et al.,
2023; Hobbie and Hogberg, 2012; Hobbie and Hobbie, 2006;
Netherway et al., 2021; Phillips et al., 2013; Read, 1991; Sun
et al., 2023; Tedersoo et al., 2020). Thus, changes in plant
identity or functional diversity can alter nitrogen (N) avail-
ability through indirect effects on N mineralization, nitrifica-
tion, and other N transformations (Isobe et al., 2018; Robert-
son and Groffman, 2015). These alterations can feed back
to plant growth and enhance ecosystem C cycling (Hicks et
al., 2020a, 2022; Mekonnen et al., 2021; Parker et al., 2021).
Therefore, understanding the links between plant community
composition, soil microorganisms, and N cycling is vital for
predicting climate change impacts on tundra ecosystems, yet
these interactions remain poorly understood (Dobbert et al.,
2022).

Ecological communities are typically composed of a few
abundant species and many rarer ones (Gaston, 2011; McGill
et al., 2007). Traditionally, research has focused on the role
of dominant species in ecosystem functioning, but both dom-
inant and rare species contribute to ecosystem stability and
processes (Avolio et al., 2019; Jain et al., 2014; Lyons et al.,
2005; Lyons and Schwartz, 2001; Richardson et al., 2012;
Siterberg et al., 2019; Smith and Knapp, 2003). Accord-
ing to the mass ratio hypothesis (Grime, 1998), ecosystem
processes such as primary production, nutrient cycling, and
soil microbial composition are primarily driven by domi-
nant plant species, whose high biomass and resource use
exert a disproportionate influence — while the contributions
of rare species are considered minimal (Grime, 1998; Ted-
ersoo et al., 2020). This disproportionate influence also ex-
tends to N dynamics, where dominant species, through their
biomass-scaled traits, can affect soil N availability by reg-
ulating N mineralization and nitrification (Clemmensen et
al., 2021; Kielland, 1995; Liu et al., 2018; Michelsen et al.,
1996; Ramm et al., 2022; Rozmos et al., 2022; Tunlid et al.,
2022). Rare species, in contrast, often exhibit higher func-

tional diversity and may fill ecological roles not occupied by
dominant species, facilitating niche differentiation and pro-
moting ecosystem resilience (Dee et al., 2019; Hooper et al.,
2005; Leuzinger and Rewald, 2021; Mouillot et al., 2013;
Soliveres et al., 2016; Tang et al., 2023). While their overall
biomass contribution is lower, their diverse traits and micro-
bial interactions could play an important role in nutrient par-
titioning. Both dominant and rare species can form mycor-
rhizal associations, but differences in mycorrhizal types and
plant-microbe interactions may drive variation in N cycling
at the community level (Knops et al., 2002; Van der Krift and
Berendse, 2001; Moreau et al., 2015, 2019).

Ectomycorrhizal (EcM) and ericoid mycorrhizal (ErM)
fungi tend to dominate Arctic ecosystems (Michelsen et al.,
1998; Soudzilovskaia et al., 2017; Steidinger et al., 2019),
whereas arbuscular mycorrhizal (AM) fungi are considered
less common due to low cold tolerance (Kilpeldinen et al.,
2016; Kytoviita, 2005; Ruotsalainen and Kytoviita, 2004;
Wang et al., 2002). These three mycorrhizal types differ in
their influence on N mineralization rates and inorganic N
availability (Bjork et al., 2007; Phillips et al., 2013; Teder-
soo et al., 2020). AM fungi facilitate rapid N turnover by
promoting inorganic N uptake (Govindarajulu et al., 2005;
Hodge and Storer, 2015; Savolainen and Kytoviita, 2022),
EcM fungi access both organic and inorganic N, leading to
intermediate N turnover rates (Hobbie et al., 2009; Kohler
et al., 2015; Miyauchi et al., 2020; Orwin et al., 2011; Pel-
litier and Zak, 2018), and ErM fungi specialize in mobi-
lizing N from complex organic compounds, contributing to
slower N cycling (Bending and Read, 1996; Clemmensen
et al., 2021, 2024; Fanin et al., 2022; Tybirk et al., 2000;
Waurzburger and Hendrick, 2009). In ecosystems dominated
by a single mycorrhizal type, nutrient cycling may become
increasingly constrained by that symbiosis, leading to ho-
mogenized soil N dynamics. For example, EcM fungi effec-
tively access organic-N, stabilizing it in less labile forms and
reducing N losses, whereas AM fungi promote greater N mo-
bility, potentially increasing N loss (Hobbie and Ouimette,
2009). In contrast, communities composed of less abundant,
locally rare species may support different or complemen-
tary N cycling functions compared to those dominated by the
most abundant species, potentially enhancing functional re-
dundancy and buffering against environmental fluctuations —
even when species richness is held constant. To understand
these dynamics, it is essential to disentangle the effects of
plant dominance, species diversity, and mycorrhizal associa-
tions on N cycling.

We aimed to determine the relative effects of functional
(mycorrhizal) and structural (Rare, Dominant) diversity on
soil N cycling. To address this, we conducted a plant removal
experiment and in-situ 9N labelling to determine gross N
mineralization and nitrification rates, key processes regu-
lating N supply and loss. We also used quantitative PCR
(qPCR) to quantify six microbial genes related to nitrifica-
tion, assessing the genetic potential for this process. Our my-
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corrhizal groupings reflect broad nutrient cycling patterns
(Averill et al., 2014; Read and Moreno, 2003) and finer-
scale dynamics (Giesler et al., 1998; Bjork et al., 2007). EcM
and ErM were grouped based on shared traits such as sapro-
trophic capacity and organic nutrient acquisition, while AM
and non-mycorrhizal (NM) associated plants were linked by
their association with faster nutrient turnover. These myc-
orrhizal types also naturally co-occur in tundra vegetation.
To separate the effects of mycorrhizal function from species
10 richness, as argued in the mass ratio hypothesis, we also var-
ied species dominance and rarity, enabling us to test how
functional traits and community structure influence ecosys-
tem processes. We hypothesize that (1) gross N mineraliza-
tion rates will be highest in EcCM/ErM-dominated plots, due
15 to their efficiency in accessing organic N sources; (2) gross
nitrification rates will be highest in AM/NM-dominated
plots, which promote rapid N turnover and stimulate nitrifier
activity; (3) higher gross nitrification rates will correspond
with greater genetic potential for ammonia and nitrite oxida-
20 tion in AM/NM-dominated plots; and (4) mycorrhizal type
will exert a stronger influence on N processes than plant com-
munity structure, given its direct role in N acquisition and
cycling.

o

2 Methods
s 2.1 Study site and design

This study was conducted at the Tarfala Research Sta-
tion in the Tarfala valley of the Kebnekaise Mountains,
northern Sweden, at elevations ranging from 1098 to
1114 ma.s.l. (Latitudes: 67°54'14.16" N to 67°54'15.16” N,
s Longitudes: 18°3723.80" E to 18°3729.39” E). The geo-
morphology of the valley reflects its glacial history, with
landforms shaped by retreating ice masses and a substrate
dominated by rocky debris. The study area is situated near
the terminal moraines marking the maximum extent of Stor-
a5 glacidren during the Little Ice Age (~ 1910) (Holmlund,
1987) and is characterized by shallow soils developed on
till, classified as Leptosols and Regosols (Fuchs et al., 2015).
Prominent plant species are the graminoids Carex bigelowii,
Carex nigra, Deschampsia flexuosa, Festuca vivipara, and
a0 Juncus trifidus; the deciduous dwarf shrubs Salix polaris and
Vaccinium uliginosum; the evergreen dwarf shrubs Dryas
octopetala and Empetrum nigrum; and the forbs Bistorta
vivipara and Silene acaulis. The mean annual air tempera-
ture from 1995 to 2019 was —2.6 &= 1.8 °C with the coldest
s month in February (—10.5 5.5 °C) and the warmest month
in July (8.4 +3.7°C) (SMHI 1995-2019; raw data retrieved
from http://www.smhi.se, last access: 13 October 2020).
The summer mean precipitation is 458 & 201 mm (Dahlke et
al., 2012, Tarfala Research Station 1980-2011; available at
so https://bolin.su.se/data/tarfala-daily-precipitation- 1, last ac-
cess: 21 January 2021).

We established a plant removal experiment in 2016 with
one unmanipulated control and four treatments designed to
manipulate plant community structure: (1) Control, where no
plant species were removed; (2) AM/NM, where all plants
with EcM or ErM associations were removed, leaving only
plants with AM or NM; (3) EcM/ErM, where all plants with
AM or NM associations were removed, leaving only plants
with EcM or ErM associations; (4) Dominant, where rare
plant species were removed, leaving the eight most dominant
species (9 rare species removed; Tables S1, S2); and (5) Rare,
where dominant plant species were removed, retaining the
eight rarest species (7-11 dominant species removed; Ta-
bles S1, S2). The Dominant and Rare species removal treat-
ments were designed to include a relatively even mixture of
species representing different mycorrhizal types (EcM, ErM,
AM, and NM). This design allowed us to separate the ef-
fects of species richness from those of mycorrhizal associ-
ation. While the exact number of species removed varied
slightly between treatments, both included a balanced rep-
resentation of mycorrhizal types. Species removal was per-
formed by clipping vegetation at the soil surface, with treat-
ments maintained from 2016 to 2019 by removing regrowth
of undesired species each growing season. The treatments
were distributed across 32 plots arranged into eight blocks,
each containing four plots (one for each treatment group, ex-
cept for Rare and Dominant, which were represented in four
blocks each). There were eight replicates for the AM/NM-
dominant, EcM/ErM-dominant, and control treatments, and
four replicates for the Rare and Dominant plant community
treatments. Each consisted of a smaller survey area (1 m?) to
exclude edge effect of the trenching (4 m?) designed to ex-
clude external mycorrhizal colonization. Trenches were dug
around the 4 m? perimeter and lined with 1 um mesh to a
depth of 0.3 m, allowing water movement but preventing root
and mycorrhizal penetration.

2.2 Plot-level plant diversity

To determine plot-level plant community structure, we con-
ducted two vegetation surveys (pre-clipping, July 2015 and
post-clipping, July 2019) using point intercept measurements
(Molau and Mglgaard, 1996) on the central 1 m? quadrats for
each plot. In addition, all species within the 4 m? plot not reg-
istered by point intercept were noted. We estimated the cover
and counts of each species to determine species richness. We
also calculated the transient changes in community dynamics
initiated by altered plant interactions and estimated changes
in above-ground biomass (Molau, 2010).

2.3 Nitrogen dynamics

Four years after plant removal, gross soil N dynamics were
investigated in the field using the virtual soil core '°N trac-
ing approach (Riitting et al., 2011) and a mirror '3N labelling
approach, allowing investigation of N transformations in the
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intact mycorrhizosphere. Within each plot, we set up two
groups of four injection locations in opposing corners: one
corner for 1°N-labelled ammonium (NH) and the other for
I5N-labelled nitrate (NOy), to avoid cross-contamination.
We conducted the >N labelling by injecting '>(NH4)2SO4
(Cambridge Isotope Laboratories) to quantify gross N min-
eralization or K!3NO3 (Cambridge Isotope Laboratories) to
quantify nitrification, both labels with a >N fraction of
99 %, to a soil depth of 6cm, both treatments also receiv-
ing the unlabelled other moiety. There were 11 injection
points per location using a template for guidance (Riitting et
al., 2011), each point receiving 1.14 mL of solution contain-
ing 15.0uyg NH4-NmL~! and 4.5 uyg NO3-NmL ™!, which is
equivalent to ca. 3.8 ug NH4-N g~ ! dry soil and 1.2 ug NO3-
N g~ ! dry soil. These amounts were calculated based on soil
concentrations measured in tundra soil in the nearby Latn-
jajaure Field Station (Bjork et al., 2007), aiming for a N
enrichment of 10 %. For NOs, a larger amount was added,
approximately 50 % of the native pool, which was required
for 1N analysis. We destructively harvested soil cores at 2,
25, 49, and 97 h after labelling, using sharpened PVC tubes
(3 cm in diameter), inserted to a depth of 6 cm within the or-
ganic soil layer, at each of the four respective locations.

Soil cores were immediately processed at the Tarfala Re-
search Station to extract inorganic N (i.e., NO; and NHZ)
following initial sieving (mesh size 2 mm). 10 g of field moist
soil were extracted using 20 mL of 1 M KCI and placed on a
shaker for 60 min at 250 rpm before filtration with Whatman
1 G/F filter paper (11 um). The extracts were stored frozen
at —20 °C until further analyses. Concentrations and the ’N
fraction of N HI were determined from soil KCl extracts us-
ing the micro diffusion technique (Biasi et al., 2022; Brooks
et al., 1989), followed by I5SN analysis on an elemental ana-
lyzer (Europa EA-GSL, Sercon Ltd., UK) coupled to an Iso-
tope Ratio Mass Spectrometer (Sercon 20-22, Sercon Ltd.,
UK). NOjy concentrations and the I5SN fraction in all samples
were determined from soil KCl extracts using the SPINMAS
technique (Stange et al., 2007). The TN, TC, C: N ratio,
and bulk PN in soil were measured using the EA-IRMS de-
scribed above. Dried soil was first ground (Retsch MM400,
frequency 23.0s~!, for 2 min) and around 15 mg from each
sample was placed into a tin capsule.

2.4 Soil characteristics

At the same time as the N labelling experiment, we also
collected samples from the top 6 cm of the organic soil layer
to assess abiotic and biotic soil characteristics, matching the
depth used for labelling. Four soil samples (10 x 10 x 6 cm,
250 cm? each) were collected from each plot after the 19N la-
belling experiment to avoid destructive sampling within the
plot during the experiment. Stones, plant shoots and roots
were removed from the collected samples immediately af-
ter sampling at the Tarfala Research Station, which were
then sieved through a 2 mm mesh. The four sieved soil sam-

ples from each plot were combined and homogenized. Sub-
samples were separated from the homogenized soil for vari-
ous analyses elsewhere, including pH, gravimetric soil water
content (GWC, g g_l), soil organic matter (SOM), and DNA
extraction for abundance of microbial communities. Subsam-
ples for DNA extraction were stored frozen until further anal-
yses.

GWC was measured by oven-drying 10g of wet soil at
100 °C for 24 h. SOM content was determined using the loss-
on-ignition method by heating the soil at 550 °C for 6 h. Soil
pH was measured in water (10g soil, 1:1 deionized wa-
ter) and in 1M KCI (10 g soil, 1:4). Field measurements
of soil temperature at a depth of —5cm (7;j °C) and soil
water content at 0—6 cm (volumetric soil moisture content;
VWC) were recorded on 4d corresponding to the N in-
jection time points. These measurements were taken at four
locations within each plot using a hand-held thermometer
and an ML3 ThetaProbe (Delta-T Devices, Cambridge, UK),
respectively. Bulk density was determined using intact soil
cores (5 cm length, 7.2 cm diameter, 203.6 cm? volume), col-
lected by block (N = 8), and oven dried at 100 °C for 24 h.

2.5 DNA extraction and qPCR of the ITS region and
16S rRNA and nitrification-associated genes

The frozen, sieved soil was freeze-dried and then ground for
2 min using a ball mill. The DNA was extracted from 0.25 g
of the milled soil using the NucleoSpin soil kit (Macherey-
Nagel, Duren, Germany), with SL2 buffer with enhancer and
according to the manufacturer’s protocol. DNA was quan-
tified using the Qubit 2.0 fluorometer (Invitrogen, Thermo
Scientific).

gPCR was used to determine the size of total bacte-
rial and fungal communities in the soil by quantifying 16S
rRNA gene and ITS, respectively. Additionally, nitrification-
associated functional genes were quantified, including amoA
(encoding ammonia monooxygenase from archaeal (AOA)
and bacterial (AOB) ammonia oxidizers, and clade A (co-
maA) and clade B (comaB) complete ammonia oxidizers in
the Nitrospira genus) and nxrB (encoding nitrite oxidore-
ductase from either Nitrospira-type (NIS) or Nitrobacter-
type (NIB) nitrite oxidizing bacteria) (Table S3). Quantifica-
tion was done using the C1000™ Thermal Cycler CFX96™
Real-Time System, and CFX Connect™ Real-Time System
(BioRad, CA, USA). All reactions were carried out in dupli-
cate with a 15 uL reaction volume containing 0.1 mg mL ™!
BSA, 1x SYBR Green Supermix (BioRad), 0.2-1.0 uM of
each primer (Table S3), and 6 ng of template DNA. Standard
curves were generated for each gene using serial dilutions
(102-108 copies uL ™) of linearized plasmids containing the
target genes. The cycling conditions, primer sequences, and
concentrations for each gene are available in Table S4. The
amplifications were validated by melting curve analyses and
agarose gel electrophoresis. Prior to quantification, potential
inhibition of PCR reactions was checked by amplifying a
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known amount of the pGEM-T plasmid (Promega, Madison,
WI, USA) using plasmid specific M13 primers and addition
of soil DNA or non-template controls for each sample. No
inhibition was detected with the amount of DNA used. Gene
copy numbers were adjusted for the amount and concentra-
tion of extracted DNA and normalized per gram of dry soil.

o

2.6 Data analysis

All statistical analyses were conducted in R (R Core Team,

2024) with RStudio interface (Posit team, 2024), except for
10 the Isotope tracing model described below. R packages used

included tidyverse (v2.0.0, Wickham et al., 2019), rstatix

(v0.7.2, Kassambara, 2023b), knitr (v1.45, (Xie, 2023),

kableExtra (v1.4.0, (Zhu, 2024), ggpubr (v0.6.0, Kassam-

bara, 2023a), sjPlot (v2.8.15, Liidecke, 2023). Additional R
15 packages are described within the methods below.

2.6.1 Vegetation diversity

Vegetation data from both surveys were analyzed using Cor-
respondence Analysis (CA) to explore the relationships be-
tween time and treatment. One EcM/ErM plot was removed
20 from the analysis because it had a vascular plant species rich-
ness of zero based on the point-framing survey in 2019. This
plot had 88 % bryophyte cover, and although Salix herbacea,
S. polaris, and Empetrum nigrum were still present there
were no direct hits from the point-framing survey, indicating

25 a presence of less than 1 % coverage.

a

2.6.2 Isotope (°N) tracing model

Process-specific gross N transformation rates were quanti-
fied using the I5SN tracing model Ntrace (Miiller et al., 2007,
Riitting and Miiller, 2007). We used a model setup, including
three N pools (organic N, NHZr and NO3) and four N trans-
formation processes: mineralization of organic N (Mng),

immobilization of NH; and NO3 (Ing, and Ino,) and NH;
oxidation (ONH,, i.e. nitrification), which was sufficient to
represent the observed N and !N dynamics. As we did not
observe any "N enrichment of NHI following the addition
of 1N labelled NO3, DNRA was not considered in Ntrace.
The N transformations were described by first-order kinetics,
except for My,,, which followed zero-order Kinetics. The
kinetic parameters of the N transformations were approxi-
s mated numerically for each treatment separately with Monte
Carlo sampling through a random walk aiming to minimize a
misfit function (quadratic weighted error) between the mod-
elled and observed values. Model fit to observed NHZ, NO3_ ,
and their respective >N enrichments was visually assessed
(Figs. S1-S5). Model inputs were mean values and standard
deviations of NHI and NO; content and their respective BN
abundances. The initial >N content of the organic N pool
was not measured at the plots and was instead assumed to
be at natural abundance (0.366 %). Iterative approximation
so of the N cycle rates creates normally distributed probability

3

S

3

&

4

o

density functions, for which the mean values and standard
deviations were calculated (Miiller et al., 2007). For path-
ways described by first-order kinetics, gross N rates were
calculated as the product of the kinetic factor and substrate
content. Ntrace and the optimization algorithm were set up
in Matlab version R2023b and Simulink version 23.2 (The
MathWorks Inc.). Rates are reported per gram of C to ac-
count for differences in organic matter content across soils
and to facilitate better comparison.

The Ntrace provides robust estimates of gross N trans-
formation rates but was here applied to treatment averages,
hence did not allow investigation of potential block effects.
To do so, we additionally quantified gross N mineraliza-
tion and nitrification for each plot based on the isotope pool
dilution (IPD) principle and the analytical tracing model
by (Kirkham and Bartholomew, 1954) using the first two
timesteps of the N tracing experiment. All gross N transfor-
mation rates are normalized for the soil C content. To assess
potential block effects on gross N mineralization and nitri-
fication rates, we fitted generalized linear models (GLMs)
with Block as a fixed effect using the glmmTMB package
(v1.1.8, Brooks et al., 2017). Given the right-skewed distri-
bution of the data, a zero-inflated Gamma distribution with
a log link function was used for mineralization rates, while
a standard Gamma distribution was applied for nitrification
rates. Model significance was assessed using Type 1I Wald
chi-square tests.

2.6.3 Soil characteristics and microbial genes

To analyse the impacts of mycorrhizal status and vegeta-
tion composition on soil characteristics and microbial genes,
we fitted Generalized Linear Mixed Models (GLMMs) with
glmmTMB (v1.1.8, Brooks et al., 2017). Each model included
Treatment as a fixed effect and Block as a random effect.
Given that Block showed significant effects for several re-
sponse variables, additional GLMs were fitted with Block as
a fixed effect to explore its specific influence. These results
are presented in the Supplement for completeness, though
Block was not originally intended as a primary focus of
the experimental design. We validated model assumptions
using the DHARMa package (v0.4.6, Hartig, 2022), which
simulates scaled quantile residuals. Model fit was assessed
through residual vs. fitted plots, QQ plots, and DHARMa’s
tests for uniformity and outliers to detect deviations from
normality and heteroscedasticity. Pairwise comparisons be-
tween treatments were conducted with emmeans (v1.10.0,
Lenth, 2024).

We conducted paired samples Wilcoxon signed-rank tests
with the wilcox.test function within the stats package
(R Core Team, 2024) to assess differences in log-transformed
gene abundances between the sample groups ITS and 16S
rRNA, AOA and AOB, ComaA and ComaB, as well as NIB
and NIS.

55

60

65

70

75

80

85

90

95

00



2

2!

3

3

4

4

o

=)

0

5

0

&

0

&

6 A. Patchett et al.: Role of mycorrhizal type and plant dominance in regulating N cycling in Oroarctic soils

We utilized the corr.test function within the psych pack-
age (v2.4.1, Revelle, 2024) to conduct correlation analyses to
explore the relationships between gene abundances and en-
vironmental variables. We calculated Spearman rank-order
correlation coefficients to quantify the strength and direc-
tion of these relationships. To address the issue of multi-
ple testing and control the family-wise error rate, we ap-
plied a Holm correction. We categorized correlation coeffi-
cients based on their strength: weak (0 < |r| < 0.4), moder-
ate (0.4 < |r| < 0.7), and strong (|| > 0.7).

Principal Component Analysis (PCA) was employed for
dimensionality reduction. The first three Principal Compo-
nents (PCs) were retained, and ANOVAs were performed on
them, incorporating Treatment and Block as fixed effects.
The ANOVA outputs provided adjusted p values, which were
further examined using Tukey tests to identify significant dif-
ferences between treatment groups and blocks.

3 Results
3.1 Vegetation diversity treatment effect

The treatments clearly shifted the plant community in three
directions within the ordination space from its original struc-
ture in 2015 (Fig. 1). The AM/NM community and the Dom-
inant community clustered together, whereas the ECM/ErtM
community and the Rare community formed their own dis-
tinct clusters after clipping treatment. The control plots in
2019 remained similar to the plant communities recorded in
2015 before the experiment was established.

3.2 Soil characteristics

During the labelling period, VWC was significantly higher
in EcM/ErM-dominated plots compared to the control (z =
2.19, p=0.029). Tyoji was significantly lower in Domi-
nant plots relative to the control (z = —2.44, p =0.015) and
marginally lower in ECM/ErM plots relative to the control
(z=—1.88, p=0.06). Pairwise comparisons showed that
Tsoil in AM/NM was significantly higher than EcM/ErM (es-
timate = 0.02, SE=0.006, p =0.007) and Dominant (es-
timate = 0.03, SE=0.008, p =0.003). SOM was signifi-
cantly lower in AM/NM-dominated plots compared to con-
trol (z = —2.35, p = 0.019). No other significant differences
were found for the remaining soil characteristics (Tables 1,
S5). The natural abundance §'SN of SOM was measured by
block and ranged from —0.08 to 2.62 (Table 1).

3.3 Gross nitrogen dynamics

Compared to the control, all treatments showed significantly
higher gross N mineralization rates (Fig. 2a). EcCM/ErM and
Dominant showed the largest increases, at 73 % and 78 %
above the Control, respectively, while AM/NM and Rare had
more moderate increases of 30 % and 46 %. Gross nitrifica-

tion rates were 1-2 orders of magnitude lower than gross N
mineralization rates (Fig. 2b). Significant differences in gross
nitrification rates were also observed, with ECM/ErM show-
ing a 26 % increase, while Rare, AM/NM, and Dominant
exhibited reductions of 32 %, 46 %, and 49 %, respectively,
compared to the Control (Fig. 2b).

Average gross N mineralization and nitrification rates, cal-
culated using the IPD approach, showed a similar pattern
to those obtained through Ntrace (Table S6). However, the
IPD based rates had much higher variability. In some in-
stances, we even observed implausible negative rates. Block
effects on gross N transformation rates were not statistically
significant for mineralization (X2 (7)=9.19, p = 0.24), but
marginally significant for nitrification (X2 (7)=13.08, p =
0.07).

3.4 Abundance of bacteria and fungi

The bacterial 16S rRNA gene copy numbers were consis-
tently higher than fungal ITS rRNA gene copy numbers
across all treatments (EcM/ErM, AM/NM, Rare, Dominant),
ranging from 2.07 x 10° t02.75x 10 and 1.05x 10% to 1.68 x
103 copiesg~! dry soil respectively (V =528, p < 0.001,
n = 32). In the AM/NM, fungal abundances were marginally
lower (z = —1.67, p =0.094) and the ITS : 16S rRNA gene
copy ratio were lower (z = —2.13, p =0.033) compared to
the Control (Fig. 3a). No other treatments significantly af-
fected the bacterial or fungal abundance (Tables S7, S8) or
the ITS : 16S ratio (Fig. 3a, Tables S9, S10).

3.5 Nitrifier gene abundance

We observed the most notable variations in nitrification gene
copy numbers between functional groups capable of the same
transformation step in nitrification. Gene abundances ex-
hibited distinct differences between functional group pairs:
AOA > AOB (V =527, p <0.001, n=232); NIS> NIB
(V=0, p<0.001, n=32); and ComaA > ComaB (V =
528, p <0.001, n =32). Of the six genes, amoA in Co-
maA and nxrB NIS, both representing the bacterial genus
Nitrospira, were consistently the most abundant genes (Ta-
ble S11).

Overall, gene abundances were minimally affected by
treatment, except for Dominant treatment having lower AOA
abundance (z = —2.66, p = 0.008; Fig. 4a), and marginally
lower NIS abundance (z = —1.89, p = 0.058; Fig. 4f) com-
pared to the control (Table S12). Gene copy abundance ratios
were unaffected by treatment (Fig. 3b—d, Table S10).

3.6 Relationships between gene abundances,
vegetation, and edaphic factors

We found no significant correlations between gene abun-
dances and Simpson’s diversity index of plants, VWC, GWC,
Tsoil, SOM, pH, TN, C/N, and BD after adjusting for multi-
ple testing (Table S13). However, we observed a strong posi-
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Figure 1. Changes in plant communities over the course of the experiment. Mean values (£85 % confidence interval corresponding to an
a = 0.05 test; see (Payton et al., 2000, 2003) of sample scores from the correspondence analysis (CA), comparing the abundances of plant
species before treatment in 2015 and four years after treatment in 2019. The eigenvalues are 0.499 for Axis 1 and 0.469 for Axis 2. Axis 1
explains 10.68 % of the total variance, and Axis 2 explains 10.04 %, together accounting for 20.72 % of the total variance. Treatments: Ctrl:
control; AM/NM: plants with arbuscular mycorrhizal association or no mycorrhizal association; EcM/ErM: plants with ectomycorrhizal and
ericoid mycorrhizal associations; Dominant: rare plant species removed, allowing the eight most dominant plant species to grow in the plots;
and Rare: dominant species removed, keeping the eight rarest plant species.

Table 1. Soil properties at the Tarfala study site (Sweden). Variables: soil moisture (VWC), soil temperature (7q;1), laboratory gravimetric
soil water content (GWC), soil organic matter (SOM), pH, C : N ratio, TN. Values represent mean = standard error (N = 32). VWC and
Tsoi) are averaged values taken over 4 d of measurements, while all other properties are based on one measurement per soil sample collected
from each plot. Treatments: only ecto- and ericoid mycorrhiza plant associations present (EcM/ErM), only arbuscular and non-mycorrhiza
associations present (AM/NM); removal of dominant plant species (Rare); removal of rare plant species (Dominant). Significant differences
from control are bolded (* p < 0.05, ** p < 0.1) based on general linear mixed-effects models (GLMMs) (Table S5).

Treatment n VWC Tsoil GWC SOM pH C/N TN
(%) (°C) gg™H (%) (%)
Control 26.0+1.6 10.7+£0.1 55719 372+25 49+0.1 153+05 1.1+0.2

8
AM/NM 8 26.6+1.1 109+£0.1 52.0£23 299427 49+£01 156+£06 09=+0.1
EcM/EtM 8  29.8+£1.9*% 104+£02% 549+1.4 33716 50%+0.1 142+£06 14+04
Dominant 4 27.4+£2.8 104+£0.2% 57.6+4.4 38.1+£59 5.0+£00 16.7£0.7 09+£0.1
Rare 4 314+28 105+£03 53.8+1.8 314+£3.6 5.0+0.1 149£07 1.0£0.2

Bulk density (g cm_3) was measured by block, not by treatment: (A) 0.18, (B) 0.22, (C) 0.21, (D) 0.22, (E) 1.01, (F) 0.37, (G) 0.41, (H) 0.36. Natural
abundance 815N was measured by block, not by treatment: (A) 0.95, (B) 1.76, (C) —0.08, (D) 0.92, (E) 2.62, (F) 2.16.

tive correlations between abundance of 16S rRNA genes and p =0.02), ComaA and NIB (r = 0.63, adj.p = 0.02), and
ITS (r =0.73, p <0.01), AOB (r =0.73, p <0.01), Co- ComaB and NIB (r = 0.60, p = 0.04) gene abundances. We
maA (r =0.77, p <0.01), NIB (r =0.75, p < 0.01), AOA also observed moderate positive correlations between Simp-
and NIS (r = 0.81, adj.p < 0.01), ComaA and ComaB (r = son’s diversity index of plants and VWC (r = 0.63, adj.p =

5 0.72, p < 0.01), and moderate positive correlations between 0.02), VWC and BD (r =0.60, adj.p = 0.04), and BD and
16S rRNA genes and ComaB (r = 0.67, adj.p < 0.01), ITS elevation (r = 0.60, adj.p = 0.04). There was a marginally
and AOB (r =0.69, p < 0.01), AOB and ComaA (r = 0.63,
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Figure 2. Gross N mineralization and nitrification rates (mean and
85 % confidence interval). Rates were quantified by the Ntrace
model with different manipulated vegetation (Control: no manip-
ulation; AM/NM: plants with arbuscular mycorrhizal association or
no mycorrhizal association; EcM/ErM: plants with ectomycorrhizal
and ericoid mycorrhizal associations; Dominant: rare plant species
removed allowing the eight most dominant plant species to grow
in the plots; and Rare: dominant species removed keeping the eight
rarest plant species). Different lowercase letters above the bars in-
dicate significant differences based on whether the 85 % confidence
intervals overlap.

moderate negative correlation between Ty and BD (r =
—0.58, adj.p = 0.08).

When considering the combined effects of vegetation di-
versity, soil characteristics, and the abundance of bacterial,
fungal, and nitrifier genes, the first three principal compo-
nents accounted for 58.2 % of the total variance, with PC1,
PC2, and PC3 explaining 25.9 %, 18.5 %, and 13.7 %, re-
spectively (Figs. S6, S7, S8). The loadings for each com-
ponent indicate that no single variable drives the variance
10 (Table S14). The strongest negative loadings on PC1 were

for the abundance of ITS copies,16S rDNA genes, and the

groups ComaA, NiB, and ComaB. There were no strong
positive loadings on PC1 (all were <0.18). On PC2, the
strongest positive loadings were vegetation diversity, VWC,
s and the abundance of AOA and NIS, while C/N ratio
had the strongest negative loading. For PC3, T, was the
strongest negative loading, and elevation, VWC, GWC, and

BD were the strongest positive loadings. For PC1, neither

Treatment (F(4’20) =0.81, p =0.53) nor Block (F(7,2()) =
20 1.28, p =0.31) had a significant effect on the PC1 scores.

For PC2, Treatment showed a significant effect on PC2

scores (F(4,20) = 3.40, p = 0.028), while Block was not sig-

nificant (F(7,20) = 1.52, p =0.22). Tukey’s test indicated a

significant difference between the ECM/ErM and Dominant
25 (adj.p = 0.015), and a notable difference between Rare and

3

Dominant (adj.p = 0.079) treatment groups. For PC3, Treat-
ment (F420) =3.71, p =0.02) and Block (F 7,20y = 12.01,
p = 0.00) showed a significant effect on PC3 scores. Tukey’s
test indicated a significant difference between the ECM/ErM
and AM/NM (p = 0.039), and between Rare and AM/NM
treatment groups (p = 0.038). Tukey’s test also showed sig-
nificant differences between Blocks with Blocks A-D show-
ing negative PC scores and Blocks E-H showing positive
scores (Fig. S7). Elevation, which increased from Block A
to H (Table S15, Fig. S9a), influenced multiple properties
despite the subtle 15 m gradient. The proportional cover of
EcM/ErM plots decreased from Block A—G but deviated in
Block H, where the cover resembled that of Blocks B-D. Ad-
ditionally, Blocks A—D were drier than Blocks E-F, and soil
temperature decreased with elevation.

4 Discussion

4.1 EcM/ErM communities enhance both gross
mineralization and nitrification in a conservative
tundra N cycle

As hypothesized, we found the highest gross N mineral-
ization rates in the ECM/ErM treatment, but unexpectedly,
the treatment with only dominant species in the plant com-
munities also exhibited high rates. Notably, all treatments
showed elevated mineralization compared to the unmanipu-
lated control. By contrast, our hypothesis was not supported
for gross nitrification. The ECM/ErM treatment was the only
one showing higher nitrification rates compared to control,
while all other treatments exhibited decreased rates. A pre-
vious study in a hemiboreal forest found that the presence
of EcM increased gross N mineralization threefold, while
gross nitrification remained largely unaffected (Holz et al.,
2016). EcM-dominated ecosystems are commonly assumed
to cycle N more slowly because EcM fungi promote or-
ganic N retention and decomposition of more recalcitrant
substrates, whereas AM-dominated ecosystems exhibit faster
N cycling due to greater reliance on inorganic N uptake and
relatively fast N mineralization rates (Averill et al., 2019).
However, our small-scale experimental study does not sup-
port this hypothesis, as we found significantly higher gross
N cycling in the presence of EcM/ErM compared to the
plots with AM/NM. This is consistent with a recent meta-
analysis on rhizosphere effects on gross N mineralization
(Gan et al., 2022), demonstrating that EcM-associated plant
species enhanced gross N mineralization more than AM-
associated species. ECM/ErM mycorrhizal treatments circu-
lated N faster than the other treatments, also indicated by
the lower gross mineralization-to-nitrification ratio in the
EcM/ErM mycorrhizal treatments (53 for ECM/ErM mycor-
rhizal treatments vs. 92, 81, and 134 for AM/NM and the di-
versity treatments). According to the mass ratio hypothesis,
the plant functional traits and relative abundances of dom-
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Figure 3. Soil gene abundance ratios in response to plant removal treatment. Gene abundance ratios for (a) fungi (ITS) vs. bacteria (16S rRNA
gene); (b) Archaeal ammonia oxidizer (AOA) vs. bacterial ammonia oxidizer (AOB); (¢) comammox bacteria, clade ComaA vs. comammox
clade ComaB; and (d) nitrite-oxidizing Nitropira (NIS) vs. Nitrospira (NIB). Treatments: no manipulation: Control; removal of plants with
ecto and ericoid mycorrhiza associations: AM/NM; removal of plants with arbuscular mycorrhiza & no mycorrhiza associations: ECM/ErM;
removal of rare plant species: Dominant; removal of dominant plant species: Rare. Symbols above the boxplots denote significant differences
for each group relative to a control group as determined through Generalized Linear Mixed Models (GLMMs) (* < 0.05) (Table S10).

inant species within a community are highly influential for
ecosystem processes (Grime, 1998). Our study partly sup-
ports the mass ratio hypothesis by demonstrating that my-
corrhizal type, particularly EcM/ErM, can be regarded as a
key functional plant trait influencing N cycling. However,
we found that dominant species were not necessarily asso-
ciated with faster or more open N cycling overall, despite
high mineralization rates. The high gross mineralization-to-
nitrification ratio (134) in the Dominant treatment suggests a
10 more conservative, ammonium-driven N cycle. This may re-
flect competitive dynamics, where dominant species more ef-
fectively acquire NHJ, thereby reducing substrate availabil-
ity for nitrifiers. In this way, dominant species could exert
a strong influence on the N cycle by both enhancing miner-
15 alization and constraining nitrification, resulting in a faster
but tighter cycle that favours internal N recycling. By con-
trast, rare species communities exhibited lower mineraliza-
tion but relatively higher nitrification (gross mineralization-
to-nitrification ratio of 81), potentially indicating a more
20 open N cycle and increased risk of N losses via leaching or
gaseous pathways. These differences may arise from func-
tional similarity and resource monopolization in dominant
communities (Eisenhauer et al., 2023), versus greater func-
tional complementarity and microbial interactions in rare
s communities (Niklaus et al., 2006). Thus, our findings sug-

3

gest that mycorrhizal status, particularly EcCM/ErM associa-
tions, plays a more significant role in shaping gross N cycling
dynamics than species dominance alone.

The observed increase in gross N mineralization across all
manipulation treatments compared to control may be partly
attributed to increased carbon input from decaying roots of
plants removed by clipping. Although treatments began four
years prior to our study, clipping continued during the grow-
ing season preceding it, during which a minor fraction of the
removed plant species still exhibited limited regrowth. Fol-
lowing clipping, roots remain in the soil and decompose, po-
tentially triggering a priming effect on the microbial com-
munity, which increases N mineralization and rhizodeposi-
tion (Bengtson et al., 2012; Dijkstra et al., 2013). Early-stage
decomposition is typically rapid due to the loss of soluble
carbon (Aber et al., 1990), but root decay rates decline signif-
icantly after the first year (McLaren et al., 2017). The extent
of plant biomass reduction — and consequently root biomass
— likely varied between treatments, with larger reductions in
Rare, where all dominant plants were clipped, and smaller
in Dominant. This variation may have affected labile carbon
input and plant N uptake. However, the significantly higher
gross N mineralization rates in the Dominant treatment, de-
spite its similar community composition to the AM/NM, sug-
gest that most root decaying had already subsided and had
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Figure 4. Gene abundances representing six functional groups involved in nitrification in response to plant removal treatment. (A) Ammonia-
oxidizing archaea (AOA), (B) ammonia-oxidizing bacteria (AOB), (C) complete ammonia oxidizers (comammox) clade A (comaA),
(D) complete ammonia oxidizers (comammox) clade B (comaB), (E) nitrite-oxidizing Nitrobacter (NIB), and (F) nitrite-oxidizing Nitro-
spira (NIS). Treatments: no manipulation (Control); removal of plants with ecto and ericoid mycorrhiza associations: AM/NM; removal of
plants with arbuscular mycorrhiza & no mycorrhiza associations: ECM/ErM; removal of rare plant species: Dominant; removal of dominant
plant species: Rare. Symbols above the boxplots denote significant differences for each group relative to a control group as determined
through Generalized Linear Mixed Models (GLMMs) (** < 0.01, # < 0.1) (Table S12).

only minor effects, whereas species identity and associated
functional traits drive the pattern we observe and play a more
decisive role in shaping N cycling dynamics.

Moreover, we found that gross N mineralization rates were
1-2 orders of magnitude faster than the gross nitrification
rate, and the ratio of gross nitrification to NHI immobiliza-
tion was low. This is a strong indicator of a conservative N
cycle with minimal N losses to the environment, which is
typical in N-limited ecosystems (Schimel and Bennett, 2004;
Tietema and Wessel, 1992). N limitation is further supported
by our 8N data for SOM. The §' N values of SOM de-
pend mainly on external N sources and ecosystem N losses.
In N-rich ecosystems with high denitrification, N with low
8N is lost, resulting in higher soil §'°N values (Bai and
Houlton, 2009). Conversely, in N-limited ecosystems, the
primary input is via biological N fixation, which has min-
imal fractionation, resulting in soil 815N values close to 0
(Amundson et al., 2003), as we observe. Few studies have
investigated gross N cycling rates in situ in tundra ecosys-
tems (Ramm et al., 2022), but our gross N mineralization
rates in the control plots (5.04 0.3 umolg=! Cd~") is simi-
lar to in situ rates obtained in other low Arctic and oroarc-
tic ecosystems (Buckeridge et al., 2010; Gil et al., 2022;

Paré and Bedard-Haughn, 2012). Rates on in situ gross ni-
trification is even more scarce for tundra ecosystems. The
global average gross nitrification rate in mineral soils has
been estimated to 0.56 umolg~!Cd~! (Elrys et al., 2021),
whereas in permafrost mineral soils it is about half this rate,
0.27 umolg~! Cd~! (Ramm et al., 2022). Our control plot ni-
trification rates are lower (0.13 £0.01 umolg~!Cd~"), and
also in the lower end of what been observed in alpine grass-
lands, 0.16 and 0.27 umolg=! Cd~! (Jin et al., 2023; Shaw
and Harte, 2001). High soil C content (> 5 %) can decou-
ple N mineralization and nitrification (Gill et al., 2023) by
increasing heterotrophic N demand and intensifying compe-
tition for ammonium between heterotrophs and autotrophs
(Booth et al., 2005; Keiser et al., 2016; Silva et al., 2005).
Hence, our gross rates suggest that N availability in the
Fennoscandian oroarctic tundra is low and low enough for
the ecosystem to operate with a conservative N cycle. This
leads to reduced N losses and further reinforces that N is a
limiting factor controlling ecosystem productivity.
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4.2 Distinct soil nitrifier community within an
otherwise stable microbial community

Despite the distinct roles of mycorrhizal fungi in N cycling
(Castano et al., 2023; Hobbie and Hogberg, 2012; Tedersoo
et al., 2020), the AM/NM and EcM/ErM plots did not differ
in N-cycling gene abundances. However, altering plant com-
position revealed functional differences. Notably, our Domi-
nant community plots — although having a similar plant com-
position to the AM/NM plots — showed lower abundances
of AOA and NIS functional groups and reduced gross ni-
trification rates. This may reflect stronger plant competi-
tion for NHZr (Hayashi et al., 2016) or reduced microbial
reliance on NHZr (Hobbie and Hobbie, 2006; Schimel and
Chapin, 1996). In contrast, nitrification gene abundances in
Rare community plots were comparable to Control plots, de-
spite lower gross nitrification rates. Since plant species rich-
ness was similar across Dominant and Rare treatments, our
results suggest that dominant species traits — rather than rich-
ness — may drive ecosystem function, echoing findings in
the ecological literature (Grime, 1998; MacGillivray et al.,
1995). These traits appear to differ or be suppressed in the
AM/NM community, suggesting that even a minor presence
of EcM/ErM plants in an AM/NM-dominated community
can shift how plant traits influence N dynamics in Arctic
soils.

Although treatment effects were limited, we observed dis-
tinct communities for ammonia oxidation and nitrite oxida-
tion. AOA was more abundant than AOB, consistent with
other Arctic soils (Alves et al., 2013; Banerjee et al., 2011;
Lamb et al., 2011). Their metabolic flexibility (Alves et al.,
2019), cold-tolerance (Pessi et al., 2022), and adaptation to
low-N (Di et al., 2010; Erguder et al., 2009) and acidic soils
(Gubry-Rangin et al., 2010; Prosser and Nicol, 2012) high-
lights their important role in Arctic N cycling. Among co-
mammox, clade A (ComaA) was more abundant than clade
B, consistent with clade A’s known adaptation to fluctuating
oxygen conditions (Han et al., 2024; Palomo et al., 2018). Al-
though comammox is underexplored in Arctic soils (Guo et
al., 2024), clade B dominates nitrification in coastal Antarc-
tica (Han et al., 2024). For nitrite oxidation, NIS was more
abundant than NIB, reflecting NIS’s advantage under low-
nitrite conditions, where its periplasmic localization provides
a competitive advantage (Nowka et al., 2015) but greater
sensitivity to environmental fluctuations (Wilks and Slon-
czewski, 2007). Our results show a distinct nitrifier commu-
nity and suggest that Arctic soils favour a more resource-
efficient, yet environmentally responsive, ammonia and ni-
trite oxidation strategy, supporting our findings of a con-
servative N cycle. Moreover, we observed correlations be-
tween nitrification genes (Table S12), including a strong pos-
itive correlation between AOA and NIS, suggesting potential
synergistic interactions (Jones and Hallin, 2019; Ke et al.,
2013; Stempfhuber et al., 2016) within the microbial com-
munity. This reinforces the idea that N cycling in these soils

is structured by microbial traits and environmental pressures
rather than competitive interaction with plants and mycor-
rhizal fungi.

4.3 Mismatch between gene abundances and in-situ
activity

We found a mismatch between genetic potential for nitri-
fication and in situ activity (gross nitrification rates) in the
mycorrhizal manipulated plots. Although higher gene abun-
dances sometimes can correlate with nitrification potential
and rates (Ke et al., 2013; Laffite et al., 2020; Ribbons et
al., 2016; Rocca et al., 2015), similar inconsistencies as in
our study have been observed in high-Arctic soils, where
the abundances of ammonia-oxidizing archaea (AOA) and
ammonia-oxidizing bacteria (AOB) do not always correlate
with ammonia oxidation potential (Hayashi et al., 2016).
Thus, gene abundance alone does not necessarily predict
nitrification rates, as environmental factors (Avrahami and
Conrad, 2003; Hicks et al., 2020b; Hu et al., 2014; Li et al.,
2020a; Oshiki et al., 2016; Rousk et al., 2010; Stempfthuber et
al., 2016; Taylor and Mellbye, 2022; Wright and Lehtovirta-
Morley, 2023), and competition (Huang et al., 2024; Jung
et al., 2022; Yang et al., 2022) likely play an interacting
role. Additionally, our gene targets did not encompass al-
ternative N sources, for example N fixation (Castafo et al.,
2023) or the full nitrification potential of the soil. For exam-
ple, Nitrotoga, a cold-adapted genus of nitrite-oxidizing bac-
teria (NOB) (Alawi et al., 2007), competes with our targeted
groups of NOB (NIB and NIS) (Alawi et al., 2009; Kark-
man et al., 2011; Nowka et al., 2015), but was not included
in our study. Methodological choices may also explain such
mismatches. DNA-based approaches reveal functional poten-
tial but cannot distinguish between living, dead, or metabol-
ically active organisms (Burkert et al., 2019; Hansen et
al., 2007; Yang et al., 2022). In contrast, RNA-based tech-
niques provide a closer proxy for microbial activity and show
stronger correlations with measured rates of key metabolic
processes, including nitrification under isotope-labelled con-
ditions (Orellana et al., 2019). Therefore, RNA-based ap-
proaches may better link functional potential with microbial
process rates.

4.4 Limited impact of environmental factors

Overall, neither mycorrhizal type nor plant species richness
treatments had a strong influence on soil properties, nor did
soil properties affect nitrification gene abundances. This re-
sult was unexpected, as above- and below-ground processes
are often considered interconnected (Wardle et al., 2004).
Changes in mycorrhizal type and vegetation typically influ-
ence soil properties (Netherway et al., 2021; Welker et al.,
2024; Wurzburger and Brookshire, 2017), and shifts in soil
conditions, management practices, or environmental condi-
tions can affect N dynamics (Bjork et al., 2007; Li et al.,
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2020b) and nitrification gene abundances (Zhan et al., 2023).
However, vegetation is not always the primary driver of N dy-
namics; other environmental factors, like soil moisture, can
play a more important role (Fisk et al., 1998). Recent studies
suggest that below-ground communities and functions can
resist changes in vegetation cover and diversity (Fanin et
al., 2019; Kirchhoff et al., 2024). Consistent with this, we
found no clear environmental drivers of gene abundance (Ta-
ble S13). However, we observed relationships among envi-
10 ronmental factors: vegetation diversity was positively corre-
lated with VWC measured during the week of the labelling,
while soil bulk density was positively related to elevation
and VWC but negatively related to soil temperature. These
relationships may be temporally dynamic, as soil moisture
can strongly influence N transformation rates earlier in the
growing season, with its effect diminishing later in the sea-
son (Steltzer and Bowman, 1998). Notably, our soil samples
were collected during the late growing season. When analyz-
ing vegetation diversity, soil characteristics, and gene abun-
dances together, clear treatment differences emerged. Dif-
ferences were observed between EcM/ErM and Dominant,
and to a lesser extent between Dominant and Rare, driven by
vegetation diversity, VWC, AOA and NIS abundances, and
C : N ratio. Differences between AM/NM and EcM/ErM,
»s and AM/NM and Rare were driven by soil temperature, el-
evation, VWC, GWC, and soil bulk density. Furthermore,
the minimal treatment effects on water-related variables sug-
gest that evaporation and evapotranspiration had limited in-
fluence on our results. Block effects also emerged as a key
a factor. There were distinct and subtle environmental gradi-
ents represented in elevation change (over a short 15 m gra-
dient), vegetation cover, and soil characteristics (Table S15,
Fig. S9a, b). We accounted for this by including Block as
a random effect, but uneven replication limited our ability
a5 to incorporate additional spatial covariates. Thus, while our
design minimized disturbance, it constrained our capacity to
fully separate spatial from treatment effects. Similar block ef-
fects were observed in another plant removal study involving
plant-mycorrhizal associations (Kirchhoff et al., 2024), even
after two years of treatment. Notably, our study spanned four
years, further highlighting the persistence of these spatial in-
fluences, even within our small study area.

o

o

2

15}

4

S

5 Conclusions

Our study reveals that EcCM/ErM mycorrhizal associations
significantly enhance N cycling in Oroarctic tundra, chal-
lenging the conventional view that EcM-dominated ecosys-
tems cycle N more slowly. Elevated gross N mineraliza-
tion rates in ECM/ErM plots suggest that these fungi are
more efficient at accessing and mobilizing N from organic
so matter. Despite stable microbial communities, the AM/NM

plots showed reduced fungal abundance, reflecting the dom-

inance of EcM/ErM fungi in Arctic soils. Distinct communi-

4

o

ties for ammonia and nitrite oxidation emerged, with AOA
being more abundant than AOB and NIS more abundant
than NIB. This supports a resource-efficient, yet environmen-
tally responsive, N cycling strategy in these soils. However,
a mismatch between gene abundances and nitrification rates
suggests that environmental factors and biological competi-
tion play significant roles. Altering plant diversity revealed
differences in nitrification gene abundances, with dominant
plots showing lower AOA and NIS gene abundances, in-
dicating that dominant plant species may suppress or out-
compete nitrifiers. Our findings emphasize the importance of
EcM/ErM in N cycling and provide a deeper understanding
of ecosystem processes in tundra environments. Future re-
search should focus on long-term experiments and monitor-
ing to better understand how changing plant diversity and
mycorrhizal associations under varying climatic conditions
affect ecosystem functioning.
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