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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Nitrogen (N) addition shifted the domi-
nance of fungal decomposers. 

• Several taxa known to grow on organic 
N became less abundant. 

• Organic N uptake and oxidative enzyme 
activity were suppressed. 

• Higher activity of carbohydrate acqui-
sition indicates decomposer energy 
limitation. 

• Shifts in decomposer activity driven by 
N addition increase soil carbon stocks.  
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A B S T R A C T   

Anthropogenic nitrogen (N) deposition and fertilization in boreal forests frequently reduces decomposition and 
soil respiration and enhances C storage in the topsoil. This enhancement of the C sink can be as strong as the 
aboveground biomass response to N additions and has implications for the global C cycle, but the mechanisms 
remain elusive. We hypothesized that this effect would be associated with a shift in the microbial community and 
its activity, and particularly by fungal taxa reported to be capable of lignin degradation and organic N acqui-
sition. We sampled the organic layer below the intact litter of a Norway spruce (Picea abies (L.) Karst) forest in 
northern Sweden after 20 years of annual N additions at low (12.5 kg N ha− 1 yr− 1) and high (50 kg N ha− 1 yr− 1) 
rates. We measured microbial biomass using phospholipid fatty-acid analysis (PLFA) and ergosterol 
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measurements and used ITS metagenomics to profile the fungal community of soil and fine-roots. We probed the 
metabolic activity of the soil community by measuring the activity of extracellular enzymes and evaluated its 
relationships with the most N responsive soil fungal species. Nitrogen addition decreased the abundance of 
fungal PLFA markers and changed the fungal community in humus and fine-roots. Specifically, the humus 
community changed in part due to a shift from Oidiodendron pilicola, Cenococcum geophilum, and Cortinarius 
caperatus to Tylospora fibrillosa and Russula griseascens. These microbial community changes were associated with 
decreased activity of Mn-peroxidase and peptidase, and an increase in the activity of C acquiring enzymes. Our 
results show that the rapid accumulation of C in the humus layer frequently observed in areas with high N 
deposition is consistent with a shift in microbial metabolism, where decomposition associated with organic N 
acquisition is downregulated when inorganic N forms are readily available.   

1. Introduction 

Soil microbes play a central role in the global carbon (C) cycle (Liang 
et al., 2017). By releasing the nutrients plants need to grow, they 
contribute to the uptake of atmospheric CO2; however, their respiration 
also contributes a significant portion of soil CO2 emissions (Crowther 
et al., 2019; Paul, 2015; Smith and Read, 2008). Soils in boreal forests 
store a substantial fraction of global soil C (Tarnocai et al., 2009), and 
are affected by major changes in nutrient availability such as via at-
mospheric nitrogen (N) deposition (Maaroufi et al., 2015; Reay et al., 
2008; Thomas et al., 2015; Tipping et al., 2017). Owing to huge C stores 
in boreal forests (Clemmensen et al., 2021; Deluca and Boisvenue, 
2012), even small changes can have an impact on the global atmospheric 
C balance (Lal, 2005), yet we lack a complete mechanistic understand-
ing of how microbial processes drive such changes in response to 
external N inputs (Luo et al., 2016; Schmidt et al., 2011; Stocker et al., 
2016; Todd-Brown et al., 2012). 

While it is clear that external N inputs enhance aboveground growth 
and the input of C to soils by above and below ground litter in boreal 
forests (Blaško et al., 2022; Forsmark et al., 2021; Leppalammi-Kujansuu 
et al., 2014), further understanding is needed regarding how soil mi-
crobial community composition and enzymatic activities respond. 
Globally, plant tissue C to N ratio is a good predictor of organic matter 
decomposition rates, thus lower tissue C to N ratios caused by N depo-
sition can be expected to stimulate decomposition (Averill and Waring, 
2017; Stocker et al., 2016); however, studies frequently report reduced 
soil respiration and decomposition rates in response to N inputs (Berg, 
2014; Fog, 1988; Janssens et al., 2010; Nohrstedt et al., 1989). Recent 
studies of the effects of N addition on C pools and fluxes across the 
Swedish boreal forests have shown highly consistent responses, with as 
much as 1000 kg C ha− 1 yr− 1 accumulating in the organic soil horizon 
(Forsmark et al., 2020a), which is driven partly by a reduction in soil 
respiration by 10–50 % and increased above and belowground litter 
inputs (Blaško et al., 2022; Forsmark et al., 2021; Maaroufi et al., 2015). 
Importantly, the organic soil horizon is also a major sink for added N, 
frequently sequestering half of the added N or more (Gundale et al., 
2014; Templer et al., 2012). Therefore, insights into how the boreal 
microbiome responds to changes in N availability and soil stoichiom-
etry, and in turn influences the release of C and nutrients during 
decomposition are key to understand the C sinks in both plant biomass 
and soils in boreal forests. 

Litter decomposition is largely mediated by extracellular enzymes 
exuded into the soil environment to catalyze the release of specific re-
sources (Sinsabaugh et al., 2008). During early stages of decomposition 
abundant labile resources such as cellulose, peptides, and phosphates 
are released by hydrolytic enzymes (Baldrian and Stursova, 2011). 
During later stages of decomposition, an increasing fraction of the 
remaining organic matter is composed of lignin and other recalcitrant 
compounds that require oxidative enzymes such as laccases and perox-
idases or Fenton chemistry for further degradation (Lindahl and Tunlid, 
2015; Sinsabaugh, 2010). Although the fungi with the strongest oxida-
tive potential are saprotrophic, evidence is accumulating that some 
ectomycorrhizal fungi (EMF) have retained these genes during evolution 
(Argiroff et al., 2022; Bödeker et al., 2016; Floudas et al., 2012; Kohler 

et al., 2015; Morgenstern et al., 2008; Nicolas et al., 2019), and that they 
are adapted to release N from complex organic matter (Bödeker et al., 
2014; Kuyper, 2017; Talbot et al., 2008). This EMF adaptation is 
believed to give the fungi and the associated trees access to otherwise 
inaccessible organic N pools (Näsholm et al., 1998; Orwin et al., 2011; 
Schimel and Bennett, 2004). Indeed, EMF are more abundant during late 
stages of decomposition, in the lower part of the humus layer (Bending 
and Read, 1995; Lindahl et al., 2007; Rosling et al., 2003), which is also 
where the soil C stock is most responsive to N enrichment (Blaško et al., 
2022; Forsmark et al., 2020a; Maaroufi et al., 2015), but the role of EMF 
in decomposition remains elusive. Firstly, EMF have been suggested to 
be major drivers of decomposition (Kyaschenko et al., 2017b; Lindahl 
et al., 2021; Stendahl et al., 2017), and the reduced allocation of C to 
EMF for N acquisition may therefore lead to decreased decomposition 
(Chen et al., 2014; Craine et al., 2007; Moorhead and Sinsabaugh, 2006; 
Talbot et al., 2008). On the contrary, organic N acquisition via EMF may 
inhibit decomposition by reducing soil N concentrations below the de-
mand threshold for saprotrophic microbes, i.e. the so-called Gadgil ef-
fect (Fernandez and Kennedy, 2016; Gadgil and Gadgil, 1975; Gadgil 
and Gadgil, 1971; Orwin et al., 2011), and a weakening of that inter-
action due to N enrichment would thereby lead to increased decompo-
sition. To shed light on these mechanisms, further data are needed on 
how changes in microbial community composition correspond with 
changes in extracellular enzyme activity. 

To address this knowledge gap, we utilized a long-term experimental 
set up in a boreal Norway spruce forest (Table S1-S2), where N has been 
added annually for 20 years at a low (12.5 kg N ha− 1 yr− 1) and high (50 
kg N ha− 1 yr− 1) rate to simulate upper level N deposition rates in the 
boreal region and in Europe, respectively (Gundale et al., 2011). Using 
this experiment, we previously reported that N addition caused soil C 
stocks in the humus layer to increase, while soil respiration and soil 
microbial biomass decreased (Maaroufi et al., 2015). Furthermore, our 
previous work has suggested that enhanced C accumulation in response 
to N has to be at least partly driven by changes in microbial activity, as 
litter decomposition has been shown to be reduced in N treated plots 
(Forsmark et al., 2020b; Maaroufi et al., 2017). Therefore, to better 
understand why N has this impact on the soil C cycle, we focused on 
describing the microbial community composition, using a combination 
of broad community profiling via phospholipid fatty acids (PLFA) 
analysis, ergosterol measurements, as well as fungal DNA sequencing for 
in-depth analysis of fungal taxa down to the level of species. Addition-
ally, the activities of C, N, and P acquiring enzymes and oxidative en-
zymes were measured to establish the relationships between fungal 
community composition and soil enzyme activities. Because trees allo-
cate more C to their root systems at the end of the growing season 
(Högberg et al., 2010; Kaiser et al., 2010), we sampled during summer 
and early autumn to capture potential seasonal variation in community 
composition and enzyme functioning. First, we hypothesized that the 
addition of N would change the microbial community through a 
decrease in the abundance of ectomycorrhizal decomposers previously 
reported to be involved in organic N uptake from lignified soil organic 
matter, including Cortinarius (Bödeker et al., 2014) and Piloderma (Lil-
leskov et al., 2011), whereas Tylospora and Russula species would in-
crease (Kyaschenko et al., 2017a; Marupakula et al., 2021; Wallander 
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et al., 2010). Secondly, we hypothesized that the shifts in microbial 
community composition would correspond with a shift in enzyme ac-
tivities, and specifically by reduced activity of N acquiring and oxidative 
enzymes that are known to decompose organic matter, while causing an 
increase in P acquiring enzymes. 

2. Materials and methods 

2.1. Experimental design 

We used an N addition experiment in an area in northern Sweden 
(64◦14 N, 19◦46E) with low ambient N deposition (<2 kg N ha− 1 yr− 1). 
The experiment was established as a randomized complete block design 
in 1996 in a Norway spruce (Picea abies (L.) Karst) dominated forest 
naturally regenerated at the beginning of the 20th century (From et al., 
2016). The experiment consists of control, low and high N addition rate 
plots. The low N addition rate at 12.5 kg N ha− 1 yr− 1 (hereafter referred 
to as the 12.5 N treatment) corresponds to upper N deposition rates in 
the boreal region (Gundale et al., 2011; SMHI, 2019), whereas the high 
N addition rate at 50 kg N ha− 1 yr− 1 (hereafter referred to as the 50 N 
treatment) is representative of high level N deposition rates in central 
Europe, as well as regions of north America and China (Liu et al., 2013) 
and also serves as a useful comparison to other N addition experiments 
(Hyvönen et al., 2008). The experiment consists of plots ranging in size 
from 1 to 2500 m2, arranged in blocks, with each N addition rate and 
plot size replicated 6 times. Here, we utilized plots at 1000 m2 and 2500 
m2 size to reach a total replication of 12 plots per N addition rate. Ni-
trogen has been added annually since 1996 as solid ammonium-nitrate 
granules directly after snowmelt, which usually occurs by the end of 
May. This makes it the longest running large plot experiment with N 
addition treatments simulating the entire range of N deposition rates 
observed in the boreal zone. 

2.2. Soil and fine-root sampling 

The organic layer under the intact litter and down to the mineral soil 
was sampled in summer and autumn 2016. The two time points were 
chosen to represent distinct states in the seasonal development of the 
canopy, which influences the transfer of C and N between canopy and 
roots (Högberg et al., 2010; Kaiser et al., 2010). The summer sampling 
was done one week after the solstice (June 28–July 1), which corre-
sponds to a time of the year with maximum light availability, shoot 
growth, and a phase of N depletion and accumulation of carbohydrates 
in photosynthesizing tissues (Linder, 1995). The autumn sampling was 
done around the equinox (20–27 September) at a time when both N and 
carbohydrates are depleted in the canopy (Linder, 1995) and when the 
activity in the root-zone peaks (Hasselquist et al., 2012; Högberg et al., 
2001) and soil respiration is high (Maaroufi et al., 2015). While the soil 
temperature was similar between the summer and autumn sampling (9.7 
versus 9.4 ◦C), the daytime air temperature was 15.4 ◦C in the summer 
sampling, and the autumn sampling was done after the first frost, with 
daytime temperatures of 12.8 ◦C (ICOS, 2023). 

At both sampling occasions, the entire organic layer between the 
intact litter layer down to the mineral soil was collected with a sharp 22 
mm soil corer at 30 locations within each plot, each spaced at least 2 m 
apart to ensure an appropriate coverage of the spatial variation in the 
fungal community (Dahlberg et al., 1997). All 30 cores from each plot 
were pooled to create one composite sample per plot and kept cool with 
ice during collection, and then were weighed and sieved (2 mm) to 
separate roots and humus within 1 h of collection. The sieved humus was 
homogenized, and then separated into two sub-samples per plot. The 
first subsample (approximately 10 g) was freeze-dried and used to 
determine gravimetric moisture content, and then was ground to a fine 
powder on a roller mill (Stuiver et al., 2015) for measurements of total C, 
N, and P, phospholipid fatty acids (PLFA), and DNA extraction as 
described below. The second sub-sample was kept frozen and used to 

measure the activity of a selection of enzymes, also described below. 
Roots that were isolated during sieving were further hand sorted to 
exclude ericaceous rhizomes, and vital living Norway spruce fine-roots 
(< 2 mm diameter), including associated fungal mycelium, were 
selected for DNA extraction. 

During collection and sorting, all equipment was cleaned thoroughly 
with 70 % ethanol between samples and then stored on ice at 4 ◦C during 
the sampling day, and frozen for long-term storage the same evening. 
The fine-roots were cleaned according to a protocol developed by Gottel 
et al. (2011) and modified by Gundale et al. (2016). Briefly, the roots 
were repeatedly (5 times) vigorously shaken and rinsed in distilled 
water alone, then shaken and rinsed in a solution of 0.05 % Tween 20 
detergent, rinsed again in distilled water, and then surface-sterilized for 
2 min in a 0.27 % NaOCl solution. Roots were then washed 10 times in 
distilled water and then frozen, freeze-dried, and ground to a fine 
powder for DNA extractions. In total, 72 samples were collected in the 
field (3 N treatments, 2 seasons, 12 replicates) and split into soil and 
roots for DNA sequencing, yielding a total of 144 samples for DNA 
sequencing. 

2.3. Phospholipid fatty acid and ergosterol analysis 

We used a combination of analyses of phospholipid fatty acids 
(PLFA) and ergosterol on the freeze-dried samples to profile the micro-
bial community broadly, and to represent microbial biomass. Lipids 
were extracted from approximately 1 g soil using the Bligh and Dyer 
method (Bligh and Dyer, 1959; McIntosh et al., 2012; White et al., 1979) 
and the abundance of individual PLFA’s was measured on a gas chro-
matograph (Perkin-Elmer Clarus 500, Mundelein, Illinois, USA) coupled 
to a flame ionization detector (Waltham, MA, USA) at the Swedish 
University of Agriculture, SLU Umeå. A total of 28 PLFA markers were 
identified and described using standard nomenclature, and classified 
according to previous work in this study system (Maaroufi et al., 2015). 
The sum of all PLFA markers were used as a measure of total microbial 
biomass, and i-15:0, a-15:0, 15:0, i-16:0, 16:1ω9, 16:1ω7, 16:0, i-17:0, 
cy-17:0, a-17:0, 18:1ω7, and cy-19:0 represented the total bacterial 
biomass (Frostegård and Bååth, 1996). The branched PLFAs i-15:0, a- 
15:0, i-16:0, i-17:0, and a-17:0 represented gram-positive bacteria 
(Wardle et al., 2013), whereas 10me16:0, 10me17:0, and 10me18:0 
were used to estimate actinobacteria, and cy-17:0, cy-19:0, and 18:1ω7 
represented gram-negative bacteria. PLFA 18:2ɷ6 alone represented 
fungi (Frostegård et al., 2011; Maaroufi et al., 2019). Absolute abun-
dances were expressed in moles per gram soil C. 

Free ergosterol was measured in addition to PLFA as a general fungal 
biomarker intended to represent living biomass (Clemmensen et al., 
2013) as a complementary measure of soil fungal biomass. Ergosterol 
was extracted from 35 mg of the dried soil by vigorously shaking the 
samples in 0.25 ml MeOH (99.8 %), and the extract cleaned by centri-
fugation and filtration (45 μm). The extract was injected in MeOH 
(isocratic) at a flow rate of 1.5 ml min− 1 on a Shimadzu prominence 
HPLC and separated on a reverse-phase column (Ascentis® Express C18, 
2.7 μm). After 3 min, ergosterol concentrations were detected with an 
optical-ultraviolet detector (SPD-20 A UV/VIS). 

2.4. DNA extraction and sequencing 

Nucleic acids were extracted from 0.25 g of dried powdered humus 
samples using the PowerSoil DNA Isolation Kit (MoBio Laboratories, 
Carlsbad, CA, USA), following the manufacturer’s instructions. DNA was 
extracted from 50 mg of freeze-dried fine-roots by first extracting and 
purifying in 2 % CTAB/SDS, chloroform, isopropanol and ethanol, as per 
Gundale et al. (2016), re-suspended in 200 ml Tris and EDTA (TE) 
buffer, and further purified using a Nucleospin gDNA clean up kit 
(Machery-Nagel, Düren, Germany). 

DNA from the ITS2 region of the internal transcribed spacer (ITS) 
was amplified with the fungi-specific primers ITS7g (Ihrmark et al., 
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2012) and ITS4 (Gardes and Bruns, 1993) which included adapter se-
quences for Illumina sequencing, and was subjected to a second 8-cycle 
amplification to attach Nextera (Illumina Inc., San Diego, CA, USA) 
sample barcodes. Equimolar amounts of DNA from each sample were 
pooled and submitted for Illumina sequencing with paired-end (325 bp 
forward; 275 bp reverse) sequencing on a MiSeq sequenator using the 
MiSeq Reagent Kit v3 chemistry (Illumina Inc., San Diego, CA, USA) at 
the Next-generation sequencing facility at Lund University, Lund, 
Sweden. 

2.5. Bioinformatics 

DNA sequences obtained from Illumina sequencing were trimmed 
and filtered using Mothur v1.34 (Schloss et al., 2009), clustered using 
the Gaussian mixture model clustering algorithm CROP (Hao et al., 
2011) at 97 % sequence similarity, thus yielding operational taxonomic 
units (OTUs). All non-fungal and chimeric sequences were removed and 
sequences were trimmed to include only the ITS2 region using ITSx 
extractor v1.5.0 (Bengtsson-Palme et al., 2013). The taxonomic identity 
was then assigned to the set of clustered sequences by searching the Full 
“UNITE+INSD” (Koljalg et al., 2005; Koljalg et al., 2013) dataset 
(673,903 seqs, release date 2016-11-20) using the Basic Local Alignment 
Tool (BLASTN program 2.2.25, blast.ncbi.nlm.nih.gov). Sequences that 
were 96 % similar to the query sequence and top hit, with at least 80 % 
coverage of the query sequence length, were assigned to a taxonomic 
identity with genus and species. Sequences with values of 94–95 % 
similarity between the query sequence and top hit were assigned a 
taxonomic identity at the genus level only. All OTU’s representing <10 
total reads or occurring in only one sample were excluded. Rarefaction 
was performed to 31,000 reads per sample. 

The ecological guild (i.e. ectomycorrhizal or non-ectomycorrhizal) of 
all taxa for which genera could be assigned was classified with the 
assistance of the database tool FunGUILD (Nguyen et al., 2016). Guild 
classifications were accepted, when assigned a confidence ranking of 
Highly Probable or Probable. EMF species identity was further verified 
based on the most recent knowledge of the ecology of known close 
relatives (genera or species) and according to Tedersoo et al. (2010). 
Read abundances for all OTUs for each sample were summed and the 
abundance of each OTU expressed as the relative abundance per sample. 
A matrix containing the rarefied relative abundance of each OTU per 
sample was then used to analyze differences in community composition. 
Before further analyses, 1 humus sample with very low OTU abundance 
and dominance of two species of Malassizia was removed, which gave a 
complete humus dataset with 71 samples and 1051 species OTUs. 

2.6. Enzyme activities 

The potential activity of selected enzymes originating from the soil 
microbiome was measured on the frozen soil according to methods in 
Allison (2012), that is based on methods presented by Saiya-Cork et al. 
(2002), and modified according to Baldrian (2009). Shortly, we used 4- 
methylumbelliferyl (MUB) labeled β-D-glucopyranoside, β-D-cellobio-
side, β-D-xylopyranoside, N-acetyl-β-D-glucosaminide, and phosphate to 
measure the activity of glucosidase (β-1.4-glucosidase, EC 3.2.1.21), 
endoglucanase (EC 3.2.1.4), xylosidase (β-1.4-xylosidase, EC 3.2.1.37), 
chitinase (β-1.4-N-acetylglucosaminidase, EC 3.2.1.52), and phospha-
tase (acid-phosphatase, EC 3.1.3.2) respectively, and 7-amido-4-methyl-
coumarin (AMC) labeled leucine for peptidase (leucine aminopeptidase, 
EC 3.4.11.1). 140 ml sodium acetate buffer (50 μM, pH 5.0) was added 
to 0.5 g soil. The sample was shaken for 20 min and loaded on a 96 well 
plate with 50 μl labeled substrate. The plate was incubated in darkness at 
room temperature for 10 min (t = 0) and fluorescence was measured 
with MUB after 60 min and for AMC after 20 h. 

The activity of the peroxidase (Manganese(II)-peroxidase, EC 
1.11.1.13) and laccase (EC 1.10.3.2) was measured as the buildup of the 
product of oxidized 3-methyl-2-benzothiazolinone hydrazone 

hydrochloride (MBTH) and 3-dimethylaminobenzoic acid (DMAB) for 
peroxidase and oxidation product of 2,2′-azino-bis-3-ethylbenzothiazo-
line-6-sulphonic acid (ABTS) for laccase. Namely, 1 g soil was added to 
12 ml Milli-Q water and shaken for 30 min. The samples were centri-
fuged at 9000 ×g for 10 min and the supernatant was frozen at − 20 ◦C 
for subsequent analyses. The reaction buffer for peroxidase consisted of 
1 ml Manganese (II) sulphate solution (1 mM), 0.5 ml DMAB solution in 
EtOH (50 mM) and 0.5 ml MBTH solution (1 mM) in 5 ml Succinate- 
lactate buffer (pH 4.5, 100 mM), whereas 1 ml EDTA (2 mM) 
substituted the Manganese (II) sulphate in the reaction buffer without 
Mn(II)sulphate (to account for background substrate oxidation). To each 
well on the 96 well plate 10 μl 1 mM H2O2, 140 μl reaction buffer and 50 
μl of the extract were added and absorbance was measured every 5 min 
at 590 nm for 60 min. For laccase, 160 μl 100 mM sodium-acetate buffer 
(pH 5), 20 μl 50 mM ABTS and 20 μl sample were added to each well and 
the absorbance was measured at 420 nm every 10 min for 2 h. 

All enzyme activities were estimated by regressing fluorescence or 
absorbance against time and were standardized to the amount of C in 
each sample to reduce the random variation caused by intermixing 
heavy mineral particles. Thus, the standardized measure is the potential 
enzyme activity in a completely organic sample. The activities of 
glucosidase, endoglucanase, and xylosidase were considered indicative 
of C acquisition, phosphatase of phosphorous acquisition, chitinase and 
peptidase of organic N acquisition, whereas peroxidase and laccase 
indicated oxidative decomposition potential. All measurements were 
made in humus samples derived after removing roots by sieving, hence 
all enzyme activity are related to the microbiome and not to processes 
occurring within plant biomass. 

2.7. Statistical analyses 

Linear mixed effects models were used to assess the effects of N (df =
2) and season (df = 1) and their interaction (df = 2) on the element 
ratios and pH, and measurements on the microbial community, 
including abundance of aggregated PLFA functional groups, and their 
ratios, free ergosterol, and the relative abundance of aggregated taxo-
nomic or functional groups of the fungal community, and on the po-
tential enzyme activities. Block (n = 12) was included as a random factor 
in the model and Tukey’s honestly significant difference (HSD) test was 
used for post hoc. 

Variation in the fungal community composition was explored with a 
combination of unconstrained and constrained ordinations (Oksanen, 
2015), and multivariate analysis of variances on Bray-Curtis dissimi-
larity matrices. Detrended correspondence analyses (DCA) was applied 
to identify major gradients in the community and to visualize the rela-
tive contribution of sample type (humus vs. root), N addition rate, and 
season to variations in the fungal community composition. Canonical 
analysis of principal coordinates (CAP) was used to specifically target 
variations in community composition due to N and season. The direct 
and interactive effects of N and season on the location of fungal com-
munities in multivariate space was tested separately for humus and roots 
using permutational multivariate analysis of variance (PERMANOVA), 
with block (n = 12) included as a random factor. An additional 
permutational test for homogeneity of multivariate dispersion was used 
to verify that differences were due to location, rather than differences in 
dispersion. Finally, for all significant effects identified with PERMA-
NOVA, we followed up with additional ‘contribution of variables to 
similarity’ (SIMPER) analysis to identify which fungal OTUs contributed 
most to the similarity within groups and differences between groups. 
The correlation between selected responsive OTU’s in humus samples 
from SIMPER analysis and enzyme activities as well as between 
responsive OTU’s and microbial traits were calculated using Spearman’s 
correlation. Only humus samples were used in this analysis as it is 
assumed that extracellular enzyme activities are responding to the soil 
environment and not root conditions. All statistics and graphs connected 
to sequencing were produced in R using phyloseq (McMurdie and 
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Holmes, 2013) and vegan packages (Dixon, 2003). 

3. Results 

3.1. Phospholipid fatty acid and ergosterol analysis 

Based on PERMANOVA on all PLFA markers, microbial community 
composition in the humus differed significantly between N addition 
treatments (Table 1). The 50 N treatment markedly decreased the total 
PLFA by 25 % (Fig. 1A, Table 2), which was heavily influenced by a 37.5 
% decrease in fungal (Fig. 1G) and a 27.1 % decrease in gram-negative 
bacterial (Fig. 1E) PLFA’s. Gram-positive bacteria PLFA’s (Fig. 1D) 
decreased less, and actinobacterial PLFA’s (Fig. 1C) remained relatively 
unchanged, which led to an increase in the ratio between gram-positive 
and gram-negative bacteria (Fig. 1F). However, the total bacterial 
PLFA’s were still lower in 50 N treatment overall (Fig. 1B) and the 
decrease in fungal PLFA’s was bigger compared to bacterial PLFA’s 
(Fig. 1I). The 12.5 N treatment did not differ significantly compared to 
the control in any of the PLFA markers measured (Fig. 1). In contrast to 
the fungal PLFA marker 18:2ɷ6, ergosterol increased by 30.2 % in the 
50 N treatment (Fig. 1H) but was not significantly higher than the 
control in 12.5 N treatment. Season had a relatively minor effect on 
PLFA’s and ergosterol (Table 2), although fungal PLFA tended to be 
higher (p = 0.059) in the autumn. No significant interactions between N 
and season were detected in the PLFA or ergosterol measurements 
(Table 2). 

3.2. Fungal community 

After all filtering steps, clustering, and rarefaction, sequencing 
generated 4,397,997 sequences belonging to 1051 operational taxo-
nomic units (OTU’s). Of these, 610 were present in both humus and root 
samples, 433 exclusively in the humus samples, and 8 OTU’s exclusively 
in the root samples (Fig. S1A). Additionally, 1011 OTU’s were shared 
between the seasons, 29 were unique for summer and 11 to autumn 
sampling (Fig. S1B). Regarding N treatment, 875 OTU’s were shared 
between the three treatments, 12 were only found in 0 N, 6 in 12.5 N and 
15 in 50 N treatment (Fig. S1C). Of the 1051 OTU’s, 816 (representing 
90 % of all sequence reads) were assignable to ecological guild; 295 
OTU’s, comprising 55 % of all sequence reads were classified as ecto-
mycorrhizal (54 % of humus sequences, 57 % of root sequences), and 51 
OTU’s, comprising 33 % of all sequence reads were classified as ericoid 
fungi (22 % of humus sequences, 46 % of root sequences). The fungal 
community differed significantly between N treatments for both the 
humus and root community (PERMANOVA p < 0.001, Table 2). Dif-
ferences in community composition between humus and roots contrib-
uted most of the variation in the combined fungal community, 
explaining 52.4 % of the variation (Fig. S2). CAP analysis constrained 
with N treatment and the PERMANOVA show that the fungal commu-
nity composition in both humus and roots was significantly different in 
the 50 N treatment from the 0 N and the 12.5 N treatment (Fig. 2). 

The humus community had a clear dominance of ascomycetes over 
basidiomycetes in the summer (57 % versus 40 %), shifting to become 
more evenly distributed in the autumn (46 % versus 51 %). The humus 
community was significantly affected by the N treatment based on 
PERMANOVA (Table 1). Among Agaricomycetes which alone consti-
tuted 33 % of the fungal community, and 73 % of the basidiomycetes, 
mixed responses to N at species level were observed. Specifically, EMF 
forming genera Russula and Tylospora increased with N addition 
(nitrophilic) based on linear mixed effects model (Table 2). Different 
OTU’s within Russula responded in different directions (data not 
shown), notably, Russula vinosa was one of the most nitrophobic, 
whereas Russula griseascens was one of the most nitrophilic of all OTU’s. 
The EMF genus Cortinarius sp. accounted for a large fraction of the OTUs 
(101 out of the total 1051 OTU’s), and accounted for 12.4 % of all reads 
in the control treatment. At the genera level, Cortinarius were consis-
tently nitrophobic as their relative abundance decreased by 45 % with N 
addition, a decline that was primarily driven by Cortinarius caperatus 
even though several OTU’s at lower abundance were more strongly 
negatively correlated to the N treatments, most notably Cortinarius 
alpinus, Cortinarius brunneifolius, and Cortinarius acutus. The relative 
abundance of Tylospora, belonging to Atheliaceae, doubled in the 50 N 
treatment compared to the control. However, different Piloderma spe-
cies, also belonging to Atheliaceae, usually declined with N treatment 
and Piloderma bicolor was among the most nitrophobic OTUs. 

Using SIMPER analysis, the responsive fungal species were identified 
that contributed the most to dissimilarity between 0 N and 50 N samples 
(Table S3). Among the responsive species that cumulatively contributed 
to 30 % difference between N treatments, N increased the abundance of 
Tylospora fibrillosa, Piloderma byssinum and Russula griseascens, while 
Oidiodendron pilicola, Cenococcum geophilum, Piloderma sphaerosporum 
and Cortinarius caperatus decreased (Fig. 3A). Based on PERMANOVA 
analysis, the humus community also changed significantly over the 
season (Table 1), with the basidiomycetes Tylospora fibrillosa, Cortinarius 
caperatus, and Piloderma sphaerosporum increasing, and the ascomycetes 
Oidiodendron pilicola, Cenococcum geophilum, and Pezoloma ericae 
decreasing in the autumn (Table S4). 

The root community was significantly different due to N treatment 
according to PERMANOVA (Table 2). SIMPER analysis identified taxa 
that contributed most to the differences between the 0 N and 50 N 
treatments (Table S5). For roots, the most responsive species that 
contributed to 40 % cumulative contribution of differences, N addition 
led to higher abundance of Phialocephala fortinii, Piloderma byssinum, 
Piloderma ericae, and Meliniomyces variabilis, and lower of Meliniomyces 
bicolor, Piloderma sphaerosporum and Cenococcum geophilum (Fig. 3B). 
Using PERMANOVA, season had no significant effect on the root com-
munity (Table 2), however based on SIMPER analysis the abundance of 
Meliniomyces variabilis and Piloderma byssinum increased in autumn, 
while abundance of Leullia sp., Cenococcum geophilum and Piloderma 
sphaerosporum decreased (Table S6). 

Table 1 
The effect of nitrogen treatment (0, 12.5, and 50 kg N ha− 1 yr− 1 

× 20 years), season (summer vs. autumn), and their interaction on PLFA and sequenced microbial 
community composition assessed with permutational (9999) analysis of variances (PERMANOVA) testing the null-hypothesis that the community composition has the 
same centroid in multivariate space. The variation within groups did not differ significantly according to permutational test for homogeneity of multivariate dispersion 
(data not shown).   

Nitrogen treatment Season Nitrogen × season 

Pseudo F-value p-Value Pseudo F-value p-Value Pseudo F-value p-Value 

PLFA       
Humus  21.428  0.001  1.642  0.188  0.138  0.976 

Fungal community       
Total  7.075  0.001  0.956  0.364  0.462  0.923 
Humus  7.373  0.001  1.799  0.020  0.612  0.879 
Root  7.791  0.001  1.106  0.203  0.821  0.511 

Significant effects (p<0.05) are highlighted in bold font. 
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3.3. Enzyme activity 

The highest N addition rate (50 N) increased the activity of endo-
glucanase and xylosidase (β-1.4-xylosidase), decreased the activity of 
peptidase (Leucine aminopeptidase) and peroxidase (Manganese(II)- 
peroxidase), and nearly significantly (p < 0.06) decreased chitinase 
(β-1.4-N-acetylglucosaminidase), whereas glucosidase (β-1.4-glucosi-
dase), phosphatase (acid-phosphatase), and laccase were unaffected 
(Fig. 4, Table 3). No significant differences in enzyme activities were 
detected between the control and the 12.5 N treatment (Fig. 4). The 
enzyme activity was higher in the autumn for glucosidase and peptidase, 
whereas the activity of phosphatase, xylosidase, chitinase, endogluca-
nase, peroxidase, and laccase remained constant (Fig. 4, Table 3). No 
interactions between N and season were detected (Table 3). 

3.4. Associations between enzyme activities and humus fungal 
communities 

Looking at association between enzyme activities and fungal species 
most responsive to N addition based on SIMPER analysis (Fig. 5), laccase 

was positively correlated with Tylospora fibrillosa, Apiotrichum xylopini 
and Russula griseascens and negatively with Helotiales sp. and Piloderma 
sphaerosporum. Peroxidase was positively correlated with Oidiodendron 
pilicola and Helotiales sp. and negatively with Pezoloma ericae (Fig. 5). 
Both chitinase and peptidase were positively correlated with Piloderma 
bicolor and peptidase was negatively correlated with Pezoloma ericae 
(Fig. 5). Phosphatase was negatively correlated with Pezoloma ericae 
(Fig. 5). Cortinarius caperatus was not significantly correlated with 
oxidative enzymes in our study (Fig. 5). In general, fungal species more 
abundant after N addition were positively correlated with C and P 
acquiring enzymes and laccase, while negatively with N acquiring en-
zymes (Fig. 5). Contrasting, fungal species declining with added N were 
positively correlated with N acquiring enzymes and peroxidase and 
mostly negatively with laccase, phosphatase and C acquiring enzymes 
(Fig. 5). 

4. Discussion 

The main aim of this study was to investigate a key mechanism by 
which N deposition enhances soil C accumulation in boreal forest, which 

Fig. 1. Composition of the microbial community in the organic layer of a boreal forest soil sampled during summer (triangle shape) and autumn (circle shape) after 
20 years of annual nitrogen addition at three levels (0, 12.5, and 50 kg N ha− 1 yr− 1) based on phospholipid fatty acid (PLFA) markers and free ergosterol analysis. 
Black circles represent the means and the error bars represent standard deviation, the N treatment p-values are linear mixed effects models values (Table 1) and 
different letters represent a statistically significant difference based on Tukey’s HSD. 
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we described in a previous study at this experimental site (Maaroufi 
et al., 2015). Specifically, we focused on the effect of N enrichment on 
microbial community composition and their associated enzyme activ-
ities using a long-term (20 years) N addition experiment. Such data are 
needed to explain the reduction in soil respiration and decomposition, 
and increase in soil C stocks that are frequently reported in boreal forests 
in response to external N enrichment (Blaško et al., 2022; de Vries et al., 
2014; Forsmark et al., 2020a; Hyvönen et al., 2008; Janssens et al., 
2010; Knorr et al., 2005). 

Consistent with our first hypothesis, we found a clear shift in the 
microbial community composition based on PLFA and ergosterol data 
(Fig. 1, Tables 1 and 2). Similar to previous studies in the same exper-
imental plots (Maaroufi et al., 2015), and a similar experiment in a Scots 
pine forest (Maaroufi et al., 2019), we found a clear decrease of 25 % in 
total PLFA between the control and 50 N treatment, but not between 
control and 12.5 N treatment. This effect was mainly driven by a 
decrease in fungal and gram-negative bacterial PLFA’s, whereas the 
abundance of gram-positive bacterial and actinobacterial PLFA’s were 
generally tolerant to changes in N, and in some cases even increased. 
Nitrogen addition significantly decreased fungal PLFA marker 18:2ɷ6 in 
the 50 N treatment but had no significant effect in the 12.5 N treatment 
(Fig. 1, Table 2). A reduction in fungal abundance is consistent with 
many studies (Fog, 1988; Janssens et al., 2010; Treseder, 2008) and it 
has been linked to reductions in EMF mycelial growth (Nilsson and 
Wallander, 2003). The abundance of this marker also showed a nearly 
significant (p < 0.06) increase by 14 %, from summer to autumn sam-
pling which corresponds to a time of the year when the allocation of C 
below-ground is high (Högberg et al., 2010). Our second biomarker for 
fungal abundance, ergosterol, indicated a contrasting response, as this 
marker increased with N addition in the 50 N treatment, and was equally 
abundant in summer and autumn. Similar discrepancies between the 
two markers have been previously reported in boreal forests (Blaško 
et al., 2022; Kyaschenko et al., 2017b). Fungal biomass is a major pool of 
organic N in boreal forests, and as ergosterol is a relatively more 
persistent biomarker than PLFA, it may accumulate to a greater degree 

in soils when decomposition is disrupted, or other ecosystem perturba-
tions occur (Clemmensen et al., 2013; Högberg, 2006; Zhao et al., 2005). 
For example, reductions in use of N from dead fungal necromass in 
response to N addition could be contributing to differences in the 
abundance of these two markers. Thus, the reduction in PLFA marker 
18:2ɷ6 and accumulation of ergosterol due to N addition is likely caused 
by PLFA responding more strongly to a reduction in standing fungal 
biomass, whereas the relatively more stable ergosterol is likely 
responding more to the reduction in decomposition of dead fungal 
biomass. 

DNA sequence data enabled a detailed analysis of the shifts in the 
fungal community composition of both humus and roots (Table 2, 
Fig. 2). Consistent with our hypothesis, predicting a shift from a domi-
nance of Cortinarius and Piloderma to Tylospora and Russula, we found 
that the relative abundance of Cortinarius and Piloderma was 35 % and 
45 % lower, respectively, in the humus samples in the 50 N treatment 
compared to the control. Considering that these genera together 
comprised one quarter of the fungal reads in the autumn, the decrease in 
these genera is likely to have contributed substantially to the reduction 
in the fungal PLFA marker 18:2ɷ6 we observed in response to N. 
Additionally, as hypothesized, the EMF genera Russula and Tylospora 
increased with N addition. These responses are not unique to our study 
system but seems to be a common response to increased availability of 
inorganic N (Haas et al., 2018; Jörgensen et al., 2021; Marupakula et al., 
2021), and the adaptations of these taxa and the activation of specific 
EMF under different levels of N availability is likely to play a key role in 
both nutrient acquisition and C cycling. Taken together, our character-
ization of the fungal community revealed that the N addition not only 
reduced the total abundance of PLFA marker 18:2ɷ6 but also strongly 
restructured the fungal community from a dominance of EMF taxa 
known to be involved in organic N cycling towards taxa without the 
capacity to grow on organic N sources (Lilleskov et al., 2019). 

For our second hypothesis, we predicted that changes in microbial 
community composition would correspond with shifts in soil enzyme 
activities. Particularly by decreasing activity of enzymes involved in 
organic N uptake and lignin decomposition after N addition, and 
increasing activity of P acquisition. Consistent with our hypothesis, the 
highest N addition rate markedly decreased the activity of peptidases 
and peroxidase, and nearly significantly decreased the activity of chiti-
nase (Fig. 4). This decreased activity between control and 50 N for the N 
acquiring enzymes, peptidase and chitinase, indicates a reduction in the 
breakdown of microbial necromass. This decrease can indicate some 
combination of down-regulation of resorption of N in microbial necro-
mass when the supply of mineral N is high, and that microbial biomass 
or necromass is less abundant. Based on the correlation analysis (Fig. 5), 
chitinase and peptidase were positively correlated with fungal species 
whose abundance decreased with N addition. This indicates that a 
reduction in abundance of species like Cortinarius and Piloderma, which 
are known for organic N acquisition (Lilleskov et al., 2011), is probably 
connected to the observed decrease in activity of N acquiring enzymes. 
The phosphatase activity, which we hypothesized to increase due to 
induced relative demand for P (Almeida et al., 2019; Vitousek et al., 
2010), did not change after N addition. This observation corroborates 
the view that anthropogenic N deposition is unlikely to induce P limi-
tations in boreal forests on minerogenic parent material (Forsmark et al., 
2020b). 

Mn-peroxidase plays a major role in mineralization of complex 
compounds such as lignin and other phenolics (Baldrian and Stursova, 
2011; Sinsabaugh, 2010), and has been proposed as a mechanism to 
mineralize N when N is predominantly bound in recalcitrant organic 
matter (Bödeker et al., 2014). The observed decrease in its activity due 
to higher N availability observed in this and other studies (Moore et al., 
2021), is likely to contribute to the decline in soil CO2 efflux reported in 
this experiment (Maaroufi et al., 2015), and many others (Blaško et al., 
2022; Forsmark et al., 2020a; Janssens et al., 2010), by decreasing 
extracellular oxidation of C, in addition to potential decreases in cellular 

Table 2 
The effect of nitrogen treatment (0, 12.5, and 50 kg N ha− 1 yr− 1 × 20 years), 
season (summer vs. autumn), and their interaction on aggregated microbial 
markers in the organic soil layer based on either Bligh & Dyer PLFA or ergosterol 
analysis, or the relative abundance of selected groups in the sequenced fungal 
community, assessed by linear mixed effects models with block (n = 12) as 
random factor.   

Nitrogen 
treatment 

Season Nitrogen ×
season 

F- 
value 

p- 
Value 

F- 
value 

p- 
Value 

F- 
value 

p- 
Value 

Free ergosterol  8.116  0.001  1.703  0.197  0.533  0.590 
PLFA       

Total  19.288  0.001  1.684  0.200  0.395  0.676 
Fungi  18.884  0.001  3.719  0.059  0.215  0.807 
Fungi:bacteria  6.731  0.002  2.412  0.126  0.132  0.877 
Total bacteria  16.324  0.001  1.293  0.260  0.520  0.597 
Gram positive (GP)  4.954  0.011  1.455  0.233  0.936  0.398 
Gram negative 
(GN)  

16.248  0.001  0.584  0.448  0.176  0.839 

GP:GN  24.415  0.001  0.251  0.618  1.020  0.367 
Actinobacteria  0.857  0.430  0.194  0.661  0.407  0.668 

Fungal community       
Basidiomycetes: 
Ascomycetes  

0.609  0.547  10.469  0.002  1.954  0.151 

Ascomycetes  0.137  0.872  29.733  0.001  2.577  0.082 
Basidiomycetes  0.154  0.858  28.895  0.001  2.602  0.083 
Agaricomycetes  0.169  0.845  14.850  0.001  1.153  0.323 
Russula  4.612  0.014  3.555  0.065  0.454  0.638 
Atheliaceae  3.446  0.039  10.321  0.002  0.279  0.758 
Cortinarius  9.914  0.001  8.414  0.005  1.281  0.286 
Ectomycorrhiza  0.925  0.402  12.117  0.001  0.806  0.452 

Significant effects (p<0.05) are highlighted in bold font. 

B. Forsmark et al.                                                                                                                                                                                                                               



Science of the Total Environment 918 (2024) 170741

8

respiration due to lower microbial biomass and higher C use efficiencies. 
Peroxidase, like other N acquiring enzymes, was positively correlated 
with fungal species that are less abundant in high N environments. 
Cortinarius caperatus, which has previously been reported to be corre-
lated with peroxidases (Bödeker et al., 2014; Lindahl et al., 2021), was 
not significantly correlated with peroxidase in our study, which could be 
due to site-specific differences. Laccase, which is an oxidative enzyme 

also responsible for lignin mineralization (Thurston, 1994), was unre-
sponsive to N addition and in contrast to peroxidase was positively 
correlated with fungal species that increased after N addition. However, 
laccases are known to have a wide range of substrates in addition to 
lignin (Thurston, 1994), which could potentially be the reason for the 
difference between the observed laccase and peroxidase activity. The 
fungal community shift with a decrease in fungal species known for 

Fig. 2. Canonical analysis of principal coordinates (CAP) of fungal communities in (A) humus and (B) fine-root constrained with nitrogen addition rate (0, 12.5, and 
50 kg N ha− 1 yr− 1 × 20 years) and season (summer (triangle shape) and autumn (circle shape)). Insert tables show percentage similarity in community composition 
within and between nitrogen treatments, with significant differences according to PERMANOVA in bold. 
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organic N acquisition corresponds with a general decrease in extracel-
lular catabolic activity associated with organic N uptake and this 
decrease likely reflects an increase in labile inorganic N supplied in the 
experimental treatments leading to reduced incentives to mine recalci-
trant organic matter for organic N. 

In addition to the general decrease in enzymes involved in degra-
dation and uptake of N in recalcitrant organic matter, N also enhanced 
the activity of hydrolytic enzymes involved in labile C uptake (Fig. 4). 
The abundance of labile C in soil organic matter is minor compared to 
the large pool of recalcitrant fractions, and the upregulation of these 
enzymes is not likely to lead to any significant soil C loss, compared to 
the oxidative enzymes that can destabilize lignin complexes. The 
response may, however, shed some light on the underlying mechanism 
driving C accumulation in response to N enrichment (de Vries et al., 
2014; Forsmark et al., 2020a; Maaroufi et al., 2015). Carbon acquiring 
enzymes, including glucosidase, endoglucanase and xylosidase were 
positively correlated with fungal species whose abundance increased 
after N addition, and negatively with species whose abundance 
decreased. Previous work in our study system has shown that N addition 

increases the production of plant biomass above and below ground 
(Forsmark et al., 2020a; From et al., 2016; Maaroufi et al., 2016), while 
reduces soil respiration (Forsmark et al., 2020a; Maaroufi et al., 2015) 
and decomposition (Forsmark et al., 2021; Maaroufi et al., 2016). In 
light of these previous studies, the upregulation of enzymes involved in 
the acquisition of labile C from soil organic matter appears to be linked 
to a major shift in C use in response to N enrichment, where less C is 
supplied to EMF and other microbes to stimulate depolymerization of 
soil organic matter for N acquisition (Allison et al., 2010; Janssens et al., 
2010; Soong et al., 2020), and more C is used to build biomass (Campioli 
et al., 2015; Forsmark et al., 2021; Moorhead and Sinsabaugh, 2006; 
Spohn et al., 2016), eventually entering the soil organic matter pool as 
root and microbial litter. 

5. Conclusions 

Our study has several implications for understanding the impact of N 
deposition on soil C stocks. Firstly, our study clearly shows that N 
deposition can drive large shifts in the soil fungal community and their 

Fig. 3. The relative abundance (%) of responsive fungal species based on SIMPER analysis in (A) humus (up to 30 % cumulative contribution to differences) and (B) 
fine-root (up to 40 % cumulative contribution to differences) samples collected during summer and autumn on plots with annual N addition at three rates (0, 12.5, 
and 50 kg N ha− 1 yr− 1). Species are listed by their contribution to differences based on SIMPER in increasing order, each value is the average of two sampling 
occasions and note that the y-axis is broken at 30 % cumulative read abundance. 
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associated enzyme activities. In our 20 year-long experimental simula-
tion of N deposition, these effects were most clearly pronounced for the 
high N addition treatment. For the low N addition treatment, corre-
sponding with upper N deposition rates in the boreal region, no effects 
were detected, suggesting that very high rates of N deposition are 
required to drive significant changes in soil functioning. Secondly, the 
response of the microbial community was predictable, as the turnover of 
the fungal community was associated with a shift from EMF taxa capable 
of growing on pure organic N sources to taxa without this capability in N 
enriched treatments. This shift was associated with down-regulation of 
enzymes involved in degradation of complex organic structures and the 

uptake of peptides, and up-regulation of enzymes involved in uptake of 
simple carbohydrates. Thirdly, our results are consistent with theoret-
ical modeling frameworks focusing on the energy demand of organic N 
uptake (Chen et al., 2014; Craine et al., 2007; Orwin et al., 2011), and on 
the role of element stoichiometry in regulating the loss of C through 
respiration (Chen et al., 2014; Liang et al., 2017; Luo et al., 2016). 
Understanding the mechanisms and functional aspects of anthropogenic 
N deposition effects on the changes in soil C stocks, which can have a 
strong effect on the global C cycle (Lal, 2005), is extremely important for 
a better understanding the effect of N supply on the global C cycle, 
especially considering a changing climate (Gruber and Galloway, 2008). 

Fig. 4. Interaction plot of potential enzyme activity across three levels of nitrogen addition (0, 12.5, and 50 kg N ha− 1 yr− 1 
× 20 years) at summer (triangle shape) 

and autumn (circle shape). Values are the natural logarithm of molar cleavage of enzyme specific substrates standardized to the amount of carbon in each sample 
(molar substrate cleavage h− 1 g C− 1). Black dots represent the mean and the error bars represents standard errors of the mean (n = 12), while the N treatment p- 
values are values from linear mixed effects models (Table 3) and different letters represent statistical difference based on Tukey’s HSD. 
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The agreement of the data from our detailed profiling of the microbial 
community composition and metabolism with these modeling frame-
works can therefore enable more precise predictions of the future soil C 
balance (Averill and Waring, 2017; Luo et al., 2016; Stocker et al., 2016; 
Terrer et al., 2021). 
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