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A B S T R A C T   

Understanding soil dynamics and nutrient cycling is crucial for the sustainable management of Japanese forests 
covering 70 % of the national land area. These forests are dominated by tree species with contrasting traits, 
influencing soil dynamics differently. We investigated how changes in soil characteristics across different forest 
stands shift in composition and functioning of fungal communities. Four different forest stands dominated by two 
different mycorrhizal types were selected: Fagus crenata and Larix kaempferi, representing ectomycorrhizal (ECM) 
types, and Cryptomeria japonica and Robinia pseudoacacia, representing arbuscular mycorrhizal (AM) types. In 
total, 62 composite topsoil samples from two depths were analyzed for their physicochemical properties and 
fungal communities were profiled by DNA sequencing. Ectomycorrhizal fungi dominated soils of Fagus crenata 
and Larix kaempferi forests, while fungal saprotrophs were more abundant in Cryptomeria japonica and Robinia 
pseudoacacia forests. Forest stand type rather than soil depth determined the composition and structure of soil 
fungal communities. Soil pH was positively correlated with abundances of saprotrophic fungi (P < 0.05) and 
negatively with ECM fungi. Soil C:N ratio was positively correlated, and nitrate was negatively correlated with 
relative abundances of root-associated fungi, primarily ECM fungi. No links between C nor N stocks with fungal 
guilds were found across the dataset. Observed links between soil C:N ratio and relative abundances of root- 
associated fungi and saprotrophs stress the importance of these guilds for influencing nutrient cycling econ-
omy across contrasting forest types. The lack of correlation between fungal communities and soil C and N stocks 
suggests distinct mechanisms driving stocks in these soils.   

1. Introduction 

Understanding the drivers that influence nutrient dynamics and 
carbon cycling in forest soils is crucial to elaborate efficient forest 
management policies aiming to keep the broadest range of ecosystem 
services. Nitrogen (N) and carbon (C) dynamics in forest soils are tightly 
linked to the activity of soil microorganisms, particularly soil fungi and 
bacteria (DeBellis et al., 2007; Hagenbo et al., 2022). Fungal saprotrophs 
decompose litter and transform organic matter into plant-available nu-
trients (Baldrian et al., 2011; Dighton, 2003), while mycorrhizal fungi 
provide physical protection against pathogens and facilitate access to 
soil nutrients by establishing symbiotic relationships with trees (Cair-
ney, 2012; Smith and Read, 2008; Cairney, 2012). Particularly, tree 

access to N bound in organic forms is tightly dependent on ectomycor-
rhizal or ericoid mycorrhizal fungi (Lilleskov et al., 2002; Smith and 
Read, 2008). By contrast, arbuscular mycorrhizal fungi have limited 
capability to access organic N (Smith and Read, 2008). Despite these 
differences in nutrient acquisition strategies among mycorrhizal fungi, 
we still lack knowledge of the mechanisms behind the links between the 
types of mycorrhiza and soil C and N cycling and stocks. 

Trees can be classified by the type of mycorrhizal fungi to which they 
associate, mainly arbuscular mycorrhizal (AM), ectomycorrhizal (ECM), 
or ericoid mycorrhizal (ERM) fungi (Smith and Read, 2008). These so- 
called mycorrhizal types have been shown to differently affect organic 
matter dynamics and soil characteristics in forest soils (Averill et al., 
2014; Phillips et al., 2013; Zhu et al., 2018). Across mycorrhizal types, 
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MANE (“mycorrhiza-associated nutrient economy”) framework predicts 
that soil organic N cycling prevails in ECM types, which are character-
ized by low nitrification rates and low inorganic N relative to organic N 
(Phillips et al., 2013). By contrast, soil inorganic N cycling and nitrifi-
cation processes dominate in AM types, which are typically dominated 
by saprotrophs and AM fungi (Lin et al., 2017; Phillips et al., 2013). 
Shifts from inorganic towards organic nitrogen cycling can often be 
reflected with increases in averaged soil C:N ratios (Averill et al., 2014; 
Phillips et al., 2013; Zhu et al., 2018) or depth-wise soil C:N ratios 
(Castaño et al., 2023; Clemmensen et al., 2021). Thus, in general, top-
soils under ECM types have higher C:N ratios than AM types (Averill 
et al., 2014; Heděnec et al., 2020; Zhu et al., 2018), but how this 
translates in the total soil C and N stocks remains unclear. 

Fungal communities in forest soils are compartmentalized with soil 
depth according to variations in soil organic matter characteristics. 
Thus, often the topmost soil layer is dominated by fungal saprotrophs, 
while root-associated fungi often dominate the deeper soil layers with 
more decomposed organic matter (Andreetta et al., 2011; Jumpponen 
et al., 2010; Lindahl et al., 2007; Mundra et al., 2021; Voří̌sková et al., 
2014). Availability of soil N in forests influences the outcome of 
competitive interactions among fungi (Sterkenburg et al., 2018) and is 
related to variation in soil processes such as organic matter decompo-
sition (e.g. via gadgil effects, Fernandez and Kennedy, 2016) and soil C 
storage (Soudzilovskaia et al., 2019). ECM can inhibit decomposition 
processes by competing for organic substrates with fungal saprotrophs 
(Averill, 2016) or retaining large amounts of N in their mycelia 
(Näsholm et al., 2013). However, certain ECM fungi can also efficiently 
access organic N, which can result in a release of soil C (Clemmensen 
et al., 2013, 2015; Lindahl and Tunlid, 2015). Saprotrophic dominance 
typical of AM types can also enhance decomposition processes, and 
potentially reduce soil C stocks (Averill et al., 2014; Averill, 2016). 
Consequently, mycorrhizal types not only may determine soil and plant 
nutrient cycling but also potentially soil C and N stocks via competitive 
interactions between fungal guilds. 

Over 70 % of Japan is covered by forests, many of which harbour 
native species with limited global geographical distribution such as 
Fagus crenata (F. crenata), Cryptomeria japonica (C. japonica), and Larix 
kaempferi (L. kaempferi). Information on soil fungal communities in 
Japanese forests remains mostly limited to the temperate forests of 
Kanto region (An et al., 2008; Miyamoto et al., 2014; Nara, 2006; 
Ochimaru and Fukuda, 2007; Shigyo et al., 2019), particularly in ice-age 
relict forests (Koizumi et al., 2018; Koizumi and Nara, 2020) or in the 
dunes of Tottori (Taniguchi et al., 2007), while studies conducted in cool 
temperate forests of Japan are exiguous (Ishida et al., 2007; Fukasawa 
et al., 2009). Thus, profiling of the soil fungal communities inhabiting 
these forests is essential to better understanding microbial-driven dy-
namics of nutrient cycles in Japanese cold temperate forests (Ishida 
et al., 2007). Particularly, the soil microbiome of C. japonica and L. 
kampferi have been rarely profiled although they are widely used species 
for commercial purposes in Japan. These two species as well as the 
typical cool temperate tree species F. crenata and the highly invasive 
Robinia pseudoacacia (R. pseudoacacia) differ in the type of mycorrhizal 
fungi they associate; F. crenata and L. kampferi establish symbiotic as-
sociations with ECM fungi while C. japonica and R. pseudoacacia form 
AM associations, suggesting that soil nutrient cycling and element stocks 
between these two species may differ. In addition, N uptake in 
R. pseudoacacia is also enhanced by root nodulation of bacteria in the 
subclasses Gammaproteobacteria and Betaproteobacteria. 

Based on these premises, we collected 62 composite soil samples 
from distinct ECM (F. crenata and L. kaempferi forest stands) and AM 
(C. japonica and R. pseudoacacia forest stands) types in a cold-temperate 
forest area in Japan. We aimed to describe the soil fungal communities 
in these stands and assess their relationships with soil organic matter 
characteristics and C and N stocks at two different soil depths. We hy-
pothesized that (1) soil fungal communities would differ among forest 
stands and especially between mycorrhizal types, based on the MANE 

framework (Phillips et al., 2013), but also between soil depths, consid-
ering the functional compartmentalization of fungi with soil depth (Frey 
et al., 2021). (2) Changes in soil fungal communities would be linked to 
nutrient cycling patterns (organic vs. inorganic), as reflected by differ-
ences in inorganic N and soil C:N ratios, with expected higher soil C:N 
ratios and lower inorganic N in ECM types (F. crenata and L. kaempferi, 
Enta et al., 2020) compared to AM types (C. japonica (Matsuda et al., 
2021) and R. pseudoacacia; (Yang et al., 2015)). (3) As a consequence of 
the distinct nutrient cycling patterns, soil C stocks are expected to be 
greater in ECM types compared to AM types, due to greater C losses 
mediated by saprotrophs in AM types. 

2. Materials and methods 

2.1. Study site 

The study area is located in the Research Forest of Yamagata Uni-
versity in north-eastern Japan (N38◦ 32.889′ E139◦ 51.706′, Fig. 1), 
covering approximately 3 km2. The elevation of the study sites ranged 
from 300 to 700 m above sea level. The mean annual temperature is 
9.7 ◦C and annual precipitation is 2558 mm of which half is snow, thus 
representing a system with high-water availability. All soils in the forest 
stands were identified as haplic Cambisols (FAO, 2006). 

Four forest stands were chosen based on dominant tree species with 
contrasting mycorrhizal types. Specifically, we choose two tree species 
that establish associations with ECM fungi (Fagus crenata Blume and 
Larix kaempferi Lamb.) and two species that establish associations with 
AM fungi (Cryptomeria japonica D. Don. and Robinia pseudoacacia L.). In 
addition to AM associations, R. pseudoacacia roots also establish sym-
biotic relationships with N-fixing bacteria. In total, 10 plots were 
established randomly over the forest stands selected: i) three plots 
covered by 70-year-old F. crenata, ii) three plots dominated by 50-year- 
old L. kaempferi (> 80 %), and iii) three plots covered by 50-year-old 
C. japonica plantations. Finally, we included a single plot with 7-year- 
old R. pseudoacacia, which was once covered by a C. japonica planta-
tion that was harvested and subsequently burned and was the only area 
in the research forest where this species is currently found. 

2.2. Sample collection 

Soils were sampled at the beginning of August 2017 for chemical 
analyses. In each of the plots, trees of similar age, diameter at breast 
height, and total height were selected; F. crenata (3 trees in 3 plots, total 
sampled trees n = 9), L. kaempferi (3 trees in 2 plots and 2 trees in a third 
plot, total sampled trees n = 8), C. japonica (3 trees in 3 plots, total 
sampled trees n = 9), R. pseudoacacia (5 trees in 1 plot, total sampled 
trees n = 5) (for additional information see Seidel et al., 2019a, 2019b, 
2022) resulting in a total of 31 selected trees. Three soil pits around each 
individual tree were dug by shovel and sampled within 30 cm distance. 
Topsoil samples were taken after removal of the litter layer from two 
fixed depths (0–5 cm, 5–15 cm). In the same pits, the bulk density was 
assessed using the core method (Al-Shammary et al., 2018). All samples 
were taken from the field in a cooler box, air-dried for at least 48 h and 
then sieved (< 2 mm). Subsequently, samples from the three pits around 
each tree were pooled according to their depth, grounded, and stored in 
a fridge until further analysis. Samples used for the determination of 
inorganic N were frozen after transport from the field and stored in the 
dark. Before analysis, they were thawed overnight in a refrigerator, 
sieved (< 2 mm), and pooled. 

Soil samples were collected in the same forest stands in May 2018 for 
fungal analyses. Four soil cores (8 cm in diameter) were taken around 
each tree in each cardinal direction 1 m from the trunk at two distinct 
depths excluding the organic layer: 0–5 cm (top) and 5–15 cm (bottom). 
All soil samples were taken from the field in a cooler box, freeze-dried 
for at least 48 h, and then sieved (<2 mm). Subsequently, samples of 
each tree were pooled preserving soil stratification, homogenized, and 
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stored in a freezer (− 20 ◦C) until DNA extraction. 

2.3. Soil texture and chemical analysis 

Soil texture was determined in triplicate with a laser diffraction 
particle size analyzer (Coulter LS200 with an attached Fluid Module, 
Beckman Coulter GmbH, Germany), after treating the samples with 
H2O2 and Na4P2O7. pH was determined in a 1:2.5 soil: water suspension. 
Total C and N contents were analyzed by dry combustion using SUMI-
GRAPH NC-220F automatic highly sensitive NC analyzer SCAS (Japan). 
For the determination of δ15N in the soil, a Thermo Quest EA1110 Elem 
to Nitrogen (N) l Analyzer (Italy) connected to an IsoPrime (GV In-
struments, UK) was used. 

Total soluble N (TNb) and total organic C (TOC) were extracted from 
the soil samples by shaking them with 50 ml of 1 M KCl. Supernatant was 
centrifuged, filtered (0.45 μm), and stored in a refrigerator until sub-
sequent analysis with a TOC/TNb analyzer (vario TOC cube, elementar, 
Germany) for TNb determination. Ammonium content was determined 
using the method of Crooke and Simpson (1971), whereas nitrate con-
tent was determined by using the method of Mulvaney (1996) modified 
by Miranda et al. (2001). Colorimetric determination of ammonium and 
nitrate content was conducted with a U-2000 Spectrophotometer 
(Hitachi, Japan). Dissolved organic nitrogen (DON) in the extracts was 
calculated as follows: 

DON = TNb −
(
NH+

4 +NO−
3

)
.

Olsen extractable P was extracted following Olsen et al. (1954) and 
determined colorimetrically using malachite-green (Kuo, 1996). 

2.4. Soil DNA extraction and DNA sequencing 

From the homogenized soil samples for fungal analysis genomic 
fungal DNA was extracted from 0.350 mg of dry soil with the Nucleo-
Spin® soil kit (Macherey-Nagel, Duren, Germany) following the manu-
facturers’ protocol. 

The Internal Transcribed spacer 2 (ITS2) region of the rRNA gene 
was amplified with a Mastercycler® nexus X2 (Eppendorf, Germany) 
using the fungal-specific Forward gITS7 and reverse ITS4 (Ihrmark et al., 
2012) and reverse ITS4arch (Sterkenburg et al., 2018) primers, in which 
unique 8-bp tags differing in at least three positions were fitted. PCR of 
each sample was optimized to reduce length biases during PCR (Castaño 
et al., 2020), with most samples amplifying well between 26 and 28 
cycles. Samples were amplified in triplicates and negative controls were 
included. Final concentrations in the 50 μl PCR samples were: 25 ng 

template in 25 μl, 200 μM of each nucleotide in 5 μl, 2,75 mM MgCl2 in 
1.5 μl, Primers, at 0.5, 0.3, 0.15 μM for the gITS7, ITS4 and ITS4arch, 
respectively, in 5 μl, 0.025 U μL-1 polymerase (DreamTaq, Thermo 
Scientific, USA) in 0.25 μl, and 1× buffer PCR in 5 μl. PCR conditions 
were as follows: 5 min at 95 ◦C, followed by 26–28 cycles 30 s at 95 ◦C, 
30 s at 56 ◦C, 30 s at 72 ◦C, and a final extension step at 72 ◦C for 7 min. 
Amplicons were purified with the AMPure kit (Beckman Coulter Inc., 
USA) and quantified using a Qubit fluorometer (Life Technologies, 
USA). From each sample, equal amounts of DNA were pooled and pu-
rified using the EZNA Cycle Pure kit (Omega Biotek). Quality control of 
the purified samples was conducted using a BioAnalyzer 2100 (Agilent 
Technologies, USA) and a 7500 DNA chip. The DNA library was 
sequenced using the Illumina MiSeq platform, with 300-bp paired-end 
read lengths, generating 1.5 M sequences. Samples were sent for 
sequencing to the Centre for Genomic Regulation (CRG) Barcelona, 
Spain using Illumina MiSeq (2 × 300 cycles). 

2.5. Bioinformatic analyses 

The resulting ITS2 sequences were screened for quality control and 
sequence clustering using the SCATA pipeline (https://scata.mykopat. 
slu.se/). ITS2 sequences with <200 bp were removed, with an average 
quality score < 20, or containing individual bases with a quality score <
10 were removed, and remaining sequences were screened for primers 
(requiring 90 % primer match) and sample tags. After collapsing ho-
mopolymers to 3 bp, sequences were clustered into species-level oper-
ational taxonomical units (OTUs) using single-linkage clustering 
(USEARCH; Edgar, 2010) with a threshold distance to the closest neighbor 
of 1.5 % (Lindahl et al., 2013). Pairwise alignments were scored using a 
mismatch penalty of 1, gap open penalty 0 and a gap extension penalty 
1. 

2.6. Taxonomic and functional identification 

The 600 most abundant OTUs were identified, which represented 
>90 % of the total sequences. The most abundant sequences from each 
OTU were selected for taxonomic identification, using the massBLASTer 
implemented in PlutoF against the UNITE (Abarenkov et al., 2010). In 
addition, the taxonomic assignment was supported using PROTAX 
analysis with 50 % probability in the PlutoF platform (Abarenkov et al., 
2018). Taxonomic identities at the species level were assigned using 
>98.5 % similarity. Functional identification was supported using 
FUNGuild (Nguyen et al., 2016) for descriptive assessment of the fungal 
communities, but analyses were based only on broad functional guilds 
(ECM and saprotrophic fungi). Since FUNGuild database presents 

Fig. 1. (a) Location of the sampling site in Japan (b) Map of the forest stands of Fagus crenata (Blume), Larix kaempferi (Lamb.), Cryptomeria japonica (D. Don.) and 
Robinia pseudoacacia (L). 
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uncertainties on several fungal taxa, functional identification was also 
supported with other databases (Castaño et al., 2023; Clemmensen et al., 
2021, 2015). 

2.7. Statistical analyses 

Statistical analyses were performed in the R software environment 
(v.2022.12.0; R Development Core Team, 2020), using the “vegan” 
package for multivariate and diversity analyses (Oksanen et al., 2018), 
and “nlme” package for linear and generalized mixed models (Pinheiro 
et al., 2013). 

Soil fungal data were analyzed using both multivariate and univar-
iate methods. Before any analyses, fungal data was Hellinger- 
transformed. Soil fungal compositional differences between the four 
tree species stands were tested using Permutational Multivariate Anal-
ysis of Variance (PMAV, ‘adonis’ function using Bray-Curtis distance). 
Here, an overall analysis was conducted stratified by depth, and after 
that, soil fungi data was split into two soil layers (top vs. bottom). We 
also used PMAV to test interactions between host and soil depth in 
community composition. Here, the spatial structure of the data was 
considered restricting the permutations to plots. Since similar results 
between hosts were obtained for both depths separately, we decided to 
not split the depths in the subsequent soil-community analyses. 
Nonmetric multidimensional scaling (NMDS, ‘metaMDS’ function with 
Bray–Curtis distance) was used to visualize the compositional differ-
ences between the forest stands. Afterward, the centroids of each forest 
habitat were overlaid in the ordination space (‘envfit’ function), with 
their standard deviational ellipses (‘ordiellipse’ function). 

To identify associations between fungal compositional differences 
and soil parameters (pH, bulk density, total carbon, TOC, total N, total 
soluble N (TNb), ammonium, nitrate, DON, δ15N, C:N ratio, Olsen 
extractable P), variables were fit onto the overall NMDS ordination plot 
using the ‘envfit’ function and 999 permutations. In addition, using only 
the significant soil parameters, we fitted response surface models over 

NMDS ordination results using general additive models (GAM) by 
‘ordisurf’ function to identify the linearity of these trends. 

Linear Mixed-Effects (LME) models were used to test significant 
changes in diversity (OTU richness and evenness calculated for each 
sample) between hosts and two soil layers. Here, we included square- 
root transformed read counts as explaining variable to account for 
variation in sequencing depth (Bálint et al., 2015). In the overall anal-
ysis, plot identity was defined as a random factor while the host was 
defined as fixed factor. The same LME scheme was followed to test re-
lationships between the relative abundances of each fungal guild and the 
significant soil variables obtained from envfit function in the previous 
section. 

3. Results 

3.1. Soil parameters differ among forest stands 

There were significant differences in soil characteristics among forest 
stands (Table 1). Soil pH at both soil depths (0–5 and 5–15 cm) were the 
highest in R. pseudoacacia (P < 0.01) while pH values did not differ 
among the other forests. There were significant differences in soil C and 
N stocks among forest stands (Table 2). Total soil C stocks were the 
highest in F. crenata and the lowest in L. kaempferi forests (P < 0.05). 
Total N was similar in all stands except for L. kaempferi, where it was the 
lowest (P < 0.05). Total soluble N was highest in C. japonica and 
F. crenata and lowest in L. kaempferi and R. pseudoacacia stands (P <
0.05). Dissolved organic N was the lowest in F. crenata and 
R. pseudoacacia and the highest in C. japonica (min. P < 0.05). Ammo-
nium was the lowest in L. kaempferi and R. pseudoacacia and the highest 
in F. crenata (min. P < 0.05). Nitrate was the highest in R. pseudoacacia 
and C. japonica while almost negligible in the other forests (min. P <
0.05). 

Soil C:N ratio in F. crenata plots was higher than in the AM type 
C. japonica (P < 0.05) and the bottom layer of R. pseudoacacia (P < 0.01) 

Table 1 
Soil characteristics of mineral soil under Fagus crenata (n = 9), Larix kaempferi (n = 8), Cryptomeria japonica (n = 9), and Robinia pseudoacacia (n = 5) with ± denoting 
SD. TOC represents total organic carbon and DON extractable dissolved organic nitrogen. pH, bulk density and Olsen extractable P were only determined in 3 samples 
per species. Capital letters indicate significant differences between tree species among the same soil depth and small letters indicate significant differences between soil 
depths among the same species (P > 0.05).  

Fungal 
association 

Species Depth pH Bulk 
density 

total C total N C: N TOC total 
soluble 
N 

NH4
+-N NO3

− - 
N 

DON δ15N Olsen 
extractable 
P   

cm  g cm− 3 g kg− 1 g kg− 1  mg 
kg− 1 

mg kg− 1 mg 
kg− 1 

mg 
kg− 1 

mg 
kg− 1 

‰ mg kg− 1 

Ecto- 
mycorrhizal 

Fagus 
crenata 

0–5 3.6 ±
0.1B 

0.8 ±
0.1 

164.9 ±
64.8Aa 

8.5 ±
2.4Aa 

21.6 
±

2.9A 

500 ±
213A 

302 ±
73ABa 

253 ±
59Aa 

4 ±
6B 

39 ±
41B 

0.7 
±

1.7b 

35.8 ±
16.0AB 

5–15 3.7 ±
0.3B 

0.9 ±
0.1B 

69.3 ±
6.0Ab 

4.1 ±
1.0ACb 

18.5 
±

5.3A 

318 ±
44A 

177 ±
30Ab 

149 ±
37Ab 

3 ±
4B 

41 ±
43B 

2.9 
±

1.8a 

20.8 ±
8.6AB 

Larix 
kaempferi 

0–5 4.1 ±
0.5B 

1.0 ±
0.2 

41.1 ±
2.9Ba 

2.3 ±
0.1Ba 

18.2 
±

5.8AB 

174 ±
91BC 

138 ±
58BC 

8 ± 3B 1 ±
1B 

129 
±

55AB 

0.9 
± 1.5 

16.0 ±
8.5AB 

5–15 4.3 ±
0.3B 

1.2 ±
0.2A 

30.1 ±
3.1Cb 

1.8 ±
<

0.1Bb 

16.5 
±

4.1AB 

106 ±
30C 

88 ± 8B 5 ± 1C 1 ± <

1B 
82 ±
8AB 

2.0 
± 1.5 

10.0 ± 5.0B 

Arbuscular 
mycorrhizal 

Cryptomeria 
japonica 

0–5 4.4 ±
0.4B 

0.8 ±
0.1 

96.9 ±
29.7ABa 

6.7 ±
1.2Aa 

14.2 
±

3.5B 

470 ±
100ABa 

390 ±
111Aa 

139 ±
126ABa 

20 ±
24Ba 

230 
±

98A 

0.8 
± 1.3 

41.3 ±
20.9A 

5–15 4.6 ±
0.1B 

0.9 ±
0.1B 

77.0 ±
12.7Ab 

5.5 ±
1.0Ab 

14.5 
±

2.9B 

208 ±
38Bb 

208 ±
42Ab 

35 ±
46BCb 

10 ±
13ABb 

163 
±

62A 

2.9 
±

1.2b 

21.5 ±
16.3AB 

Robinia 
pseudoacacia 

0–5 5.6 ±
0.1Aa 

0.8 ±
0.1b 

126.6 ±
34.7ABa 

7.4 ±
1.7Aa 

22.6 
±

6.6Aa 

145 ±
6BCa 

143 ±
7Ba 

12 ±
1Ba 

50 ±
6Aa 

83 ±
3AB 

0.5 
± 0.9 

34.0 ±
5.2AB 

5–15 5.4 ±
0.1Ab 

1.1 ±
0.1ABa 

36.9 ±
13.6BCb 

2.9 ±
0.8BCb 

11.1 
±

3.2Bb 

64 ±
5Cb 

100 ±
1Bb 

5 ± <

1Cb 
19 ±
< 1Ab 

77 ±
5AB 

2.2 
± 0.6 

12.6 ±
6.0AB  
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(Table 1), while the ECM type L. kaempferi showed a similar soil C:N 
ratio compared to all forest types. When inspecting deep-wise changes in 
soil C:N ratios, these were only significantly different and decreased in 
R. pseudoacacia stands (P < 0.01). Soil δ15N nor Olsen extractable P 
differed noteworthy among species. 

3.2. Soil fungal communities 

A total of 690,248 out of 1,526,648 sequences (45 %) passed quality 

filtering. Single-linkage clustering resulted in 3111 OTUs, of which 600 
(93 % of the high-quality sequences) were assessed for identification to 
species level and functional guild. We obtained an average of 10,774 
reads per sample. This corresponded to 172,562 reads per plot (69,024 
reads per stand). Overall, Ascomycota dominated the fungal community 
(57 % of the identified sequences), followed by Basidiomycota (22 %), 
others (5 %) and unknown (16 %). Ascomycota was represented by 
Letiomycetes (31 %), Sordariomycetes (17 %), Eurotiomycetes (10 %) 
and Dothiedomycetes (8 %). Also, 12 % of the remaining reads were 

Table 2 
Soil nutrient stocks, weighted mean pH and δ15N in the first 15 cm of mineral soil (± SD) under Fagus crenata, Larix kaempferi, Cryptomeria japonica, and Robinia 
pseudoacacia with ± denoting SD (n = 3 per species). Letters indicate significant differences between species (lme anova, P < 0.05). DON represents extracted dissolved 
organic nitrogen.  

Fungal association Species pH total C total N total soluble N NH4
+-N NO3

—N DON 

kg m− 2 kg m− 2 g m− 2 g m− 2 g m− 2 g m− 2 

Ecto-mycorrhizal Fagus crenata 3.6 ± 0.2b 11.7 ± 3.1a 0.8 ± 0.2a 28.1 ± 5.9a 23.8 ± 7.0a 0.4 ± 0.5b 4.9 ± 4.5b 

Larix kaempferi 4.2 ± 0.4b 4.7 ± 0.4b 0.4 ± <0.1b 17.4 ± 0.7b 1.0 ± 0.1b 0.2 ± 0.2b 16.2 ± 0.7ab 

Arbuscular mycorrhizal Cryptomeria japonica 4.3 ± 0.5b 7.8 ± 1.7ab 0.8 ± 0.2a 35.0 ± 3.3a 8.6 ± 6.2b 1.7 ± 2.1ab 24.6 ± 10.5a 

Robinia pseudoacacia 5.4 ± 0.1a 9.5 ± 0.8a 0.7 ± 0.3ab 16.6 ± 0.4b 1.0 ± 0.1b 4.1 ± 0.2a 11.7 ± 0.1ab  

(a) 

)c()b(

* 

Fig. 2. Differences in fungal species richness (a), evenness (b) and evenness with soil depth (0–5 cm and 5–15 cm) (c) of Fagus crenata, Larix kaempferi, Cryptomeria 
japonica, and Robinia pseudoacacia. There was no significant difference in richness between soil depths. Asterisks indicate significant differences between habitats and 
depths (P < 0.01). 
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represented by up to 18 different classes while 22 % remained unknown. 
Among Basidiomycota, 86 % belonged to Agaricomycetes and 7 % to 
seven other classes while another 7 % remained unknown. Overall, the 
ECM community was dominated by fungi with short-medium smooth- 
contact exploration types such as Cenococcum, Lactarius, Russula, Lacti-
fluus, while long and medium fringe types were almost non-existent. 
Mortierella (mold) was the most abundant genera in the whole dataset. 

3.3. Patterns in soil fungal communities across forest stands and soil 
layers 

There were significant differences in soil fungal richness between 
forest stands (P = 0.010), mainly driven by F. crenata stands that showed 
a significantly lower richness (107 ± 15) than all the other forest stands 
plots (Fig. 2a). No differences in fungal richness were found for soil 
depth (P > 0.05). Further, there were no differences in species evenness 
(P > 0.05) suggesting that fungal composition was evenly distributed 
between hosts. In addition, there were no differences in richness nor 
evenness between AM and ECM species (P > 0.05). Simultaneously, 
evenness values were higher than 0.9 for all stands indicating that there 
was no species dominance among the fungal communities (Fig. 2b). 
However, the upper soil layer showed significantly greater evenness (P 
< 0.01) than the deeper (Fig. 2c). In addition, we found a lower beta 
diversity of fungi in F. crenata plots (Fig. S1). 

Forest habitat had a significant effect on soil fungal composition 
(PMAV all data: 999 permutations; P < 0.001) and accounted for 46 % of 
the variance in the species data (Fig. 3). When the fungal dataset was 
split in the two soil depths, we observed the same significant patterns 
between host in each layer independently (PMAV top and bottom data: 
999 permutations; P < 0.001). However, when considering the soil 
depth in the analyses, we observed a significant effect of forest habitat x 
depth interaction on soil fungal composition explaining 4 % of the 
variance (PMAV all data: 999 permutations; P < 0.001). The habitat x 
depth interaction was caused by the lack of differences in fungal 
composition between the top and bottom layers of C. japonica host (P >
0.05), while fungal communities in the other hosts changed with depth. 

The NMDS ordination (stress 0.12) showed that the overall distri-
bution of plots reflected the differences among forest stands (Fig. 3). The 
ordination plot significantly separated the four tree species stands along 
the two ordination axes; with F. crenata located at the positive end of the 

nmds1 axis, L. kaempferi in a central position, and both C. japonica and 
R. pseudoacacia at the negative end of the X-axis. Simultaneously, 
C. japonica and R. pseudoacacia were significantly separated along the 
nmds2 (Fig. 3). There were also fungal functional differences across the 
four tree species stands. ECM fungi were the most abundant in F. crenata 
and L. kaempferi (P < 0.01), while they were almost absent in 
R. pseudoacacia and C. japonica (Fig. 4). Saprotrophs but also plant 
pathogens were the most abundant fungal group in R. pseudoacacia (P <
0.01) followed by C. japonica and L. kaempferi and F. crenata (P < 0.05, 
Fig. 4). 

3.4. Correlation between fungal communities and soil parameters 

From the set of soil environmental parameters (Table 1) only 3 
variables namely nitrate, C:N ratios and pH, explained a significant 
proportion of the variance in fungal community composition (all three 
accounting for 35 %, P < 0.05; Fig. 5a). In general, pH (Fig. 5b) and 
nitrate (Fig. 5c) isolines increased almost linearly towards the negative 
ends of nmds1 and nmds2 in the ordination plots, towards 
R. pseudoacacia and C. japonica plots, typically dominated by fungal 
saprotrophs, while the inverse pattern was observed for C:N (Fig. 5d). In 
detail, pH was positively correlated with abundances of saprotrophic 
fungi (P < 0.05, Fig. 5a) and negatively with ECM fungi, particularly in 
the 5–15 cm soil layer (P < 0.01, Fig. 6a). For nitrate, we found a sig-
nificant negative relationship with ECM fungi (P < 0.05, Fig. 6b) but no 
significant relationship with the relative abundances of saprotrophs (P 
> 0.05, Fig. 5c). Further, C:N ratios isolines were non-linearly increasing 
towards the positive nmds1 and nmds2 axes, near L. kaempferi and 
F. crenata stands (Fig. 5d), which were dominated by ECM fungi. Posi-
tive associations were found between C:N ratios and ECM fungi (P <
0.05 for both horizons, Fig. 6c), but also root-associated fungi (P < 0.05 
for both horizons, Fig. 6d). No associations were found between 
ammonium content and abundance of any of the fungal guilds (P >
0.050) as well as between C and N content with any of the fungal guilds 
(P > 0.050). 

Fig. 3. NMDS plot of fungal composition in Fagus crenata, Larix kaempferi, Cryptomeria japonica, and Robinia pseudoacacia. The host SD-ellipses indicated that the four 
host were in different regions of the ordination space. 
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Fig. 4. Fungal community structure of Fagus crenata, Larix kaempferi, Cryptomeria japonica, and Robinia pseudoacacia (n = 9, 8, 9 and 5 per species respectively) in 
two different soil depths (0–5 cm. and 5–15 cm.) 

Fig. 5. Correlation of fungal community structure with soil parameters (a), pH (b), nitrate content (c) and C/N ratio (d) of Fagus crenata, Larix kaempferi (both species 
associated with ectomycorrhizal colonization), Cryptomeria japonica, and Robinia pseudoacacia (both species associated with arbuscular mycorrhizal colonization). 
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4. Discussion 

4.1. Patterns in fungal communities among forest stands and soil layers 

In agreement with our first hypothesis, we found strong fungal 
compositional and functional differences among the four forest stands. 
However, fungal evenness and richness values were similar across all 
stands except for F. crenata, which showed the lowest richness. 

As expected, L. kaempferi and F. crenata showed a higher abundance 
of ECM taxa while these were lacking in R. pseudoacacia and C. japonica, 
which were more dominated by fungal saprotrophs. Dominance by 
fungal saprotrophs in AM types has been previously shown (Cheeke 
et al., 2017; Phillips et al., 2013) and has been linked to enhanced soil 
organic matter decomposition (Averill et al., 2014; Steidinger et al., 
2019). Interestingly, many fungal taxonomies and functions in 
C. japonica stands were unknown, which stresses the importance of 
gaining better knowledge on the fungal communities inhabiting this 
species as it is the most important commercial tree species in Japan 
(Seidel et al., 2019a). 

Molds were particularly abundant in all forest stands, potentially 
promoted by the very wet conditions of the plots (Hartmann et al., 2017; 
Santalahti et al., 2016). Similarly, across all forest stands the ECM 
community was mainly dominated by fungal taxa with simple mycelia 
(e. g. medium smooth, contact, short exploration types), such as Russula, 
Cenococcum, Lactarius, and Lactifluus. Particularly Lactarius spp. was also 
observed to be dominant in cool-temperate subalpine Japanese forests 
(Shigyo et al., 2019). By contrast, fungal species with nitrophobic 
mycelia such as Suillus spp., Rhizopogon spp., or Piloderma spp. (Almeida 
et al., 2022; Lilleskov et al., 2002) or species such as Cortinarius or 
Boletus that can mine N from organic substrates (Lindahl and Tunlid, 

2015), were absent. Potentially, the overall dominance of saprotrophs 
such as molds in the system suggests fast organic matter turnover and 
relatively higher N availability than other cold ecosystems. It seems that 
ECM fungi might be dominating F. crenata soils, provided by the lowest 
fungal richness and evenness but high levels of ECM fungi. Potentially, 
these mycorrhizal fungi may be monopolizing nutrients and competing 
with saprotrophs (Näsholm et al., 2013). By contrast, we detected very 
low abundance of AM species, potentially because the high abundance 
of other fungi such as saprotrophs overshadow the presence of arbus-
cular mycorrhizal fungi in these systems. 

4.2. Patterns of main soil chemical variables and fungal communities 

It is well known that pH strongly affects fungal communities and 
fungal growth (Adamo et al., 2021a; Qiang et al., 2021; Rousk et al., 
2009, 2010) as observed in our study. Lower pH values result in 
increasing phylogenetic community similarity of ECM species (Adamo 
et al., 2021b), which could further support the lower beta diversity of 
fungi observed in our F. crenata plots (Fig. S1). By contrast, our results 
showed that greater pH values were more related to saprotroph abun-
dances in R. pseudoacacia and C. japonica hosts, which were also related 
to higher soil nitrates. Fungal saprotrophs are known to have a strong 
influence on decomposition processes by decomposing OM and 
releasing inorganic N during the process (Phillips et al., 2013), but 
potentially bacterial nitrifiers could be very important in this system as 
well. 

Depth-wise variation in C:N was only observed in R. pseudoacacia. 
These lack of differences with soil depth may be because we did not 
include the litter layer, which is often monopolized by fungal sapro-
trophs and thus has different fungal communities than more mineral soil 

Fig. 6. Associations between the abundance of ECM fungi and pH (a), and Nitrate (b). Associations between soil C/N ratios and the abundance of ECM fungi (c) or 
root-associated fungi (d). In each of the panels the two topsoil depths are shown in green (0–5 cm) and in brown (5–15 cm) colour. 
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layers (Andreetta et al., 2011; Jumpponen et al., 2010; Voří̌sková et al., 
2014). However, in our study the litter layer was thin in all plots except 
for F. crenata, potentially indicating efficient degradation of fresh litter. 
Besides the different depth-wise C:N patterns in R. pseudoacacia, pat-
terns in soil C:N ratios among mycorrhizal types did not fully match our 
second hypothesis, although C. japonica had lower C:N values than 
F. sylvatica. It is expected that soil C:N ratios are higher in ECM types 
compared to AM types (Averill et al., 2014; Zhu et al., 2018) due to 
enhanced decomposition processes in the latter type. In our case, soil C: 
N ratios of L. kaempferi did not differ from the other forests, potentially 
because both soil C and N were low. 

For both soil layers, soil C:N ratios correlated with the relative 
abundances of ECM fungi across all samples. C:N or depth-wise patterns 
in soil C:N ratios have been shown to indicate the strength of sapro-
trophic processes (Fernandez et al., 2019), inhibition of decomposition 
processes (Averill, 2016) and mycorrhizal-driven N mining (Clem-
mensen et al., 2013, 2015). Thus, soil C:N ratios may reflect the pathway 
by which N is recycled (Averill et al., 2014). The links between C:N 
ratios and the abundances of root-associated fungi suggest that root- 
associated fungi promote shifts towards organic N cycling (Castaño 
et al., 2023; Grau et al., 2019; Phillips et al., 2013) and that these fungi 
are important drivers of C:N ratios in topsoils, in addition to litter quality 
inputs (Wurzburger and Hendrick, 2009). Concerning these inputs, plant 
and microbial litter quality and thus C:N ratios can also vary between 
vegetation types and thus affect soil parameters (Robinson et al., 2020; 
Wurzburger and Hendrick, 2009). For example, it has been suggested 
that AM types have higher litter quality, which enhances denitrification 
processes and inorganic N cycling, while low quality litter of ECM 
vegetation types promote ECM species able to decompose more recal-
citrant organic matter fractions (Phillips et al., 2013; Heděnec et al., 
2020). Although in our study we did not assess C:N ratios in litter, 
generally conifers have higher C:N ratios than deciduous trees (Zhang 
et al., 2020). However, these differences in litter C:N ratios potentially 
did not match that of soils, since we observed a tendency for the de-
ciduous tree Fagus sylvatica to have higher soil C:N ratios. Our results also 
support recent findings showing tight links between organic nutrient 
economy and the abundance of ectomycorrhizal species (Heděnec et al., 
2023), however, among contrasting mycorrhizal types inorganic N 
cycling dominating AM types was mainly supported by the high inor-
ganic N in these types rather than low C:N ratios. We observed higher 
ammonium content in C. japonica plots, while nitrate was higher in 
R. pseudoacacia, indicating that dominating mechanisms for N cycling 
were distinct between both AM types. R. pseudoacacia can cover up to 76 
% of its high N demand by uptaking N from the atmosphere via Frankia 
nodules (Marron et al., 2018; Seidel et al., 2022). Potential soil N 
availability was the lowest in L. kaempferi forests, where ammonium and 
nitrate levels were very low. The unexpected high ammonium content in 
F. crenata could be by N retention of highly abundant ECM taxa 
(Näsholm et al., 2013) but this remains to be tested. 

4.3. Links between soil C and N stocks and soil fungal communities 

Although differences in C and N stocks were found among tree spe-
cies, these were not consistent within mycorrhizal types, rejecting our 
third hypothesis. However, L. kaempferi plots had the lowest soil C and N 
stocks, compared to the other stands. A possibility would be that ECM- 
driven decomposition processes were only occurring in L. kaempferi, 
potentially due to the lower N availability in this forest compared to 
F. crenata. However, we did not observe potential mycorrhizal oxidizers 
that could promote organic matter decomposition (Lindahl and Tunlid, 
2015), since most of the observed ECM taxa in the whole dataset had 
simple exploration types of mycelia (i.e. contact, medium smooth, or 
short types). Seidel et al. (2019a, 2019b, 2022) previously showed that 
litter production was highest in F. crenata, followed by C. japonica, 
R. pseudoacacia and L. kaempferi (8.7 ± 0.2a, 6.9 ± 0.9b, 4.8 ± 0.9c, 4.0 
± 0.8c kg per m2 Litter respectively). Since above-ground litter barely 

interact with soil minerals and other root-derived compounds, the long- 
term stability of litter-derived organic matter is assumed to be low 
(Cotrufo et al., 2013). However, litter additions, particularly that of high 
quality, can promote activities of microorganisms, particularly fungi 
(Liang et al., 2017; Wei et al., 2022). Higher microbial activities and 
particularly microbial residues can in turn contribute to soil organic 
matter accumulation (Cotrufo et al., 2013) if these interact with soil 
minerals (i. e. entombing effect (Liang et al., 2017)). We speculate that 
this could be the case for F. crenata and C. japonica and that litter and 
microbial residues could be stabilized faster in these forests with higher 
litter production. However, the relevance of this mechanism for C sta-
bilization in this particular system would need to be further tested. 

5. Conclusion 

In this study, we investigated the fungal communities in soils from 
different forest stands dominated by four widespread Japanese tree 
species of the cold-temperate zone. Soil fungal communities differed 
among forest stands and were related to soil pH, nitrate content, and C:N 
ratios. Distinct nutrient cycling economy was observed among the four 
forest species but indicators for nutrient economy among mycorrhizal 
types (AM vs ECM) were not consistent. The observed links between soil 
characteristics (C:N ratios, ammonium, and nitrate) and the relative 
abundances of root-associated fungi and saprotrophs stress the impor-
tance of these guilds for influencing nutrient cycling economy across 
contrasting vegetation types. The disparate C stocks observed between 
L. kaempferi and F. crenata suggest distinct below or above-ground 
processes influencing element stocks. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apsoil.2024.105360. 
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