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A B S T R A C T   

Application of nitrogen fertilizers to reach high crop production is common practice. However, this has a high 
environmental cost, irrespectively of the synthetic or organic origin of the fertilizer. In particular, intensively 
managed arable soils often fail to retain excess nitrogen, which leads to contamination of ground- and surface 
water. Next to abiotic factors like soil texture, limited nitrogen retention is ascribed to low activity of sapro-
trophic fungi. It has been shown that amendment of arable soils with cellulose-rich materials can effectively 
stimulate resident saprotrophic fungi. The current study investigated the relationship between fungal dynamics 
(biomass, composition) and nitrogen immobilization-remobilization dynamics upon soil amendment with woody 
materials. Mineral nitrogen pools, ergosterol and ITS2 amplicon sequences were analyzed during a 6-month pot 
experiment. Carbon-rich amendments included sawdusts of deciduous (beech, willow) and coniferous (Douglas 
fir, larch) tree species, beech wood chips, wheat straw and combinations of these materials. Excess nitrogen 
derived from the addition of either mineral or organic fertilizer. 

Deciduous wood sawdust resulted in rapid stimulation of fungal biomass, mainly consisting of saprotrophic 
Sordariomycetes. This was accompanied by a reduction in the mineral N pool up to 17 kg N t− 1 wood, followed 
by a gradual remobilization. The intensity of nitrogen immobilization depended on the type of woody materials 
and of fertilizer. Nitrogen immobilization by single amendments of coniferous sawdust was the lowest, but these 
materials resulted in a prolonged nitrogen retention when combined with beech sawdust. 

Our conclusion is that fungus-stimulating woody soil amendments have great potential to reduce nitrogen 
losses in arable soils.   

1. Introduction 

The use of nitrogen-containing fertilizers to obtain high crop yields is 
common practice in intensive agriculture. Although this prevents further 
expansion of agricultural land to the detriment of natural ecosystems, 
high loads of nitrogen fertilizers can cause severe environmental 
pollution (Galloway et al., 2003; Wuepper et al., 2020). Globally, the 
total mineral nitrogen added to soils increases every year, and since 
2011 it exceeds 100 Mt N yr− 1 (FAO, 2019). The majority of this ni-
trogen consists of inorganic fertilizer, whose synthesis heavily depends 
on fossil fuels. Part of nitrogen derives from organic fertilizers, such as 

manure, compost, catch crop residues and other plant-derived byprod-
ucts (Hirel et al., 2011; Hurley et al., 2017; Ladha et al., 2016; Masunga 
et al., 2016), or it is introduced in the soil via biological N2 fixation 
(Ladha et al., 2016; Herridge et al., 2008). 

Regardless of the fertilization method, only a fraction of the added 
nitrogen is taken up by crop plants (Biernat et al., 2020; de Notaris et al., 
2018; Tully et al., 2012; Zhang et al., 2015), thus missing the intended 
goal of fertilization. Large amounts of nitrogen are lost from the soil via 
water leaching and runoff, mostly in the form of NO3

− (Hurley et al., 
2017; Zhang et al., 2015; Kramer et al., 2006). This can reach ground-
water, which is used as drinking water (Ward et al., 2018), as well as 
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freshwater and coastal ecosystems, causing eutrophication and loss of 
biodiversity (Camargo and Alonso, 2006). Therefore, increasing nitro-
gen use efficiency in arable soils is key for achieving high crop yields, 
while protecting other habitats (Zhang et al., 2015; Hirel et al., 2011). 

In terrestrial ecosystems, the activity of plants, soil fungi and bacteria 
are the most important drivers of nitrogen retention (Bender and van der 
Heijden, 2015; de Vries et al., 2006, 2007, 2021; Watkinson et al., 
2005). In arable soils, however, crop residue removal strongly limits the 
activity of soil microbes (Govaerts et al., 2007; Wardle et al., 1999). The 
amendment with fresh, C-rich organic amendments can reverse this ef-
fect, by relieving microbial C-limitation and increasing their nitrogen 
demand (Clocchiatti et al., 2020; Di Lonardo et al., 2020; Reichel et al., 
2018). After incorporation in microbial biomass, nitrogen returns to the 
soil as microbial necromass decomposes (Reichel et al., 2018; Meffe 
et al., 2016). In this way, larger shares of added nitrogen could be first 
retained in the soil, and then delivered to crop plants over a longer time 
frame. 

The use of C-rich amendments for nitrogen capture is intertwined 
with the management of saprotrophic fungi in arable soil. Active sap-
rotrophic fungi contribute to lower nitrogen losses and are linked with 
increased long-term soil fertility (de Vries et al., 2011; Ning et al., 2021). 
Frey et al. (2003) clearly showed that inhibition of saprotrophic fungi is 
accompanied by a strong reduction in nitrogen capture, both for low (10 
mg N kg− 1 soil) and high nitrogen loads (100 mg N kg− 1 soil). In 
addition to this, repeated additions of nitrogen restructures fungal 
communities over time, by promoting pathogenic fungi over sapro-
trophic and mycorrhizal fungi (Hannula et al., 2021; Lekberg et al., 
2021; Isbell et al., 2013). In arable soils, nitrogen fertilization events are 
sometimes associated with increased severity of diseases caused by 
pathogenic fungi (Veresoglou et al., 2013), while decline in plant di-
versity and productivity is observed in fertilized grasslands (Isbell et al., 
2013; Clark et al., 2007). This highlights the need for more sophisticated 
approaches to soil fertility in managed ecosystems, which take into ac-
count the functioning of fungal communities (Ning et al., 2021; Chen 
et al., 2019; Frąc et al., 2018). The roles of saprotrophic fungi are 
increasingly recognized, not only in relation to nitrogen retention, but 
also to other soil functions, such as disease suppression, aggregate sta-
bility and organic matter formation (Clocchiatti et al., 2020, 2021a,b; 
Frąc et al., 2018; Lucas et al., 2014). 

Soil management practices commonly used in intensive agriculture 
hamper the growth of saprotrophic fungi (Clocchiatti et al., 2020; de 
Vries et al., 2007). In earlier studies we showed that amendments with 
sawdust from deciduous trees can restore a higher fungal biomass 
rapidly and consistently in arable soils (Clocchiatti et al., 2020, 2021b). 
Fungal biomass stimulation with deciduous wood sawdust was higher 
and longer lasting than for non-woody plant materials and conifer wood 
sawdust. Interestingly, the study of Allison (1965) showed with short- 
term (60 days) pot experiments that N retention by deciduous sawdust 
is much higher than for coniferous sawdust. Therefore, deciduous 
woody materials appear to be good candidates for promoting temporary 
storage of excess nitrogen in saprotrophic fungal biomass. However, 
most investigations on nitrogen retention by C-rich amendments focused 
on straw (Zhang et al., 2021; Truong and Marschner, 2018; Heijboer 
et al., 2016), coniferous wood (Wei et al., 2020; Reichel et al., 2018) and 
sometimes paper waste (Rahn et al., 2003). 

The objective of this study was to combine the investigation of dy-
namics of mineral nitrogen excess upon C-rich woody and straw 
amendments with investigation of fungal dynamics. We hypothesized 
that the effect of the amendments on fungal biomass increase-turnover 
would coincide with immobilization-remobilization dynamics of min-
eral nitrogen. Furthermore, we hypothesized that fungal stimulation and 
nitrogen immobilization would be delayed and/or smaller for the 
amendment with conifer wood sawdusts, as these amendments had little 
influence on growth of saprotrophic fungi in arable soils (Clocchiatti 
et al., 2020). 

In addition to measurements of fungal biomass, we determined the 

community composition of fungi stimulated by woody amendments. In 
this regard, we hypothesized that wood origin would alter the fungal 
community structure, as different metabolic activities may be needed to 
decompose woody materials of distinct biochemical composition and 
particle size. 

2. Materials and methods 

In a 6-months pot experiment, the effect of woody amendments on 
soil mineral nitrogen, fungal biomass and fungal community composi-
tion were investigated. The study compared deciduous (beech, willow) 
and coniferous (Douglas fir, larch) wood sawdusts. Furthermore, larger 
wood fragments (beech chips) and milled wheat straw were included as 
amendments, as well as the combination of beech sawdust with conifer 
sawdusts or beech chips. Two sources of nitrogen supply were used: a 
mineral fertilizer and an organic fertilizer, soybean meal. 

2.1. Organic materials 

Soil amendments used in this experiment consisted of six recalci-
trant, carbon-rich plant materials and two types of fertilizer (Fig. 1). 
Carbon-rich materials (Table S1) included sawdust from two deciduous 
tree species, beech (particle size 0.1–1.2 mm, Bemap Houtmeel, Bem-
mel, NL) and willow, sawdust from two coniferous species, Douglas fir 
and larch, and winter wheat. The latter was collected at a field from a 
local farmer. Sawdust of willow, Douglas fir and larch was obtained from 
branches (⌀ 3–8 cm) collected in the surroundings of Wageningen (NL) 
in August 2018. Branches were sawn with a chainsaw, sawdust was 
collected and further processed with a cutting mill (SM 100, Retsch, 
Haan, NL), in order to obtain a particle size similar to that of beech 
sawdust. Wheat straw stems were milled with a cutting mill (particle 
size < 2 mm). In addition to this, beech wood chips were used as a coarse 
wood amendment (1–3 × 5–10 × 5–10 mm, Bemap Houtmeel). A 
mineral NPK fertilizer (Tuinmest 12-10-18, POKON Naturado, Vee-
nendaal, NL) was also milled before use in the experiment. Soybean seed 
meal (42 % C, 7.7 % N, Ecostyle, Oosterwolde, NL), a byproduct of 
protein extraction and fermentation, was used as an organic fertilizer, 
since it releases high amounts of N in the soil (Clocchiatti et al., 2020) 
and it is widely used in organic agriculture (Anbu and Saranraj, 2016). 

2.2. Soil 

Soil was sampled from a conventionally managed arable field located 
at the experimental farm PPO Vredepeel of Wageningen University & 
Research (N 51.32.19, E 5.51.05, Vredepeel, NL) in July 2018. The top 
10 cm soil layer was sampled from bare patches in between rows of 
maize. At that location, the soil is sandy, with pH-H2O 6 and organic 
matter content 6.3 %. More details on the sampling site and soil char-
acteristics are provided by Clocchiatti et al. (2020) and Quist et al. 
(2016). Soil samples were pooled and sieved through a 4-mm mesh, 
homogenized, and stored at 4 ◦C for one month before use. 

2.3. Soil amendment, incubation and sampling 

The collected soil had an initial gravimetric moisture content of 15.9 
% and a moisture content of 30.6 % corresponded to the soil's maximum 
water holding capacity. The latter was determined by slowly adding 
water, until excess water was observed, to five replicate soil subsamples, 
followed by water drainage through a paper filter for 6 h. The moisture 
of the whole soil sample was adjusted to 18.4 %, corresponding to 60 % 
water holding capacity, by the addition of sterile deionized water. After 
that, soil was stabilized for 10 days in a dark climatized room at 21 ◦C. 

Portions of 3.5 kg soil were thoroughly mixed with thirteen combi-
nations of woody materials or wheat straw dust and fertilizer (Fig. 1). 
Each organic material was added at a concentration of 3.5 g kg− 1 and 
combined with 1.2 g kg− 1 of mineral fertilizer (equivalent to 144 mg N 
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kg− 1, 52 mg P kg− 1, 179 mg K kg− 1). This proportion between high-C 
materials and fertilizer was used in order to lower the amendment's C: 
N ratio. These wood/fertilizer mixtures (C:N < 20) are expected to cause 
only a partial N immobilization, leaving in the soil a share of plant- 
available nitrogen (Chen et al., 2014; Clocchiatti et al., 2021b; Leite 
et al., 2017; Mohanty et al., 2013). 

For combined sawdust treatments, the same amount of mineral fer-
tilizer was used. The combined treatments consisted of beech sawdust 
with Douglas fir sawdust (3.5 g kg− 1 each), beech sawdust with larch 
sawdust (3.5 g kg− 1 each), beech sawdust with beech chips (3.5 g kg− 1 

each). Beech sawdust at a double concentration (7 g kg− 1), mixed with 
1.2 g kg− 1 mineral fertilizer, was used as an additional reference 

treatment (named Beech 2×). Sawdust of beech, Douglas fir and larch 
(3.5 g kg− 1) were also used in combination with the organic fertilizer 
(3.5 g kg− 1). Three controls were included in the experiment: soil 
without any addition other than water (unfertilized soil), control with 
addition of mineral fertilizer only and control with organic fertilizer 
only. 

For each treatment, the amended soil was partitioned and placed in 
twenty-five replicate plastic pots (⌀ 4 cm × 10 cm), each containing 128 
g of amended soil. The twenty-five pots per treatment comprised of five 
sets of five replicates, each set to be disruptively sampled at distinct time 
points, namely five, ten, fifteen, twenty and twenty-five weeks after the 
start of the experiment. The pots were randomly distributed within five 

Fig. 1. Materials used as soil additions in this study. Woody materials and straw dust were added at a concentration of 3.5 g kg− 1 in single amendments with a 
background of mineral (A) or organic (C) fertilizer. (B) Combinations of woody materials utilized with a background of mineral fertilizer. For the combined additions, 
each wood type was added at the concentration of 3.5 g kg− 1, resulting in a total input of 7 g kg− 1. A 7 g kg− 1 input of beech sawdust was included as a further control 
- first line (B). 
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replicate blocks (CRBD) and placed in a dark climatized room at 21 ◦C. 
The soil moisture content was adjusted at least twice a week on weight 
basis. 

During harvest, the top 2 cm layer of soil was discarded from each 
pot, as surface soil was subjected to the largest moisture fluctuations 
during the incubation. The remaining soil of the pot was homogenized. 
For each pot, a 60 g portion was frozen, freeze-dried and stored at room 
temperature, before measurement of soil mineral N and extraction of 
DNA. For the measurement of soil ergosterol, 1 g of soil was taken from 
each pot and stored in 4 ml 10 % methanol KOH at − 20 ◦C until use. In 
order to keep storage for maximum 15 weeks, ergosterol was measured 
in soil samples of the first two time points in a first series, while the rest 
of the pots were still incubated. Ergosterol measurement for the last 
three time points was performed shortly after the end of the experiment. 

2.4. Soil nitrogen 

Soil mineral nitrogen concentrations (NO3
− and exchangeable NH4

+) 
were measured after extraction of 10 g of freeze-dried soil. To this end, 
soil was suspended in 25 ml water by shaking for 2 h at 250 rpm with 
linear movements. After measuring pH, 25 ml 2 M KCl was added and 
the suspensions were further shaken for 2 h. After the sedimentation of 
soil, the aqueous phase was collected and centrifuged at 10,000 ×g. NO3

−

and NH4
+ in the supernatant were measured with EAL QuAAtro SFA 

system (Beun de Ronde, Abcoude, NL). 

2.5. Fungal biomass 

Ergosterol concentration in soil was used as an indicator for soil 
fungal biomass. Alkaline extraction of ergosterol was performed starting 
from 1 g soil samples, as described by de Ridder-Duine et al. (2006). 
Ergosterol concentration in the extract was measured by LC-MSMS 
(UHPLC 1290 Infinity II and 6460 Triple Quad LC-MS, Agilent Tech-
nologies, CA, US). 

2.6. DNA extraction and sequencing of the fungal community 

DNA extraction and analysis of fungal community composition was 
performed for a subset of samples using procedures described by Cloc-
chiatti et al. (2020). Based on the results of analyses of mineral N and 
ergosterol, samples from the first (week 5), intermediate (week 15) and 
final (week 25) time point were chosen for further analyses. Among the 
treatments the selection included one deciduous sawdust type (beech 
sawdust), one coniferous sawdust type (Douglas fir), both with mineral 
and organic fertilizer, and beech wood chips. The combinations beech +
Douglas fir sawdust, beech sawdust + beech chips (with mineral fertil-
izer) were also included, alongside the controls with mineral fertilizer, 
organic fertilizer, and unfertilized soil. 

The DNA was extracted from 0.25 g of soil using DNeasy PowerSoil 
Pro Kit (Qiagen, Hilden, Germany) according to the manufacturer's in-
structions. The samples were subjected to ITS2 amplicon sequencing 
with primers ITS4r/9f (Ihrmark et al., 2012). The preparation of bar-
coded libraries and the sequencing by Illumina MiSeq PE250 were 
performed by McGill University and Génome Québec Innovation Centre, 
Montréal, QC, CA. 

2.7. Statistical and bioinformatic analysis 

Statistical analyses were carried out in R (v 3.4.1). Differences be-
tween treatments in soil contents of mineral nitrogen and ergosterol 
were analyzed by three-way ANOVA, after checking the assumptions of 
normality and equality of variances. Both variables were log + 1 
transformed. Net nitrogen immobilization was calculated for each 
amendment by subtracting to each data point the average N concen-
tration found for control pots with the same type of fertilizer and at the 
same time point. Three-way ANOVA was also performed for this data. 

The ANOVA models had woody amendment, type of fertilizer and time 
point as factors and block as a random factor. Dunnett's post-hoc test 
(family-wise error rate 5 %) was used for comparing each treatment with 
the control, within the same time point and type of fertilizer. Dunnett's 
test was also used for comparing combinations of woody materials with 
a reference material other than the control. The effect of fertilizer 
addition on ergosterol was compared between the three controls (un-
fertilized, mineral and organic fertilizer only) with ANOVA followed by 
Tukey's test (family-wise error rate 5 %). In addition, a correlation 
analysis (Pearson correlation index) was performed for ergosterol and 
soil mineral N. 

Fungal sequencing data was processed with ITSxpress for extracting 
the ITS2 region (Rivers et al., 2018). Then, the package DADA2 was used 
for quality filtering (maxEE = 2, truncQ = 2), joining pair-end reads, 
removing chimeric sequences, modelling sequencing errors and finally 
identifying sequence variants (SVs, Callahan et al., 2016). Taxonomical 
assignment of SVs was performed by using the UNITE v2019 database 
(Abarenkov et al., 2010) and an RDP classifier. The dataset contained 
2,080,174 total reads representing 2118 SVs, after removing singletons 
and doubletons. The SV table was further analyzed with FUNGuild, in 
order to assign fungal taxa to potential functional guilds (Nguyen et al., 
2016). Functional guilds were further simplified as reported in Table S5: 
various types of saprotrophs and mycorrhiza were renamed as “Sapro-
troph” and “Mycorrhizal”, respectively. 

The sequencing data was normalized by total sum scaling. PCoA 
ordination was performed for visualizing Bray-Curtis distances between 
fungal communities in soil amended with woody materials, combined 
with two types of fertilizer and for each time point. PERMDISP (vegan) 
revealed a low homogeneity of dispersion in the dataset, therefore 
arcsine square root transformation of data was used before running the 
Permutational multivariate analysis. Permutational multivariate anal-
ysis (PerMANOVA, vegan) was used for determining the effect of woody 
amendments and of fertilizers over time on the fungal community 
composition (999 permutations). The permutations were controlled by 
block (strata). After that, soil treatments were compared by pairwise. 
adonis with false discovery rate (FDR) correction of p-values. 

Furthermore, two-way ANOVA, followed by the Dunnett's post hoc 
test, was used for comparing the proportion of Sordariomycetes among 
woody materials applied to mineral-fertilized soil, since this class 
showed the clearest response to woody amendments (Fig. 5). Differen-
tial abundance analysis (DESeq2, Wald test p < 0.01) was performed for 
fungal genera, in order to identify which genera were significantly 
affected by soil treatments with wood and fertilizers. SVs were aggre-
gated at genus level, zero-count families were removed and a pseudo 
count was added in order to adjust the algorithm sensitivity to low- 
abundant groups (Weiss et al., 2017). DESeq2 analysis was performed 
for comparing each wood amendment to the control (with either mineral 
or organic fertilizer only). Communities were analyzed separately for 
each time point. The cumulative relative abundance was calculated for 
fungal SVs classified as “Saprotroph”, as well as for those classified as 
“Plant Pathogen”, alone or together with other potential guilds (e.g., 
“Endophyte-Plant Pathogen”). The cumulative relative abundance for 
such potential functional groups was compared among soil amend-
ments, sampling time points and types of fertilizer with a three-way 
ANOVA model, after checking for normality and equality of variances 
and performing a log-transformation. This was followed by Tukey's and 
Dunnett's post hoc tests (5 % family-wise error rate). 

3. Results 

3.1. Effect of woody amendments and type of fertilizer on fungal biomass 

Ergosterol, a fungal biomass indicator, was strongly influenced by 
amendment with woody and straw materials (F10,400 = 83.8, p < 0.001, 
Table 1A, Fig. 2), by the type of fertilizer (F2,400 = 16.1 p < 0.001) and 
by the incubation time (F4,400 = 40.5, p < 0.001). The temporal 
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dynamics of ergosterol differed among the organic amendments (F40,400 
= 3.9, p < 0.01), while the time of sampling did not affect ergosterol 
levels across distinct types of fertilizer (Table 1A). Yet, the overall effect 
of woody and straw amendments on fungal biomass was influenced by 
the type of fertilizer (F4,400 = 2.8, p < 0.05). 

All amendments with beech sawdust, either alone or in combination 
with other woody amendments or organic fertilizer, resulted in an in-
crease of fungal biomass at week 5, as compared to the control (Fig. 2, p 
< 0.001). At this time point, stimulation of fungal biomass was also seen 
for willow sawdust and milled wheat straw. For all treatments con-
taining beech sawdust, willow sawdust and straw, there was a sharp 
drop in ergosterol levels after 10 weeks of incubation. Yet, from week 10 
onwards until the end of the experiment, higher ergosterol levels were 
still occurring for soil amendments containing beech or willow sawdust, 
as compared to the control, but this was not the case for wheat straw 
dust. In contrast to deciduous wood sawdust, no significant stimulation 
of ergosterol at 5 weeks was seen for coniferous sawdust and beech chips 
amendment. Stimulation of fungi by coniferous sawdust and beech chips 
remained low for the whole incubation and the measured ergosterol in 
these treatments was in most cases not significantly different from the 
controls. 

The combination of beech wood with other woody materials, namely 
conifer wood sawdust and beech chips, led to ergosterol values that were 
comparable to that of beech sawdust alone (Fig. 2, Table S2A). The 
addition of a double amount of beech sawdust caused a higher ergosterol 
level at week 5, 10 and 25, as compared to one dose of beech sawdust 
(Table S2A). 

An increase in ergosterol was detected for the control amended with 
organic fertilizer as compared to the unfertilized control soil (Tukey's 
test, p < 0.001) and as compared to the control with mineral fertilizer 
(Tukey's test, p < 0.001). The addition of mineral fertilizer only did not 
significantly affect ergosterol levels. At some time points, higher 
ergosterol levels were seen for the coniferous sawdusts combined with 
organic fertilizer, as compared to these sawdusts combined with mineral 
fertilizer (Table S2C). 

3.2. Effect of woody amendments and type of fertilizer on soil mineral 
nitrogen 

Mineral nitrogen concentration in soil was strongly affected by the 
use of woody and straw amendments (F10,400 = 46.6 for N, df = 10, p =
0.001, Table 1B). The type of fertilizer (F2,400 = 557.7, p = 0.001) and 
the sampling time (F4,400 = 30.5, p = 0.001) also affected the concen-
tration of nitrogen in soil. Significant interactive effects were seen be-
tween sampling time and type of organic amendment (F40,400 = 1.4, p <
0.1) and between sampling time and type of fertilizer (F8,400 = 2.6, p <
0.05, Table 1B). 

Overall, a significant negative correlation was seen between ergos-
terol and soil mineral N (Pearson: r = − 0.50, p < 0.001) for pots with 
mineral fertilizer and (r = − 0.34, p < 0.001) for pots with organic fer-
tilizer; Fig. 3. 

Beech and willow treatments, but not straw, showed a significant 
decrease in soil nitrogen at week 5, as compared to the mineral fertilizer 
control (p < 0.01, Figs. 2, S1). With beech sawdust, soil mineral N was 
still lower than the mineral fertilizer control at week 10, while at later 
time points it was not significantly different from the mineral fertilizer 
control. 

Beech sawdust 2×, as well as the combination of beech sawdust with 
conifer sawdusts or wood chips, resulted in lower soil N, as compared to 
the mineral fertilizer control, for the whole duration of the experiment 
(Figs. 2, S1). These treatments had also a lower mineral nitrogen con-
centration than beech sawdust alone, especially during prolonged in-
cubation times (Table S2B). 

With regard to soil fertilized with soy meal, a lower concentration of 
nitrogen was seen only at week 10, for both beech sawdust and Douglas 
fir addition, as compared to the organic fertilizer control (p < 0.05, 
Figs. 2, S1). At other time points, the average mineral nitrogen con-
centration was still lower than the organic fertilizer controls at 15 and 
20 weeks for beech sawdust amendments, but these differences were not 
significant. 

3.3. Effect of woody amendments and type of fertilizer on fungal 
community composition 

The changes in fungal community composition were explained by 
the type of woody amendment (R2 = 0.14, df = 5, p < 0.001, Table 2) 
and type of fertilizer (R2 = 0.10, df = 2, p < 0.001). Overall, the fungal 
community structures varied over time (R2 = 0.026, df = 2, p < 0.001). 
The effect of woody amendments was influenced by both sampling time 
(interaction amendment: time R2 = 0.062, df = 10, p < 0.01) and type of 
fertilizer (interaction amendment: fertilizer R2 = 0.027, df = 2, p <
0.001). 

The mineral fertilizer had a minor effect on the fungal community 
composition, as compared to the unfertilized control. With added min-
eral fertilizer, beech sawdust, either alone or in combination with beech 
wood chips or Douglas fir sawdust, caused the largest shift in the fungal 
community composition, at all time points (Fig. 4, Table S3). The effect 
of Douglas fir alone and beech wood chips alone, combined with mineral 
fertilizer, was less evident, but the distance to the mineral fertilizer 
control was larger at the latest time point (week 25). 

All soils amended with woody materials and mineral fertilizer had a 
higher proportion of Sordariomycetes, as compared to the mineral fer-
tilizer control (Fig. 5). Beech sawdust and beech sawdust + beech chips 
had a similar relative abundance of Sordariomycetes, which was higher 
than the amendments with Douglas fir sawdust (Dunnett's, p < 0.001) 
and beech wood chips (Dunnett's, p < 0.001) and to beech + Douglas fir 
sawdust (Dunnett's, p < 0.01). Furthermore, the changes in fungal 
community composition among woody amendments in mineral fertil-
ized soil were explained by the stimulation of distinct Sordariomycetes 
(Fig. 6). Both beech sawdust and Douglas fir sawdust, combined with 
mineral fertilizer, promoted a higher proportion of the Sordariomycetal 
genera Cirrenalia, Colletotrichum and Conlarium at each time point 

Table 1 
Summary of ANOVA applied to ergosterol (A) and mineral nitrogen (B) con-
centrations in soil, as a function of organic amendments (wood types and straw), 
time after amendment and type of fertilizer (mineral and organic). df: degrees of 
freedom, SS: sum of squares, MS: mean sum of squares.  

A df SS MS F p  

Wood and straw amendment  10  14.9  1.5  83.8 <2.2⋅10− 16 *** 
Time  4  2.9  0.7  40.5 <2.2⋅10− 16 *** 
Fertilizer  2  0.6  0.3  16.1 2.24⋅10− 7 *** 
Amendment × Time  40  2.7  0.1  3.9 7.00⋅10− 12 *** 
Amendment × Fertilizer  3  0.1  0  2.8 0.04 * 
Time × Fertilizer  8  0.1  0  0.6 0.77  
Amendment × Time ×

Fertilizer  12  0.1  0  0.3 0.99  
Residuals  316  5.6  0      

B df SS MS F P  

Wood and straw 
amendment  10  11.6  1.2  46.6 <2.2⋅10− 16 *** 

Time  4  3  0.8  30.5 <2.2⋅10− 16 *** 
Fertilizer  2  27.8  13.9  557.7 <2.2⋅10− 16 *** 
Amendment × Time  40  1.4  0  1.4 0.06 •

Amendment × Fertilizer  3  0  0  0.5 0.69  
Time × Fertilizer  8  0.5  0.1  2.6 0.01 * 
Amendment × Time ×

Fertilizer  12  0.2  0  0.8 0.66  
Residuals  320  8  0     

• 0.1 < p < 0.05. 
* 0.05 < p < 0.001. 
*** p < 0.0001. 
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(Fig. 6, Table S4). In addition to this, beech sawdust + mineral fertilizer 
resulted in a higher relative abundance of other Sordariomycetes, such 
as Acremonium, Podospora, Chaetomidium and Schizotechium (Fig. 6A, 
Table S4). Douglas fir-amended soil was characterized by the presence of 
higher proportions of Metarhizium (week 5), Phialemonium and members 
of Tremellomycetes (Fig. 6B, Table S4). 

According to the differential abundance analysis, the combination of 
beech sawdust with beech wood chips, led to the highest number of 
Sordariomycetes having a higher relative abundance as compared to the 
mineral fertilizer control (Fig. S2B, Table S4). Such amendments led also 
to higher proportions of Agaricomycetes, Microbotryomycetes and 
Dothideomycetes (Fig. S2B). The soil treated with beech sawdust +

Douglas fir sawdust had mainly an overrepresentation of sordar-
iomycetal genera that were also seen for beech sawdust only (Fig. S2C, 
Table S4). 

In contrast to the mineral fertilization, addition of the organic fer-
tilizer had a strong impact on fungal community composition (Figs. 4, 
5). Within this strong organic fertilizer effect, additional effects of 
woody amendments were limited (Fig. 4). The organic fertilizer control 
resulted in a strong elevated relative proportion of Mortierellomycetes 
for the whole duration of the experiment, as compared to both the un-
fertilized and mineral fertilized controls. This high proportion of Mor-
tierellomycetes was also seen for organic fertilizer combined with 
woody materials (Fig. 5). Yet, both beech and Douglas fir sawdust pro-
moted several sordariomycetal genera (Figs. 6, S3). 

The analysis of functional guilds revealed that the cumulative rela-
tive abundance of fungi classified as “Saprotrophs” increased in response 
to the addition of woody materials (ANOVA, F5, 400 = 25.1, p < 0.001). 
The effect of woody materials on Saprotrophs was depended on the type 
of fertilizer (ANOVA, F2, 400 = 12.9, p < 0.001). As compared to the 
mineral fertilizer control, beech sawdust and beech sawdust + beech 
chips had a higher proportion of Saprotrophs (Dunnett, both p < 0.001). 
With organic fertilizer, a higher proportion of Saprotrophs was seen for 
both beech (Dunnett, p < 0.01) and Douglas fir sawdust (Dunnett, p <
0.001), as compared to the organic fertilizer control (Fig. S4). The 
analysis of fungal SVs assigned as “Plant pathogen” only or assigned as 
“Plant pathogen or other potential function” revealed limited significant 
differences in their cumulative relative abundance among soil amend-
ments, sampling times and types of fertilizer (Fig. S4). 

4. Discussion 

4.1. Impact of individual woody materials and straw on soil fungi and 
nitrogen dynamics, in presence of mineral fertilizer 

The highest amount of ergosterol in sawdust amended soil was 
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Fig. 3. Correlation between soil mineral nitrogen and ergosterol-based fungal biomass, with the soil nitrogen input originating from two types of fertilizer, mineral 
and organic. For each linear model the 95 % confidence interval is shown, as well as the Pearson correlation (r) and its significance. 

Table 2 
Changes in fungal community composition by permutational multivariate 
analysis of variance (PerMANOVA), performed using Bray-Curtis distances 
partitioned by type of wood amendment, type of fertilizer and time of sampling. 
SS: sum of squares, MS: mean sum of squares.   

df SS MS Pseudo 
F 

R2 pa  

Wood amendment  5  3.8  0.8  5.4  0.135  0.001 *** 
Fertilizer  2  2.9  1.4  10.2  0.103  0.001 *** 
Time  2  0.7  0.4  2.6  0.026  0.001 *** 
Wood amendment ×

Fertilizer  2  0.8  0.4  2.7  0.027  0.001 *** 

Wood amendment ×
Time  

10  1.8  0.2  1.2  0.062  0.004 ** 

Fertilizer × Time  4  0.7  0.2  1.2  0.024  0.077 •

Wood amendment ×
Fertilizer × Time  4  0.6  0.1  1  0.02  0.501  

Residuals  120  17  0.1   0.604    

a Significance values based on 999 permutations. 
• 0.1 < p < 0.05. 
** 0.001 < p < 0.001. 
*** p < 0.0001. 
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measured at the first sampling time (week 5) in the beech sawdust 
treatment. This is in line with our earlier observation that addition of 
deciduous sawdust to arable soil causes a rapid increase of fungi, 
probably benefiting from the presence of accessible cellulose and 
hemicellulose fractions (Clocchiatti et al., 2020, 2021b). 

As hypothesized, the initial increase in fungal biomass was accom-
panied by a strong reduction of the mineral fertilizer-derived nitrogen 
pool. It is well known that fungi obtain nitrogen for growth from their 
surroundings, when the available energy source is N-poor (Di Lonardo 
et al., 2020; Watkinson et al., 2005; Frey et al., 2000). 

After an initial increment, ergosterol levels declined rapidly (week 
10), but remained steadily higher in sawdust-amended soil than in the 
control soils during the rest of the incubation. This was accompanied by 
a gradual remobilization of mineral nitrogen into the soil. Interestingly, 
the rapid decline of ergosterol between week five and ten was not 
immediately coupled by a rapid release of mineral nitrogen into the soil. 
Fungivorous soil (micro)organisms may have contributed to the decline 
of fungal biomass, thereby incorporating part of the nitrogen in their 
bodies/cells (López-Mondéjar et al., 2018; Morriën et al., 2017). It has 
also been shown that recalcitrant lignocellulose residues can contribute 
to abiotic immobilization of nitrogen, particularly in presence of high 
microbial activity and microbial residues (Yansheng et al., 2020; Reichel 
et al., 2018). Such a temporary retention of nitrogen into microbial 
biomass or in the soil organic matter pool can prolong the time that 
nitrogen is not prone to leaching. This may improve nitrogen use effi-
ciency, long-term soil fertility and crop yields (Ning et al., 2021; Strik, 
2014; Malhi et al., 2011; Olayinka and Adebayo, 1985). 

Steady levels of ergosterol were detected in soil in week 10 to 25 
after deciduous wood addition. Although ergosterol is considered as an 
indicator of living fungal biomass, its ability to accurately depict fungal 
biomass decline has been questioned (de Vries et al., 2009; Mille-Lind-
blom et al., 2004). Hence, fungal necromass-derived ergosterol could 
cause some overestimation of living fungi at the later time points in this 
study. Irrespectively of the relative contribution of living and dead fungi 
to ergosterol, slow rates of fungal biomass turnover will contribute to a 
gradual nitrogen remobilization (Rousk and Bååth, 2007). 

Amendments with coniferous wood sawdust, beech wood chips and 
straw caused a low increase of fungal biomass, which matched with 
lower nitrogen immobilization. The effect of such materials was lower 

compared to deciduous wood sawdust, which can be ascribed to the fact 
that cellulose fibers in conifer wood and wood chips are more difficult to 
access by soil fungi. In conifer wood, cellulose decomposition is 
hampered by the presence of complex lignin structures and antimicro-
bial secondary metabolites (Cornwell et al., 2009; Weedon et al., 2009). 
It is likely that fungi are required to use lignin-degrading or lignin- 
modifying enzymes and/or to form specialized hyphae (van der Wal 
et al., 2013) in order to access of cellulose in both coniferous sawdust 
and larger deciduous wood particles. For both materials, nitrogen 
reduction and ergosterol increase occurred within the first 10 weeks of 
incubation, with no further effect in the long-term. Earlier research 
showed low levels of nitrogen retention after the addition of coniferous 
woody materials and deciduous wood chips. For instance, Reichel et al. 
(2018) reported capture of 8–15 kg N ha− 1 with ca. 9 t ha− 1 spruce 
sawdust, while Homyak et al. (2008) showed that 12 and 24 t ha− 1 

deciduous wood chips captured 19 and 38 kg N ha− 1, respectively. The 
current study shows that fungal stimulation and nitrogen capture is far 
more effective with deciduous wood sawdust, as compared to coniferous 
sawdust and deciduous wood chips. 

The addition of beech wood sawdust mixed with either coniferous 
wood sawdust or beech chips resulted in a similar initial (week 5) fungal 
stimulation and nitrogen immobilization as measured for the single 
beech wood application. During the subsequent incubation, both 
ergosterol and immobilized nitrogen levels remained higher in the 
combined amendments than in the single dose beech amendment. It has 
been shown that the addition of easily available cellulose can prime the 
decomposition of recalcitrant compounds by fungi, within a time range 
of 2–8 weeks (Blagodatskaya et al., 2014; Fontaine et al., 2011). Even if 
such a priming effect was not evident at the time of highest fungal 
biomass development (week 5), it may have contributed to a faster 
fungal colonization of coniferous sawdust particles and beech wood 
chips. 

In this study, mineral N analyses have been done on freeze-dried soil 
samples in order to be able to analyze the high number of samples under 
similar conditions. However, freeze-drying may have influenced the 
quantification of the extractable mineral N contents. Researchers have 
found inconsistent effects of drying on nitrate-N, the main form of 
extractable N in this study, compared to extraction from fresh soil, 
leading to either increase or decrease of extractable nitrate-N in both 
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Fig. 4. Effect of beech - and Douglas fir sawdust amendments, combined with mineral or organic fertilizer, on fungal community composition in arable soil, analyzed 
at three time points after amendment. PCoA plot is based on Bray-Curtis distances (mean ± SE, n = 5). For beech also amendment with wood chips was included. 
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unfertilized and fertilized soils (Breimer and Slangen, 1981; Li et al., 
2012; Wu et al., 2020). Freeze-drying entails rapid freezing, low drying 
temperatures and short drying time, and has been reported to limit the 
impact of sample processing on soil N (Breimer and Slangen, 1981; 
Nelson and Bremner, 1972; Wu et al., 2020). Our measurements did 
show the expected immobilization-remobilization dynamics of mineral 
N and the strong correlation of N-immobilization with fungal biomass 
increase. Nevertheless, we acknowledge sample processing may have 
influenced the exact amount of extractable mineral N in the soil samples. 

4.2. Composition of the fungal community stimulated by woody materials, 
in presence of mineral fertilizer 

As seen in our previous research, Sordariomycetes was the most 
responsive fungal class after the addition of beech sawdust amendments 

(Clocchiatti et al., 2020, 2021b). Over the 25-weeks incubation, no clear 
succession in fungal genera was seen, rather a consolidation of a higher 
proportion of sordariomycetal genera, as shown by the ordination 
analysis. Hence, a longer incubation of soil containing beech sawdust 
did not show evidence of succession for the fungal decomposers. How-
ever, relic DNA remaining in the soil could have influenced this pattern 
(Carini et al., 2020). 

Beech wood chips, both applied alone and in combination with beech 
sawdust, was the only substrate promoting a higher relative abundance 
of mushroom-forming, wood-decaying Agaricomycetes, Coprinellus and 
Psathyrella. These genera are commonly present during decay of large 
woody materials in natural environments, but can also be found in man- 
made environments (Kokkoris et al., 2019; Hiscox et al., 2016; Robles 
et al., 2012). In addition to this, the combination of beech sawdust and 
beech chips led to the stimulation of the largest number of 
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sordariomycetal genera. This result highlights that providing woody 
substrates with different particle size leads to a higher complexity of the 
stimulated fungal community. 

Differential abundance analysis showed that woody amendments 
increased the relative abundance of fungal genera including the function 
“Plant pathogen” among other potential functions (some Sordar-
iomycetes and Dothideomycetes). Yet, the effect of woody materials on 
the relative abundance of the total sub-community of potential patho-
genic fungi was not significant. As discussed in previous works (Cloc-
chiatti et al., 2021a,b), a small increase in potential pathogenic fungi can 
be detected in soil after wood addition. However, this effect of sawdust 
addition did not extend to the root interior, and it also did not increase 
plant disease. 

4.3. Impact of combined amendment of woody materials and organic 
fertilizer on soil fungal biomass, community composition and nitrogen 
dynamics 

The addition of organic fertilizer (soybean meal) alone caused only a 
small increase in ergosterol, but it resulted in a strong stimulation of the 
relative abundance of Mortierellaceae. Soybean meal is rich in nitrogen 
(C:N ratio 7) as it contains a high amount of proteins (Zdunczyk et al., 
1999). It is well known that Mortierellaceae respond strongly to easily 
degradable, N-rich substrates (Liu et al., 2021; Andreo-Jimenez et al., 
2021; Clocchiatti et al., 2020). Bacteria, which were not examined in 
this study, are often stimulated by this type of organic materials as well 
(Andreo-Jimenez et al., 2021; Leite et al., 2017). Hence, it is likely that 
Mortierellaceae and soil bacteria were responsible for the initial 
decomposition of the organic fertilizer, which caused a strong increase 
in soil nitrogen within the first ten weeks after addition. 

Beech wood sawdust amendment showed a similar pattern of 
ergosterol dynamics and stimulation of Sordariomycetes in the presence 
of organic and mineral fertilizer. Although sawdust-stimulated Sordar-
iomycetes have the ability to utilize labile compounds (Clocchiatti et al., 
2021a), the data suggest that cellulose was the main driver for the 
growth of Sordariomycetes in soil amended with beech wood and 
soybean. 

Fungal biomass stimulation by beech sawdust was again associated 
with nitrogen immobilization, but it differed in timing and extent, as 
compared to that seen for beech sawdust with a mineral fertilizer 
background. Significant nitrogen immobilization was first detected at 
week ten, followed by a gradual restitution to the soil in the subsequent 
weeks. Interestingly nitrogen immobilization was seen also with Doug-
las fir and larch sawdust. Possibly, labile substrates from organic fer-
tilizer facilitated, to some extent, the decomposition of coniferous wood 
and the coinciding utilization of excess soil nitrogen by fungi (Fanin 
et al., 2020; Cuchietti et al., 2014). The stimulation of bacteria by the 
organic fertilizer could also have facilitated fungal degradation of 
conifer wood, for instance by degrading antimicrobial secondary com-
pounds (Johnston et al., 2016; Kamau et al., 2021). 

The analysis of fungal sequences revealed that Mortierellaceae 
dominated all soils treated with the organic fertilizer. However, this did 
not coincide with similar stimulation patterns of ergosterol for soils with 
and without woody amendments. Lack of detection of increase of Mor-
tierellaceae by ergosterol has been reported before and is ascribed to the 
presence of desmosterol rather than ergosterol in their membranes (Poll 
et al., 2010; Weete and Gandhi, 1999). The high ergosterol levels seen 
for the combination of organic fertilizer and wood sawdusts is therefore 
likely to derive from ergosterol-containing fungi, such as 
Sordariomycetes. 

Mortierellaceae dominated the fungal community in soybean- 
amended soils until the end of the experiment. This is in contrast with 
the notion that fast-growing fungi prevail only during initial substrate 
decomposition and are replaced by other fungal groups (Poll et al., 2010; 
Tennakoon et al., 2021). However, sustained dominance of early colo-
nizers, with limited fungal species succession, was seen with other N- 

rich, labile substrates (Matsuoka et al., 2018). A fungal community shift 
was not seen in this study, even in soil amended with both soybean and 
woody substates. Ergosterol data clearly shows that also the strongest 
stimulation of fungi other than Mortierellaceae occurred at the beginning 
of the experiment, with smaller effects at later time points. 

4.4. Application perspectives for nitrogen management with woody 
amendments 

The N concentration reduction, as measured in the present green-
house study, after the addition of 3.5 g kg− 1 beech wood sawdust caused 
an initial capture of 16.6 kg N t− 1 sawdust (Fig. S1B) in soil treated with 
mineral fertilizer, which was partially returned after four months. Such 
sawdust addition would correspond to application rates of 3.5–5.3 t 
ha− 1, when calculated for wood addition to the upper 10 cm of arable 
soil, assuming a soil bulk density range of 1–1.5 g cm3. The same beech 
sawdust amendment, as well as Douglas fir sawdust, captured >17 kg N 
t− 1 sawdust at week 10, in soybean meal-fertilized soil. Doubling the 
application rate of beech sawdust or combining it with Douglas fir, larch 
sawdust or beech wood chips, lead to a maximum immobilization of 
11.7, 7.2, 9.8 and 9.5 kg N t− 1 wood, respectively, which largely 
remained immobilized for the whole 6-month incubation (Fig. S1B). Our 
study provides an initial estimate on how different wood types, combi-
nations and dosages can compare in terms of N immobilization 
potential. 

Overall, this study points at woody materials as potentially prom-
ising resources for the management of excess mineral nitrogen in soils. 
For instance, rapid nitrogen capture is vital after the harvesting of cash 
crops. Then, N-rich crop residues release high amounts of nitrogen in the 
soil (Zhao et al., 2020; Agneessens et al., 2014; Whitmore and Groot, 
1997). In this scenario, sandy soils are especially prone to nitrogen 
leaching (Agneessens et al., 2014; Simmelsgaard, 2007). Cover crops are 
often used to prevent such nitrogen loss. However, newly sown cover 
crops need time to grow before they can capture a significant amount of 
nitrogen. Conversely, sawdust of deciduous trees may have the advan-
tage of immobilizing N shortly after application, when the risk of ni-
trogen losses is the highest. 

Another instance when sawdust-induced nitrogen immobilization 
could be utilized, is at the start of the growing season. In that period, 
plant-available nitrogen exceeds the demands of young cash crops plants 
(de Notaris et al., 2018; Sieling and Kage, 2006). Our study suggests that 
the portion of nitrogen immobilized after the application of sawdust 
may be again available to plants in the following months. However, field 
experiments are essential for quantifying the extent and timing of soil N 
reduction after sawdust amendment, as well as directly testing if it 
causes an actual reduction of N losses via water and air. Environmental 
factors, such as temperature, can affect fungal activity, as well nitrogen 
immobilization-remobilization rates and dynamics, as compared to 
those described in the present study. Another relevant topic of 
perspective research is how woody amendments would perform in 
combination with other N-capturing strategies, such as, cereal straw or 
cover crops. 

This study, as well as earlier studies, indicated that the risks for 
stimulating plant-pathogenic fungi with sawdust amendments are minor 
(Clocchiatti et al., 2021a,b). Conversely, it has been shown that sapro-
trophic fungi stimulated by deciduous wood sawdust amendment can 
reduce the impact of soil-borne pathogens on plants (Clocchiatti et al., 
2021b). Therefore, the application of woody amendments shortly before 
a cropping season can be considered a way for both controlling soil- 
borne diseases and improving nitrogen use efficiency. However, tem-
porary fungal-driven nitrogen immobilization, as shown in this study, 
should be considered to ensure appropriate nutrition of crop seedlings. 

5. Conclusions 

Our study shows that fungal growth dynamics after wood sawdust 
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amendments is reflected by mineral nitrogen immobilization- 
remobilization dynamics. The extent of nitrogen immobilization de-
pends on the type and dose of sawdust. Deciduous wood sawdusts per-
formed better than coniferous sawdusts and wood chips, which is 
probably due differences in accessibility of cellulose fibers to fungi. 
However, combining deciduous sawdust with coniferous sawdust or 
wood chips can be an interesting option, as it prolongs the time of ni-
trogen immobilization. Overall, the results provide a good basis for 
further field testing of sawdust amendments to increase nitrogen use 
efficiency in arable soils. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apsoil.2022.104663. 
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Brüggemann, N., 2018. Potential of wheat straw, spruce sawdust, and lignin as high 
organic carbon soil amendments to improve agricultural nitrogen retention capacity: 
an incubation study. Front. Plant Sci. 9, 900. https://doi.org/10.3389/ 
fpls.2018.00900. 

Rivers, A., Weber, K., Gardner, T., Liu, S., Armstrong, S., 2018. ITSxpress: Software to 
rapidly trim internally transcribed spacer sequences with quality scores for marker 
gene analysis. F1000Research 7, 1418. https://doi.org/10.12688/ 
f1000research.15704.1. 

Robles, C.A., Carmarán, C.C., Lopez, S.E., 2012. Molecular techniques based on ITS 
analysis: useful tools for the identification of wood-decay basidiomycetes in urban 
trees?. In: Museo Botánico Kurtziana, 37, pp. 91–108. 

Rousk, J., Bååth, E., 2007. Fungal biomass production and turnover in soil estimated 
using the acetate-in-ergosterol technique. Soil Biol. Biochem. 39, 2173–2177. 
https://doi.org/10.1016/j.soilbio.2007.03.023. 

Sieling, K., Kage, H., 2006. N balance as an indicator of N leaching in an oilseed rape – 
winter wheat – winter barley rotation. Agric. Ecosyst. Environ. 115, 261–269. 
https://doi.org/10.1016/j.agee.2006.01.011. 

Simmelsgaard, S.E., 2007. The effect of crop, N-level, soil type and drainage on nitrate 
leaching from Danish soil. Soil Use Manag. 14, 30–36. https://doi.org/10.1111/ 
j.1475-2743.1998.tb00607.x. 

Strik, B., 2014. Nitrogen fertilization rate, sawdust mulch, and pre-plant incorporation of 
sawdust – long-term impact on yield, fruit quality, and soil and plant nutrition in 
‘Elliott’. Acta Hortic. 1017, 269. 

Tennakoon, D., Gentekaki, E., Jeewon, R., Kuo, C.-H., Promputtha, I., Hyde, K., 2021. 
Life in leaf litter: fungal community succession during decomposition. Mycosphere 
12. https://doi.org/10.5943/mycosphere/12/1/5. 

Truong, T.H.H., Marschner, P., 2018. Respiration, available N and microbial biomass N 
in soil amended with mixes of organic materials differing in C/N ratio and 
decomposition stage. Geoderma 319, 167–174. https://doi.org/10.1016/j. 
geoderma.2018.01.012. 

A. Clocchiatti et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/S0038-0717(03)00155-X
https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053[0341:TNC]2.0.CO;2
https://doi.org/10.1016/j.apsoil.2007.03.006
https://doi.org/10.1111/ejss.13090
https://doi.org/10.1111/ejss.13090
https://doi.org/10.1016/j.apsoil.2016.06.009
https://doi.org/10.1007/s11104-008-9668-3
https://doi.org/10.1007/s11104-008-9668-3
https://doi.org/10.3390/su3091452
https://doi.org/10.1111/1462-2920.13141
https://doi.org/10.1111/1462-2920.13141
https://doi.org/10.1016/j.foreco.2008.01.018
https://doi.org/10.1016/j.foreco.2008.01.018
https://doi.org/10.1061/JSWBAY.0000821
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1073/pnas.1310880110
https://doi.org/10.1073/pnas.1310880110
https://doi.org/10.1093/femsec/fiw179
https://doi.org/10.1093/femsec/fiw179
https://doi.org/10.1007/s00374-020-01526-0
https://doi.org/10.1016/j.scitotenv.2019.05.447
https://doi.org/10.1016/j.scitotenv.2019.05.447
https://doi.org/10.1073/pnas.0600359103
https://doi.org/10.1073/pnas.0600359103
https://doi.org/10.1038/srep19355
https://doi.org/10.1038/srep42634
https://doi.org/10.1038/s41467-021-23605-y
https://doi.org/10.1080/00103624.2012.639108
https://doi.org/10.1016/j.soilbio.2021.108343
https://doi.org/10.1016/j.soilbio.2021.108343
https://doi.org/10.1038/s41396-018-0084-2
https://doi.org/10.1016/j.apsoil.2013.10.002
https://doi.org/10.1016/j.apsoil.2013.10.002
https://doi.org/10.1016/j.fcr.2011.07.009
https://doi.org/10.1016/j.apsoil.2016.01.006
https://doi.org/10.1016/j.apsoil.2016.01.006
https://doi.org/10.1016/j.funeco.2018.06.005
https://doi.org/10.1016/j.jenvman.2016.05.083
https://doi.org/10.1016/j.jenvman.2016.05.083
https://doi.org/10.1016/j.mimet.2004.07.010
https://doi.org/10.1007/s40003-013-0052-z
https://doi.org/10.1007/s40003-013-0052-z
https://doi.org/10.1038/ncomms14349
https://doi.org/10.1038/ncomms14349
https://doi.org/10.2134/agronj1972.00021962006400020021x
https://doi.org/10.2134/agronj1972.00021962006400020021x
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.apsoil.2020.103843
https://doi.org/10.1016/j.apsoil.2020.103843
https://doi.org/10.1007/BF02185024
https://doi.org/10.1007/s00248-009-9541-9
https://doi.org/10.1007/s00248-009-9541-9
https://doi.org/10.1016/j.apsoil.2015.10.022
https://doi.org/10.1111/j.1475-2743.2003.tb00304.x
https://doi.org/10.1111/j.1475-2743.2003.tb00304.x
https://doi.org/10.3389/fpls.2018.00900
https://doi.org/10.3389/fpls.2018.00900
https://doi.org/10.12688/f1000research.15704.1
https://doi.org/10.12688/f1000research.15704.1
http://refhub.elsevier.com/S0929-1393(22)00279-7/rf202209090517454347
http://refhub.elsevier.com/S0929-1393(22)00279-7/rf202209090517454347
http://refhub.elsevier.com/S0929-1393(22)00279-7/rf202209090517454347
https://doi.org/10.1016/j.soilbio.2007.03.023
https://doi.org/10.1016/j.agee.2006.01.011
https://doi.org/10.1111/j.1475-2743.1998.tb00607.x
https://doi.org/10.1111/j.1475-2743.1998.tb00607.x
http://refhub.elsevier.com/S0929-1393(22)00279-7/rf202209090517478997
http://refhub.elsevier.com/S0929-1393(22)00279-7/rf202209090517478997
http://refhub.elsevier.com/S0929-1393(22)00279-7/rf202209090517478997
https://doi.org/10.5943/mycosphere/12/1/5
https://doi.org/10.1016/j.geoderma.2018.01.012
https://doi.org/10.1016/j.geoderma.2018.01.012


Applied Soil Ecology 181 (2023) 104663

14

Tully, K.L., Lawrence, D., Scanlon, T.M., 2012. More trees less loss: nitrogen leaching 
losses decrease with increasing biomass in coffee agroforests. Agric. Ecosyst. 
Environ. 161, 137–144. https://doi.org/10.1016/j.agee.2012.08.002. 

van der Wal, A., Geydan, T.D., Kuyper, T.W., de Boer, W., 2013. A thready affair: linking 
fungal diversity and community dynamics to terrestrial decomposition processes. 
FEMS Microbiol. Rev. 37, 477–494. https://doi.org/10.1111/1574-6976.12001. 

Veresoglou, S.D., Barto, E.K., Menexes, G., Rillig, M.C., 2013. Fertilization affects 
severity of disease caused by fungal plant pathogens. Plant Pathol. 62, 961–969. 
https://doi.org/10.1111/ppa.12014. 

Ward, M.H., Jones, R.R., Brender, J.D., De Kok, T.M., Weyer, P.J., Nolan, B.T., 
Villanueva, C.M., Van Breda, S.G., 2018. Drinking water nitrate and human health: 
an updated review. Int. J. Environ. Res. Public Health 15. https://doi.org/10.3390/ 
ijerph15071557. 

Wardle, D.A., Yeates, G.W., Nicholson, K.S., Bonner, K.I., Watson, R.N., 1999. Response 
of soil microbial biomass dynamics, activity and plant litter decomposition to 
agricultural intensification over a seven-year period. Soil Biol. Biochem. 31, 
1707–1720. https://doi.org/10.1016/S0038-0717(99)00090-5. 

Watkinson, S.C., Boddy, L., Burton, K., Darrah, P.R., Eastwood, D., Fricker, M.D., 
Tlalka, M., 2005. New approaches to investigating the function of mycelial networks. 
Mycologist 19, 11–17. https://doi.org/10.1017/S0269915X05001023. 

Weedon, J.T., Cornwell, W.K., Cornelissen, J.H.C., Zanne, A.E., Wirth, C., Coomes, D.A., 
2009. Global meta-analysis of wood decomposition rates: a role for trait variation 
among tree species? Ecol. Lett. 12, 45–56. https://doi.org/10.1111/j.1461- 
0248.2008.01259.x. 

Weete, J.D., Gandhi, S.R., 1999. In: Sterols and Fatty Acids of the Mortierellaceae: 
Taxonomic Implications, null 91, pp. 642–649. https://doi.org/10.1080/ 
00275514.1999.12061063. 

Wei, J., Reichel, R., Islam, M.S., Wissel, H., Amelung, W., Brüggemann, N., 2020. 
Chemical composition of high organic carbon soil amendments affects fertilizer- 
derived N2O emission and nitrogen immobilization in an oxic sandy loam. Front. 
Environ. Sci. 8, 15. https://doi.org/10.3389/fenvs.2020.00015. 

Weiss, S., Xu, Z.Z., Peddada, S., Amir, A., Bittinger, K., Gonzalez, A., Lozupone, C., 
Zaneveld, J.R., Vázquez-Baeza, Y., Birmingham, A., Hyde, E.R., Knight, R., 2017. 
Normalization and microbial differential abundance strategies depend upon data 
characteristics. Microbiome 5, 27. https://doi.org/10.1186/s40168-017-0237-y. 

Whitmore, A.P., Groot, J.J.R., 1997. The decomposition of sugar beet residues: 
mineralization versus immobilization in contrasting soil types. Plant Soil 192, 
237–247. https://doi.org/10.1023/A:1004288828793. 

Wu, D., Deng, L., Liu, Y., Xi, D., Zou, H., Wang, R., Sha, Z., Pan, Y., Hou, L., Liu, M., 2020. 
Comparisons of the effects of different drying methods on soil nitrogen fractions: 
Insights into emissions of reactive nitrogen gases (HONO and NO), 13, 224–231. 
https://doi.org/10.1080/16742834.2020.1733388 null.  

Wuepper, D., Le Clech, S., Zilberman, D., Mueller, N., Finger, R., 2020. Countries 
influence the trade-off between crop yields and nitrogen pollution. Nat. Food 1, 
713–719. https://doi.org/10.1038/s43016-020-00185-6. 

Yansheng, C., Fengliang, Z., Zhongyi, Z., Tongbin, Z., Huayun, X., 2020. Biotic and 
abiotic nitrogen immobilization in soil incorporated with crop residue. Soil Tillage 
Res. 202, 104664 https://doi.org/10.1016/j.still.2020.104664. 

Zdunczyk, Z., Minakowski, D., Frejnagel, S., Flis, M., 1999. Comparative study of the 
chemical composition and nutritional value of pumpkin seed cake, soybean meal and 
casein. Nahrung 43, 392–395. 

Zhang, X., Davidson, E.A., Mauzerall, D.L., Searchinger, T.D., Dumas, P., Shen, Y., 2015. 
Managing nitrogen for sustainable development. Nature 528, 51–59. https://doi. 
org/10.1038/nature15743. 

Zhang, S., Zhang, G., Wang, D., Liu, Q., Xu, M., 2021. Investigation into runoff nitrogen 
loss variations due to different crop residue retention modes and nitrogen fertilizer 
rates in rice-wheat cropping systems. Agric. Water Manag. 247, 106729 https://doi. 
org/10.1016/j.agwat.2020.106729. 

Zhao, J., De Notaris, C., Olesen, J.E., 2020. Autumn-based vegetation indices for 
estimating nitrate leaching during autumn and winter in arable cropping systems. 
Agric. Ecosyst. Environ. 290, 106786 https://doi.org/10.1016/j.agee.2019.106786. 

A. Clocchiatti et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.agee.2012.08.002
https://doi.org/10.1111/1574-6976.12001
https://doi.org/10.1111/ppa.12014
https://doi.org/10.3390/ijerph15071557
https://doi.org/10.3390/ijerph15071557
https://doi.org/10.1016/S0038-0717(99)00090-5
https://doi.org/10.1017/S0269915X05001023
https://doi.org/10.1111/j.1461-0248.2008.01259.x
https://doi.org/10.1111/j.1461-0248.2008.01259.x
https://doi.org/10.1080/00275514.1999.12061063
https://doi.org/10.1080/00275514.1999.12061063
https://doi.org/10.3389/fenvs.2020.00015
https://doi.org/10.1186/s40168-017-0237-y
https://doi.org/10.1023/A:1004288828793
https://doi.org/10.1080/16742834.2020.1733388
https://doi.org/10.1038/s43016-020-00185-6
https://doi.org/10.1016/j.still.2020.104664
http://refhub.elsevier.com/S0929-1393(22)00279-7/rf202209090559211027
http://refhub.elsevier.com/S0929-1393(22)00279-7/rf202209090559211027
http://refhub.elsevier.com/S0929-1393(22)00279-7/rf202209090559211027
https://doi.org/10.1038/nature15743
https://doi.org/10.1038/nature15743
https://doi.org/10.1016/j.agwat.2020.106729
https://doi.org/10.1016/j.agwat.2020.106729
https://doi.org/10.1016/j.agee.2019.106786

	Utilizing woody materials for fungal-based management of soil nitrogen pools
	1 Introduction
	2 Materials and methods
	2.1 Organic materials
	2.2 Soil
	2.3 Soil amendment, incubation and sampling
	2.4 Soil nitrogen
	2.5 Fungal biomass
	2.6 DNA extraction and sequencing of the fungal community
	2.7 Statistical and bioinformatic analysis

	3 Results
	3.1 Effect of woody amendments and type of fertilizer on fungal biomass
	3.2 Effect of woody amendments and type of fertilizer on soil mineral nitrogen
	3.3 Effect of woody amendments and type of fertilizer on fungal community composition

	4 Discussion
	4.1 Impact of individual woody materials and straw on soil fungi and nitrogen dynamics, in presence of mineral fertilizer
	4.2 Composition of the fungal community stimulated by woody materials, in presence of mineral fertilizer
	4.3 Impact of combined amendment of woody materials and organic fertilizer on soil fungal biomass, community composition an ...
	4.4 Application perspectives for nitrogen management with woody amendments

	5 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


