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Abstract

Soil microbial nitrate (NO3") immobilization plays a vital role in enhancing the nitrogen
(N) retention in the subtropical montane agricultural landscapes. However, how and
why the potential microbial NO3™ immobilization and the relative contribution of fungi
and bacteria vary across different land use types remain still unclear in the subtropical
mosaic montane agricultural landscapes. Thus, in the present study, soil gross microbial
NOs™ immobilization rates as well as the respective contribution of fungi and bacteria
were determined throughout the whole soil profiles for three land use types (woodland,
orchard, and cropland) by using the '°N tracing and amino sugar-based stable isotope
probing (Amino sugars-SIP) techniques. The soil gross microbial NO3;™ immobilization
rates in woodland soils were significantly higher than those in cropland and orchard
soils across different soil layers (p <0.05), and those of topsoil were significantly higher
than those for subsoils (e.g., 20-40 cm) across different land use types (p < 0.05). Soil
microbial biomass C (MBC) and N (MBN), organic C (SOC), total N (TN) and
dissolved organic C (DOC) contents and C/N ratios were closely associated to gross
microbial NO3~ immobilization rates. Fungi played a greater role than bacteria in
immobilizing soil NO3™ in woodland and orchard soils but the opposite occurred in
cropland soils that over 85% of the variations in fungal and bacterial NO3
immobilization rates could be explained by their respective phospholipid fatty acid-
derived (PLFA-derived) biomass. The present study indicated that afforestation may be
effective to enhance soil NOs retention in alkaline soils, thereby likely decreasing the

risk of NOs™ losses in subtropical mosaic montane agricultural landscapes through
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enhancing the soil NO3 immobilization by both fungi and bacteria.

Keywords: Soil microbial NOs™ immobilization; N tracing technique; Amino sugars-
SIP; Alkaline soils; Land use; Subtropical mosaic montane agricultural landscape
Introduction

In recent decades, the global nitrogen (N) cycle has increasingly become perturbed due
to the overuse of N fertilizers in agriculture (Vitousek et al. 1997), and the associated
N losses have resulted in serious environmental problems (Cui et al. 2013; Sebilo et al.
2013; Zhou et al. 2014). Soil NOs™ leaching is a key environmental problem in
agricultural landscapes worldwide as it can cause the eutrophication of surface water
and the degradation of drinking water quality (Huygens et al. 2008; Zhou et al. 2016;
Bijay-Singh and Craswell 2021). Thus, improving the understanding of mechanisms of
soil NOs™ retention and their key regulators is critical for mitigating NO;3™ leaching
losses, alleviating negative environmental impacts and sustaining soil fertility (Zogg et
al. 2000; Tahovska et al. 2013). Soil microbial NO3™ immobilization has been suggested
as an efficient way to improve soil NO3™ retention (Stark and Hart 1997; Zogg et al.
2000; Booth et al. 2005; Li et al. 2019, 2020), but the mechanisms are poorly
understood.

Soil microbial NOs™ immobilization is controlled by soil biotic and abiotic
properties, such as soil microbial biomass, the availabilities of C and N and clay
contents (Zhang et al. 2013b; Wang et al. 2015; Nelson et al. 2016; Li et al. 2019; Zhang
et al. 2022). The land use changes can alter those soil properties (Chang et al. 2012),

which in turn affect soil microbial NO3™ immobilization. Soil fungi and bacteria are the
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two dominant microorganisms to immobilize NOs~ (Marzluf 1997; Myrold and
Posavatz 2007; Boyle et al. 2008; Li et al. 2019, 2020). Thus some studies suggested
that the effects of land use change on soil microbial NO3™ immobilization could be likely
to be associated with the changes in soil fungal and bacterial biomass and their
respective capacity of assimilating NO3™ in soils (de Vries and Bardgett 2012;
Manoharan et al. 2017). Li et al. (2019) found that soil microbial NO3™ immobilization
decreased following the conversion of woodland to agricultural land, as the result of
decreased fungal and bacterial NO3™ immobilization, and this was closely correlated
with the quantity and quality of soil organic C. In addition, land use changes affect soil
pH, which influences soil microbial NO3™ immobilization especially the activity of
fungi (Rice and Tiedje 1989; Shi and Norton 2000; Zhang et al. 2013a, b; Wang et al.
2015; Li et al. 2019). It is noteworthy that soil pH may exert overwhelming impact on
the size, activity and community structure of soil microbes (Jones et al. 2019)
Additionally, the responses of bacterial and fugal communities towards soil pH are
prominently different, and the bacterial community is even more sensitive to soil pH
than the fungal community in agricultural soils (Rousk et al. 2010). These findings raise
the intriguing possibility that soil pH ultimately affect microbial NO3~ immobilization.
Up to date, most of the available studies focused on acidic soils (e.g., Banning et al.
2008; Zhang et al. 2013b; Allen et al. 2015; Vazquez et al. 2019; Yokobe et al. 2020),
while few studies considered microbial NO3 immobilization in alkaline soils, especially
those of the subtropical montane agricultural landscapes that are often identified as

hotspots of hydrological NO3™ loss (Zhou et al. 2012). Therefore, the knowledge gap
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that quantify soil microbial NO3™ immobilization and distinguish the respective role of
fungi and bacteria as well as the underlying mechanisms as affected by land use types
in alkaline soils limit the unraveling of soil N retention mechanisms for mitigating N
losses.

There are inconsistent results on the relative importance of fungi and bacteria in
immobilizing NO3" in soils, likely due to their divergences in physiology, morphology,
lifestyles and quantities in soils (Six et al. 2006; Rousk and Badth 2007; Lauber et al.
2008; Bottomley et al. 2012). Some studies showed that fungi played a significant role
in assimilating NO3™ in soil (Marzluf 1997; Cheshire et al. 1999; de Vries et al. 2011),
while other studies showed that the potential NO3;™ immobilization by bacteria was
comparable to or even greater than that by fungi (Myrold and Posavatz 2007; Boyle et
al. 2008). Despite the fact that both fungi and bacteria can conserve NOs3™ in soils, the
number of reports on the relative contribution of fungi and bacteria is limited, most
likely caused by methodological limitations for quantifying the respective fungal and
bacterial NO3™ immobilization (Booth et al. 2005; Myrold and Posavatz 2007; Boyle et
al. 2008). Recently, the amino sugars-based stable isotope probing (Amino sugars-SIP)
method has been developed and applied to differentiate the soil NO3™ immobilization
process between fungi and bacteria (Li et al. 2019, 2020). The amino sugars are stable
N pools with mean residence time of 2—8 years (Derrien and Amelung 2011; Glaser et
al. 2006) and reliable microbial residue biomarkers due to their different microbial
origins in soils (Amelung 2001; Zhang and Amelung 1996). Muramic acid (Mur)

originates exclusively from bacterial peptidoglycan (Parsons 1981; Amelung 2001),
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whereas glucosamine (GluN) is primarily from fungal cell walls (Parsons 1981;
Engelking et al. 2007). Therefore, the synthesis rates of newly formed fungal >’N-GIuN
and bacterial '’N-Mur during a short incubation period (hours to days) has been used
to indicate the NO3™ immobilization activities of fungi and bacteria, respectively (Li et
al. 2019, 2020). Li et al. (2021) further developed a mathematical framework approach,
in which the experimentally measurable gross microbial NO3;” immobilization rates and
the synthesis rates of newly formed fungal >’N-GIuN and '’N-Mur are combined, to
quantify soil NO3™ immobilization rates by fungi and bacteria.

The subtropical montane areas of Southwest China are intensively used for
agriculture (Zhou et al. 2012; Wang et al. 2017) and are hot spots of NO3™ leaching loss
that accounts for over 20% of the N inputs (Zhou et al. 2012). It is noteworthy that, in
this region, a large area of sloping croplands was converted to orchards and woodlands
in the last decades (Wang et al. 2017; Zhou et al. 2019), leading to a typical subtropical
montane agricultural landscape that consists of a mosaic of different land uses (e.g.,
cropland, afforested woodland and orchard) rather than the agricultural landscape with
an uniform of croplands. Therefore, investigating soil microbial NO3™ immobilization
across different land use types and along the whole soil profiles are vital to obtain the
overall soil microbial NO3™ immobilization and thereby developing soil management
practices for NOs™ retention at the landscape scale, especially for the mosaic montane
agricultural landscape of Southwest China.

Based on the '°N tracing and amino sugars-SIP techniques and in combination with

the mathematical framework (Li et al. 2021), we quantified soil gross microbial NO3
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immobilization rates and the relative contribution of fungi and bacteria throughout the
whole soil profile (0-60 cm) across three land use types in a subtropical mosaic montane
agricultural landscape. We hypothesized that: 1) soil gross microbial NO3
immobilization rate might decrease along with the increases of land use management
intensity and soil depth; 2) fungi might contribute more in immobilizing NO3~ than
bacteria do across different land uses and soil depths.

Materials and Methods.

Site description and soil sampling

This study was conducted at the Yanting Agro-Ecological Experimental Station of
Purple Soil of the Chinese Academy of Sciences, Sichuan Province, Southwest China
(31°16'N, 105°28'E). The climate is classified as moderate subtropical monsoon
climate with an annual mean temperature of 17.3°C and a mean precipitation of 826
mm, with approximately 70% of the annual precipitation occurring from May to
September (Zhou et al. 2014). The soil is classified as a Pup-Orthic Entisol (Chinese
Soil Taxonomy), Eutric Regosol (FAO Soil Classification), or Calcaric Leptic
Cambisols (WRB Classification) (Meng et al. 2023), and it is derived from purplish
shale that displays a typical “binary structure of soil-bedrock” (Zhou et al. 2012) (Fig.
1). The soils there are neutral or alkaline and therefore characterized by high autotrophic
nitrification, leading to the production of NO3™ (Wang et al. 2015; Zhang et al. 2022).
NO;3™ accumulated in dry seasons was predominantly lost via subsurface flow in rainy
seasons (Wang et al. 2011). Due to the shallow soil layers (20-80 cm) and the extremely

poor water conductivity of the underlying parent bedrock beneath the soil (Zhou et al.
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2012), NO3™ could move downwards along the slope.

In the present study, three typical land use types (woodland, orchard and cropland)
with three spatial replicates in a subtropical mosaic montane agricultural landscape
were selected. The woodland sites have been afforested from slope cropland with
cypress (Cupressus funebris Endl.) as the main stand species approximately 40 years
ago (Zhou et al. 2019). The orchard sites have been established with citrus (Citrus
maxima (Burm) Merr.) on the former croplands approximately 15 years ago. The
cropland sites have been continuously cultivated with winter wheat (7riticum aestivum
L.) and summer maize (Zea mays L.) rotation for over 20 years.

In January 2021, soil samples were taken at 60 cm in three successive soil depths:
0-20, 20-40, and 40-60 cm using an auger with a diameter of 3.6 cm from each
replicated plot for each land use type. Three grids (4mx4 m) were randomly selected
for sampling, and in total 12 soil cores were sampled for each replicate plot. Stones and
roots were removed from the soil, and fresh soil was subsequently passed through a 2
mm sieve. Soil samples were then split into three subsamples. One subsample was
stored at 4 °C for incubation experiments that started within one week after sampling,
one subsample was stored at -20 °C for microbial PLFA biomass analysis, and one
subsample was air-dried for the analysis of soil properties. The soil physicochemical
properties for each land use type are shown in Table 1.

Determination of soil gross microbial NOs™ immobilization rates
The soil gross microbial NO3™ immobilization rates were quantified for each land use

soil. 20 g of each fresh soil sample (oven-dried basis) was placed in a 250 ml flask and
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in total 108 flasks (3 land uses x 3 soil layers x 3 replicates x 4 sampling points)
were included. After the flasks were covered with perforated parafilm (Parafilm M®,
Bemis Company, Inc.), the soils (with average gravimetric water content of 21.7%)
were pre-incubated in the dark at 25°C for 1 day (Cheng et al. 2015; Chen et al. 2020).
After the pre-incubation, 2 ml '*N-enriched K!'>NO; solution (10.158% atom)
(Shanghai Engineering Research Center of Stable Isotope, Shanghai, China)
(equivalent to 100 mg NOs-N kg! soil dry weight) was added to each soil sample by
pipetting the solution uniformly over the soil surface. Subsequently, the final soil
moisture was adjusted to 60% of the water-holding capacity (WHC) by adding
deionized water (Chen et al. 2020). The flasks were then covered again with parafilm
(Parafilm M®, Bemis Company, Inc.) and incubated in the dark at 25°C for 7 days. To
maintain soil water content, deionized water equivalent to the evaporation loss was
added into the flasks when needed. At 0.5, 24, 72, and 144 h after '°N labeling, soils
were extracted with 100 ml 2 M KCI solution for 1 h at 300 rpm at 25°C on a
mechanical shaker, and then the extracts were filtered through Whatman filter papers
(Ashless, diameter 90mm, CAT No. 1441-090, Whatman™) to determine the
concentration and isotopic composition of NO3™. After the KCl extraction, deionized
water was used to wash the residual soils until the NOs™ contents in the water extracts
below the detect limit, then the soils were oven-dried at 60°C to a constant weight and
ground to pass through a 0.15 mm sieve for the '°N analysis of insoluble organic N
(Wang et al. 2019; Chen et al. 2020).

The soil gross microbial NO3™ immobilization rate (Ino3) was calculated by the
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organic '°N recovery method (Romero et al. 2015; Cheng et al. 2017; Wang et al. 2019;
Chen et al. 2020). It is expressed as the differences in °N recovered in the KCI-
extracted residue soil between 0.5 h and 144 h after '°N addition divided by the total
amount of labeled "NO5™-N added:

Org ""'Nij= Org Ni X Aeorgani, (1)

n
1 § 0rg*>Ni,,—-0rg*>N;
INO3 - E Aei+1+Ael- (2)
i=1 2

where Org '°N;is the amount of '’N in the KCl-extracted residue soil, d is the number
of days of incubation, Org N; is the measured amount of N in the washed soil residue,
Aeorgani is the '’N atom% excess in the washed soil residue, and Ae; is the '’N atom%
excess of NO3™.

Determination of soil NO3™ immobilization of fungi and bacteria

The synthesis rates of fungal-derived "’N-GluN and '>N-MurN in soils were determined
for each land use. 10 g dry weight of each fresh soil sample was placed in a 60 ml flask.
27 flasks (3 land uses x 3 soil layers x 3 replicates) were included. The flasks were
covered with perforated parafilm (Parafilm M®, Bemis Company, Inc.) and then soil
samples (with average gravimetric water content of 21.7%) were pre-incubated in the
dark at 25°C for 1 day. After 1 day, 2 ml 'N-enriched K'>°NOs solution (99% atom)
was added uniformly to each flask at a rate of 100 mg N kg™! soil dry weight. The final
soil moisture content was adjusted to 60% WHC. Subsequently, the soils were
incubated for 7 days at 25 °C. To maintain the soil moisture, deionized water was
supplied daily to compensate for evaporative water loss. At the end of the incubation,

soils were freeze-dried and ground to pass through a 0.25 mm sieve for the
10
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determination of amino sugar concentrations and '°N isotope incorporation into amino
sugars. The original soil samples were used as controls to obtain background values of
the soil N isotopic signatures (Li et al. 2019, 2020). When N-NO;" was assimilated
into fungi and bacteria, the newly synthesized amino sugars (GIuN and MurN)
contained the heavy isotope (!°N) and thus could be differentiated from the old amino
sugars. The proportion of ’N-labeled GluN and MurN over the total amount of amino
sugars was calculated as atom percentage excess (APE):

APE = (Re-Rc)/[1+(Re-Rc)] X 100 (3)

where Re is the isotope ratio of the incubated samples, Re = [A(F+1)/A(F)] (A is the
area of the selected ion, F is the characteristic N-containing fragment, and F+1 indicate
that only 1 N atom is included in an amino sugar molecule), and Rc is the corresponding
ratio obtained from the original soil analyzed in the same GC/MS assay (He et al. 2006;
Lietal. 2019, 2020).

The content of 'N-labeled GIuN and MurN was then calculated considering their

respective concentration and APE (He et al. 2006, 2011):

CL=CTXAPE/100 4)

where CL is the content of the ’N-labeled portion of GIuN and MurN, and CT is the
concentration of each amino sugar measured by GC.

Theoretically, the molar ratio of GIuN to MurN is 1:1 in bacterial peptidoglycan
(Amelung 2001). However, because MurN breaks down faster than GluN and GluN
occurs in bacterial products other than peptidoglycan (Amelung 2001; Joergensen and
Wichern 2018), routinely a molar ratio of 2:1 (GluN: MurN) is used to calculate the

11
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bacterial-derived >’N-GluN (B-!'’N-GluN) (Engelking et al. 2007; Li et al. 2019, 2020).
Fungal-derived '>N-GIuN (F-'>N-GIuN) was calculated by subtracting B-"’N-GIluN
from the total >N-GluN. The synthesis rates of F-'’N-GIuN and '"N-MurN were
applied to indicate fungal and bacterial NO3™ immobilization activities in the studied
soils, respectively.

Calculation of fungal and bacterial immobilization rates

The mathematical framework approach was employed to quantify the soil fungal and
bacterial NO3™ immobilization rates with the assumption that fungi and bacteria are the
dominant participants in immobilizing NO3™ in soils (Li et al. 2021). In brief, the soil
gross NOs~ immobilization rate obtained using the '°N tracing method and synthesis
rates of F-'>’N-GIuN and ""N-MurN measured by the '>N-amino sugar-SIP approach
were utilized by the mathematical framework to estimate the conversion coefficients
between the NO;  immobilization rates of fungi and bacteria and their respective
cumulative rates of amino sugar-N. Thus, the respective soil fungal and bacterial NO3

immobilization rates were calculated according to the following equations:

Fyos=Kr x F (5)
and
Bno3;=Kp x B (6)

where Fnos and Bnos is the respective fungal and bacterial NO3;™ immobilization rate; F
and B is the synthesis rate of fungal-derived ’N-GluN and bacterial-derived >N-MurN,
respectively; Kr and K3 is the respective conversion coefficient from the fungal-derived
SN-GIuN synthesis rate to the fungal NOs~ immobilization rate and the bacterial-

12
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derived "’N-MurN synthesis rate to the bacterial NO3™ immobilization rate.
According to the least-squares estimation, the conversion coefficients Kr and Kz

were calculated using equation (7):

K=X"X)"'XTG (7)
K Fl Bl
where K = [ KF ],X = |F, By|,G= [ ]—[N03 The detailed calculation is in Appendix
B
F3 Bj

and more details can be found in Li et al. (2021).

The analysis of soil properties

SOC was determined by wet digestion with H>SO4-K>Cr20O7 (Yeomans and Bremner
1988). Soil TN was determined by an elemental analyzer (vario MACRO cube,
Elementar Analysensysteme GmbH, Langenselbold, Germany). Soil DOC was
determined in an aqueous extract (4:1 water-to-soil ratio, v/w) using a continuous-flow
auto analyzer (AA3, Bran Luebbe, Norderstedt, Germany). Soil ammonium (NH4"-N)
and nitrate (NO3™-N) were extracted using 2M KCl (soil: solution ratio = 1:5 w/v), and
their concentrations in the extracts were determined spectrophotometrically (Dorich
and Nelson 1983; Causse et al. 2017). Available P (AP) was extracted using 0.0125 M
H>S0O41n 0.05 M HCI and quantified using the molybdenum blue method (Hylander et
al. 1996). Soil MBC and MBN were analyzed using the chloroform fumigation-
extraction method (Brookes et al. 1985). Soil cation exchange capacity (CEC) was
determined using the hexamine cobalt trichloride solution spectrophotometric method
(Nel et al. 2023). Soil pH was measured ata 1:2.5 (w: v) soil: water ratio with an mV/pH
electrode (DMP-2, Quark Ltd, Nanjing, China).

Statistical analysis
13
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Two-way analysis of variance (ANOVA) was used to determine the effects of land use
type and soil depth on soil properties and soil gross microbial NO3;™ immobilization
rates. One-way ANOVA was used to assess the differences soil fungal and bacterial
NOs™ immobilization rates among the different land use types. Duncan's multiple range
test was applied to compare the means for the different treatments and rank them in
descending order. The differences were considered statistically significant when p <
0.05. The matrix correlation was used to reveal the relationships between microbial
NO;™ immobilization rates and edaphic factors. Ridge regression analyses were
employed to determine the most important environmental factors influencing microbial
NO;™ immobilization rates. Linear regression analyses were used to determine the
relationships between soil fungal and NO3;™ immobilization rates and their respective
PLFA biomass. Spearman correlation analyses were applied to determine the
correlations between microbial PLFA biomass and environmental factors detected by
the Mantel test in R. All statistical analyses were performed in R (R Core Development
Team, R Foundation for Statistical Computing, Vienna, Austria).

Results

Soil physical-chemical and microbial properties

Soil properties of different land use types in soil profile were shown in Table 1. . The
results of two-way ANOVA test (Table 1) showed that the soil properties differed
among different land use types, which varied with soil depths. Overall, the SOC (4.71
-30.59 g kg!), TN (0.37 - 1.96 g kg'!), DOC (10.12 - 53.10 mg kg'!), MBC (43.46 -
826.28 mg C kg') and MBN (11.43 - 164.84 mg N kg'!') concentrations as well as

14



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

fungal PLFA biomass (1.26 - 10.75 n mol g'!) and bacterial PLFA biomass (3.03 - 22.71
n mol g') were significantly higher in woodland soils than those in orchard and
cropland soils (p <0.05). Besides, SOC, TN, DOC, NOs-N and AP, MBC, MBN, fungal
and bacterial PLFA biomass gradually decreased with increasing soil depth for all land
use types (Table 1; p <0.05).

Soil gross microbial NO3" immobilization rates

Soil gross microbial NO3™ immobilization rates varied across different land use types
and soil layers (Fig. 2). For all land use types, soil gross microbial NO3; immobilization
rates for top soils (0-20 cm) were significantly higher than for subsoils (i.e., 20-40 cm,
p < 0.05; Fig. 2). Notably, '*N recoveries in 40-60 cm did not change significantly in
all land use types (Fig. S1), and thus we failed to compute soil gross NO3
immobilization rates in 40-60 cm. The results of two-way ANOVA test showed that soil
gross NO3™ immobilization rates differed among different land use types (p < 0.01),
which varied with soil depth. On average, soil gross microbial NO3;™ immobilization
rates in woodland soils (145.69 pg N kg™! soil d! for 0-20 cm and 44.06 pg N kg™! soil
d! for 20-40 cm) were significantly higher than those in orchard and cropland soils (Fig.
2). There were no significant differences in soil gross microbial NO3™ immobilization
rates for top soils between orchard soil (34.10 pg N kg™! soil d!') and cropland soil
(33.10 pg N kg! soil d'), while in 20-40cm, the soil gross microbial NOs-N
immobilization rate in cropland soil (26.03 ug N kg™! soil d!) was significantly higher
than that in the orchard soil (15.75 pg N kg! soil d!) (p < 0.05, Fig. 2).

Soil fungal and bacterial NO3™ immobilization

15
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Soil fungal and bacterial NO3;™ immobilizations in subsoils were below the detection
limit. In 0-20cm, the variations of fungal and bacterial NO3~ immobilization rates across
different land use soils were generally in consistent with their respective synthesis rate
of F->N-GluN and "N-Mur (Fig. 3 and Fig. S2). Both soil fungal and bacterial NO3"
immobilization rates in woodland soil were significantly higher than those in orchard
and cropland soils (p < 0.05; Fig. 3). Soil fungal NO3™ immobilization rate in orchard
soil was significantly higher than that in cropland soil (p < 0.05), while no significant
difference in soil bacterial NO3™ immobilization rates between orchard and cropland
soils was observed. Soil fungi played a greater role in assimilating soil NO;3™ in
woodland and orchard soils (p < 0.05; Fig. 3), especially in woodland soil, where fungal
NOs;™ immobilization rate was approximately twice as high as bacterial NOj3
immobilization rate. In contrast, greater bacterial NO3™ immobilization rate (18.53 pg
N kg'! soil d"!) than fungal NO3™ immobilization rate (12.25 pg N kg™! soil d!) occurred
in cropland soil.

Relationships between microbial NO3™ immobilization rates and soil properties
Soil gross microbial NO3; immobilization rates were significantly correlated with soil
properties (Fig. 4a). Soil SOC, DOC, TN, C/N, MBC, and MBN together could explain
over 90% of the variations in soil microbial NO3~ immobilization rates across different
land uses and soil layers (p < 0.001, Table 4). The ridge regression analysis suggested
that over 84% of the variations in microbial NO3™ immobilization rates in top soils (0-
20 cm) could be explained by SOC, DOC, DOC/IN, and DOC/AP (p = 0.018, Table 2).
Soil DOC, MBC, and CEC together could explain 85% of the variations in microbial
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NO3™ immobilization rates in subsoils (20-40 cm) (p = 0.005, Table 3). Moreover, over
85% of the variations in soil fungal and bacterial NO3~ immobilization rates were
explained by their respective PLFA biomass (p < 0.001, Fig. 7), which were
significantly correlated with soil available P (AP) as well as the MBC/MBN, DOC/IN,
and DOC/AP ratios (p < 0.05, Fig. 8).

Discussion

Comparisons of soil gross microbial NO3~ immobilization rates with previous
studies

SOC is one of the most important factors controlling the rates of soil microbial NO3
immobilization (Recous et al. 1990) and therefore, considering the relatively low SOC
contents in the study region, we expected low gross microbial NO3™ immobilization
rates (15.8 - 145.7 ug N kg™! soil d!), which was comparable with previous observations
there in the same study area (Zhang et al. 2022) but lower than most of the available
observations (3.80 to 6360.0 pg N kg! soil d'!) (Table S1). The significantly positive
correlation between soil gross microbial NO3™ immobilization rates with SOC contents
(Fig. 5) suggested that the high SOC content could provide enough organic C to satisfy
the requirements of microbes to immobilize NO3™ in soils (Schimel and Bennett 2004;
Booth et al. 2005).

The SOC content was not the only soil property affecting soil microbial NO3
immobilization (Zhang et al. 2013a, b; Wang et al. 2015), because a significantly
negative correlation between soil microbial NO3;™ immobilization rates and soil pH was
found (Fig. 5g), and this explained the relatively low soil microbial NO3
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immobilization rates in our study as compared with those reported for acidic soils
(Zhang et al. 2013b; Li et al. 2019) (Table S1). This is likely because the activities of
fungi and soil enzymes (e.g., B-N-acetylglucosaminidase) decrease with the increase in
soil pH (Sinsabaugh et al. 2008; Li et al. 2019). Moreover, the contents of soil DOC,
MBC, and MBN as well as the C/N ratio were also controlling factors of soil microbial
NO3™ immobilization rates in the study (Table 4) as well as other different studies across
the world (Fig. 5). The global meta-analysis also showed that high soil C and N
availability and microbial activity increase soil microbial NO3™ immobilization (Elrys
et al. 2022). Therefore, managing soils in a way that supports C and N availability is
crucial for the conversion of NOj3™ especially in calcareous subtropical montane soils
(Hou et al. 2020).

Effects of land use on soil gross microbial NOs™ immobilization rates

In the present study, soil microbial NO3™ immobilization rates in woodland soils were
significantly higher than those in orchard and cropland soils across different soil layers
(Fig. 1). This is because both fungi and bacteria showed stronger immobilization of
NOs™ in woodland soils (Fig. 3; Fig. S2). The positive correlations between microbial
PLFA biomass and soil C (e.g., SOC, DOC, MBC; Fig. 8) indicated that woodland soils
favored more active fungal and bacterial biomass through higher C availability thus
with greater N demand (Li et al. 2020). While in orchard and cropland soils, agricultural
management practices are responsible for the decline of soil microbial NO3~
immobilization (Frey et al. 1999; Six et al. 2006; Zhang, et al. 2013b; Xie et al. 2018;
Lietal. 2019). For example, harvest-induced lower availability of bioavailable organic
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C compounds (reflected e.g., in the DOC and MBC content; Table 1) in cropland and
orchard soils could constrain the energy supply for microbial NO3™ uptake, reduction,
and assimilation processes (Wang et al. 2019). Our study demonstrated that agricultural
practices decreased soil NO3 retention through reducing C substrates for microbes and
inhibiting the function of fungi and bacteria.

Soil microbial NOs3™ immobilization rates for top soils (0-20 cm) were
approximately 30-300% higher than those for subsoils (20-40 cm), while it could be
ignored at the soil depth below 40 cm across different land use types (Fig. 2). The
Mantel test indicated that the SOC, DOC, TN contents and MBC, MBN were the major
regulators of soil microbial NO3™ immobilization rates regardless of land use types (Fig.
4). As compared with deep soil layers, the top soils receive high inputs of organic C
through plant litter and fine roots, which in turn provides enough bioavailable organic
C substrates for stimulating soil microbial NO3™ immobilization (Kummerow et al. 1982;
da Silva Moco et al. 2009), and this explains the higher soil microbial NO3
immobilization rates in subsoils (20-40 cm) of woodland sites than those in top soils
(0-20 cm) of both orchard and cropland sites (Fig. 2). These results indicated that
subsoils cannot be ignored when assessing the overall microbial NO3™ immobilization
in particular for the areas with high C availability in the soil profile.

Contributions of fungi and bacteria in immobilizing soil NO3"

Fungi and bacteria contributed differently to NOs™ immobilization across different land
use types. In woodland soils, fungi dominated soil NO3™ immobilization (approximately
2 times of bacterial NO3™ immobilization) (Fig. 3), confirming what already reported in
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afforested woodland soils (e.g., Li et al. 2019). This may depend on: i) the
lignocellulose-rich litter in woodland favors more of the development of fungal
communities than bacterial communities (Deng et al. 2016; Gunina et al. 2017) due to
the ability of fungi to degrade lignin (de Boer et al. 2005); ii) the C/N ratio of fungi is
averagely higher than that of bacteria, and thus fungi preferentially decompose soil
organic compounds of high C/N ratio to maintain their stoichiometric balance (Rousk
and Baath 2007; Yannikos et al. 2014), thereby leading to a greater utilization amount
of soil NO3™ by fungi than by bacteria. This interpretation is further supported by the
significant positive relationship between the C/N ratio and fungal PLFA biomass in this
study (Fig. 8). Overall, our results suggest that the ability of fungi to transform N-
containing compounds may be a crucial driver of soil N cycling in woodland soils.
Compared with woodland soils, the relative contribution of fungi to NO3
immobilization decreased more dramatically than that of bacteria in orchard and
cropland soils (Fig. 3), indicating that fungal NO3™ immobilization is more sensitive
than bacterial NO;™ utilization to agricultural practices, which is in line with Li et al.
(2019), who found the decreased level of soil NO3™ immobilization by fungi was 20%
higher than that by bacteria following the conversion of woodland to agricultural soils.
This phenomenon may depend on: i) bacteria may cope better with the declining
availability of C resources in agricultural soils than fungi do, as demonstrated by the
significant positive correlations between soil SOC and DOC contents with fungal
biomass but not with bacterial biomass (Fig. 8); i1) fungal NO3™ immobilization is not
favorable in soils with high P availability (Giltrap and Lewis 1981; Nilsson and
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Wallander 2003; Treseder 2004; Leff et al. 2015), while agricultural soils receive a large
amount of P fertilizers to achieve high productivity and the high levels of soil P
availability might have more constraining effects on the growth of fungi than that of
bacteria, as indicated by the stronger negative relationships between AP with fungal
biomass than with bacterial biomass (Fig. 8).

It is noteworthy that bacteria even played a greater role than fungi in immobilizing
NOs in cropland soils in the present study (Fig 3), which is inconsistent with our
hypotheses and is contrary to Li et al. (2019). This difference might be explained by the
variation of soil pH between our study (pH = 8.15) and theirs (pH = 4.97) because fungi
are more favored in acidic soils (Blagodatskaya and Anderson 1998; Hogber et al. 2007).
Nevertheless, there were also investigations reporting that bacteria is more important
than fungi in immobilizing soil NO3™ (Myrold and Posavatz 2007; Boyle et al. 2008).
Fungi prefer living in physically undisturbed soils because of their hyphal networks
(Blagodatskaya and Anderson 1998; Hogberg et al. 2007). Thus, tillage at the cropland
sites might have destroyed the hyphal networks (Helgason et al. 1998; Hogberg et al.
2003; de Vries et al. 2007; Roger-Estrade et al. 2010) and thereby decreasing fungal
NO3™ immobilization. In addition, Strickland and Rousk (2010) have demonstrated that,
as compared with fungi, bacteria may exhibit stronger assimilation of soil NO3™ due to
its higher biomass in soils. Thus the significantly higher ratios of bacterial PLFA
biomass to fungal PLFA biomass in cropland soils (3.0) than woodland (2.1) and
orchard (2.4) soils may explain the more important roles of bacteria than fungi in soil
microbial NO3;” immobilization in the present study. This interpretation could be further
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proved by the fact that bacterial NOs™ immobilization rate (2.94 g N mol™! d!) was
significantly lower than fungal NOs~ immobilization rate (5.85 g N mol! d) in
cropland soils (Fig S3; p < 0.05), which indicated that the higher bacterial NO3
immobilization rate was probably the results of higher bacterial biomass.
Simultaneously, the inconsistency between microbial NO3™ immobilization rates and
intensities indicated that the variations of fungal and bacterial NO3™ immobilization
between different land uses were not only caused by differences in PLFA-derived
biomass, but also by different fungal and bacterial species (Carey 2016; Fierer 2017).
Thus, future studies on soil microbial NO3;™ immobilization should consider the
composition of fungal and bacterial communities (Lauber et al. 2008; Li et al. 2020).
Conclusion

The soil gross microbial NO3™ immobilization rates were significantly higher than in
orchard and cropland soils across different soil layers, and the topsoil (0-20 cm) was
the dominant layer for soil microbial NO3;~ immobilization across different land use
types but the roles of subsoils (e.g., 20-40 cm) cannot be ignored especially for subsoils
with high bioavailable organic compounds. Soil fungi was more important than bacteria
in immobilizing NO3™ in woodland and orchard soils while the opposite occurred in
cropland soil, likely due to the relative contribution of fungal and bacterial biomass
across different land use types. Our observations provide a mechanistic understanding
of how and why soil microbial NO3s™ immobilization varies across different land use
types in a subtropical mosaic montane agricultural landscape characterized by alkaline
soils. Nevertheless, some limitations exist in our study. First, we failed to quantify

22



463

464

465

466

467

468

469

470

fungal and bacterial NO3™ immobilization rates in subsoils (e.g., 20-40cm) due to the
weak NOj;™ immobilization by microbes and methodological limitation. Second, the
absence of plants in our incubation experiments may limit our understandings of the
underlying mechanisms of the interactions between plant and microorganisms and
avoid to generalize these results. Future studies to mimic in situ conditions (e.g.,
undisturbed intact soils and plant growth) are needed to further improve the
understanding of the underlying mechanisms of microbial NO3;~ immobilization in

various ecosystems.
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Table captions
Table 1. Soil physical, chemical and microbial properties under woodland, orchard and

cropland soils in Yanting county of Sichuan province, China.

Table 2. Ridge regression analysis of soil properties to gross microbial NO3

immobilization rates in 0-20cm soil depth. Parameter Estimates (n = 9).

Table 3. Ridge regression analysis of soil properties to gross microbial NO3

immobilization rates in 20-40cm soil depth. Parameter Estimates (n = 9).

Table 4. Ridge regression analysis of soil properties to gross microbial NO3

immobilization rates in 0-20 and 20-40cm soil depth. Parameter Estimates (n = 18).

38



743

744

745

746

747

Table 1

Parameters

SOC ™
C/N ratio

(gkg)  (gNkegh

DoC NHs" NOy

(mgkg')  (mgNkg') (mgNkg

CEC TK TP

pH
(gkg")

(cmol.kg")  (gkg")

AP Clay

(mgkg") (%)

MBC

(mg Ckg")

Fungal PLFA Bacterial PLFA

MBN
biomass
(mgNkg'")
(nmol. g')

biomass

(nmol. g')

MBC/MBN  DOC/IN DOC/AP

0-20cm
Woodland ~ 20-40cm
40-60cm
0-20cm
Orchard 20-40cm
40-60cm
0-20cm
Cropland ~ 20-40cm
40-60cm
ANOVA (p-value)

land use type

soil depth

land use type x soil depth

30.59+3.34Aa 1.96+0.10Aa 15.14+2.11Aa

5.41£0.43Ab 0.46+0.00Bb 11.77+0.95Aa

4.71£1.48Ab 0.37+0.14Ab 14.12+6.22Aa

7.62+0.68Ba 0.76+0.07Ba 10.08+0.17Ba

5.4142.60Aab 0.42+0.05Bb  9.68+0.58Ba

53.10£3.56Aa  2.73+0.66Aa 5.11+1.81Ba

24.59£1.38Ab 1.97+0.50Aab 0.28+0.00Cb

10.12+3.16Bc

1.48+0.33Ab  0.14+0.00Cb

24.90+3.31Ba 0.57+0.20Bb 8.23+2.25Ba

13.43£1.71Cb 1.40+0.48ABa 5.48+0.58Bb

3.6240.91Ab 0.33+0.04Ab 10.77+1.67ABa 11.08+1.40ABb 1.08+0.13Aab 2.82+0.11Bb

5.10£0.51Ba 0.81+0.01Ba 6.30+0.63Ca

3.644+0.36Ab 0.60+0.04Ab 6.11+0.88Ca

2.5440.85Ab 0.44+0.06Ac 5.64+1.09Ba

0.000"™" 0.000"™" 0.000"™"
0.000"™" 0.000"™" 0.477
0.000™" 0.000"™" 0.706

8.0240.41Bb 29.26+1.90Aa 29.99+6.60Aa 0.15+0.01Ba

8.36+0.06Aa 24.69+2.88Aa 32.26+9.01Aa 0.17+0.02Ba

8.37+0.02Aa 28.93+2.16Aa 36.75+0.90Aa 0.14+0.05Aa

8.16+0.06Ab 15.911.19Ca 31.26+6.82Aa 0.19+0.06Ba

8.2240.07Bb 16.011.20Ba 24.63+6.04Aa 0.17+0.02Ba

8.37+0.05Aa 15.54+0.85Ca 25.50+2.26Ba 0.17+0.02Aa

2.65+0.44Ca 17.24+0.01Ab 826.28+56.00Aa 164.84=14.18Aa 10.75+1.68Aa 22.71+4.01Aa

1.06+0.35Bb 17.95+1.08Ab 147.16+34.42Ab 35.58+18.40Ab

0.96+0.10Bb 20.53+1.15Aa

14.05+1.70Ba 16.24+0.01Ba

2.00+0.10Bb 18.391.55Aa

1.36+0.10Ab 18.79+2.06Aa

11.93+0.84Cc  3.05+0.35Aa 45.91+9.03Aa 7.91+0.04Cc 19.44+1.90Ba 35.06+5.34Aa 0.29+0.05Aa 21.52+3.34Aa 17.31+0.27Aa

18.34£1.52Ba  0.63+0.08Bb 20.55+3.31Ab 8.20+0.04Bb 22.90+1.46Aa 38.20+4.15Aa 0.22+0.02Ab 8.92+1.66Ab 17.65+0.81Aa

14.35£0.67Ab  0.61£0.05Bb  5.74+0.67Ac 8.38+0.04Aa 22.32+3.36Ba 24.57+3.79Bb 0.14+0.03Ac 1.41+0.17Ac 20.33+4.56Aa

0.000™" 0.000"™" 0.000™"
0.000™" 0.000™" 0.000™"
0.000™" 0.000™" 0.000™"

0.001" 0.000™" 0.067 0.003™
0.000"™" 0.536 0.438 0.006™
0.000"™" 0.034" 0.033" 0.021"

0.000™" 0.65
0.000"™" 0.011°
0.000™" 0.806

43.46+5.48Ac

115.78+22.86Ba

54.75+4.06Bb

52.14+6.19Ab

173.16+16.36Ba

68.82+9.34Bb

11.96+6.14Bc

0.000"™"

0.000"™"

0.000"™"

1.26+0.46Ab
11.43£6.13ABb 1.26+0.42Ab
45.65+19.43Ba  3.59+0.42Ba
27.21+4.99Aab 1.18+0.49Ab
19.97+£2.44Ab  0.33+0.24Bc
63.07+24.36Ba  2.13+0.31Ba
39.70+5.77Aab  0.71+0.44Ab

12.34£1.99Bb  0.43+0.21Bb

0.000"™" 0.000"™"
0.000"™" 0.000"™"
0.000"™" 0.000"™"

4.31+0.95Ab

3.03+0.67Ab

6.36+0.48Ba

4.32+01.81Aa

1.83+0.67Ab

6.35+0.65Ba

3.11x0.73Ab

2.45+0.78Ab

0.000"™"

0.000"™"

0.000"™"

5.02+0.07Aa 6.93+1.58Aa 20.24+1.99Aa

4.52+1.20Aa 8.27+2.30Aa 18.81=1.25Aa

2.59+0.47Ab 6.20+1.13Aa 10.88+4.71Ab

2.85+1.13Ba 2.88+0.31Ba 1.78+0.23Bb

2.04+0.24Ba 2.67+0.69Ba 6.75+1.14Ba

2.62+0.38Aa 2.83+0.35Ba 8.16+21.33Aa

3.04+1.23Ba 0.25+0.06Cc 0.59+0.14Bc

1.57+0.19Ba 0.74+0.17Bb 2.11+0.44Cb

0.97+0.26Bb 2.27+0.23Ba 10.28+0.94Aa

0.000™" 0.000"™" 0.000"™"
0.001™ 0.528 0.054
0.046" 0.061 0.000"™"

Note: Different capital letters within the same column indicate significant differences between mean values among soils of different land uses for

the same soil layer at p < 0.05. Different lowercase letters within the same column indicate significant differences in mean values among different

soil layers under the same land use at p < 0.05. CEC, cation exchangeable capacity; AP, available P; MBC, microbial biomass C; MBN, microbial

biomass N; MBC/MBN, ratio of microbial biomass C and N; DOC/IN, the ratio of dissolved organic C and sum of NH4"-N with NO3-N; DOC/AP,
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skskok

748  the ratio of dissolved organic C and available P. Data were presented as means of three replicates + standard error; * p <0.05; ™ p <0.01; "™ p <

749  0.001.
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750  Table 2
Unstandardized Standardized
Coefficients Coefficients t p AdjR? F
B Std. Error Beta
Constant  19.032 10.754 - 1.770 0.151
SOC 0.581 0.092 0.217 6.291 0.003™
.. 0841 P=0.018
DOC 0.568 0.104 0.185 5.484 0.005
DOC/IN 2.954 0.802 0.158 3.684 0.021"
DOC/AP 1.369 0.251 0.233 5.445 0.006™
751  Dependent variable: Gross microbial NO3™ immobilization rates; *p<0.05 **p<0.01.
752 SOC is soil organic C; DOC is dissolved organic C; DOC/IN is the ratio of dissolved
753  organic C to inorganic N (NH4"-N plus NO3™-N); DOC/AP is the ratio of dissolved
754  organic C to available P.
755
756  Table 3
Unstandardized Standardized
Coefficients Coefficients t )4 AdjR? F
B Std. Error Beta
Constant ~ -6.848 5.678 - -1.206  0.282
DOC 0.787 0.124 0.311 6.344  0.001™
.. 0848  P=0.005
MBC 0.072 0.017 0.264 4.275 0.008
CEC 0.673 0.196 0.229 3.425  0.019"
757  Dependent variable: Gross microbial NO3™ immobilization rates; *p<0.05 **p<0.01.
758  DOC is dissolved organic C; MBC is microbial biomass C; CEC is soil cation
759  exchange capacity.
760
761  Table 4
Unstandardized Standardized
Coefficients Coefficients t P AdjR? F
B Std. Error Beta
Constant  -6.814 6.230 - -1.094  0.297 0.905 P=0.000
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SOC 0.421 0.040 0.159 10.474  0.000™

TN 12.556 1.617 0.150 7.766  0.000™
C/N 1.249 0.442 0.092 2.828  0.016
DOC 0.541 0.071 0.171 7.604  0.000™
MBC 0.026 0.003 0.162 10.423  0.000™
MBN 0.121 0.020 0.135 6.119  0.000™

762  Dependent variable: Gross microbial NO3™ immobilization rates; *p<0.05 **p<0.01.
763  SOC is soil organic C; TN is total N; C/N is the ratio of C to N; DOC is dissolved

764  organic C; MBC is microbial biomass C; MBN is the microbial biomass N.
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Figure captions
Figure 1. The overhead view of the typical mosaic montane agricultural landscape (a),
the soil profile — “binary structure of soil-bedrock” (b), and schematic illustration of the

landscape profile in the study site (c).

Figure 2. Gross microbial NO3™ immobilization rates in soils of different land uses.
Different capital letters on the error bars denote significant differences in mean values
of soils taken from different land uses in the same soil layer, while different lowercase
letters denote significant differences in mean values between soil layers of the same
land use ( p <0.05). Error bars are standard deviations of the mean (n = 3). The invisible

error bars are smaller than the symbols.

Figure 3. fungal and bacterial immobilization rates of soil NO3™ under different land
use soils in the surface soil (0-20cm). Different letters denote significant differences
in the average values among different land use soils at p < 0.05. Error bars are
standard deviations of the mean (n=3). The invisible error bars are smaller than the

symbols.

Figure 4. Relationships between gross microbial immobilization rates of soil NO3™ and

edaphic properties in the 0-20cm soil layer (a), 20-40cm soil layer (b), 0-20 and 20-

40cm soil layers (c).
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Figure 5. Relationships of gross microbial NO3™ immobilization rates (Inoz) with the
contents of SOC, TN, DOC, MBC, MBN, the ratio of C/N and pH (N is the number of

data pairs from Table S2)

Figure 6. Relationships between fungal and bacterial immobilization rates of soil NO3
and edaphic properties in the surface soil (0-20cm). Fnos is fungal NO3;™ immobilization

rate, Bnos is bacterial NO3™ immobilization rate.

Figure 7. Changes in fungal and bacterial NO3;~ immobilization rates in relation to their
biomass in the surface soil (0 - 20cm). (a) Fungal immobilization rate and fungal PLFA

biomass. (b) Bacterial immobilization rate and bacterial PLFA biomass.

Figure 8. Spearman correlations between edaphic factors and microbial PLFA biomass.
The color and numbers shown indicate the strength and sign of the correlation. Asterisks

R

denote significance of correlation. "p < 0.05, “p < 0.01 and ““p < 0.001. Note: the

detailed abbreviation information of environmental factors is shown in Table 1
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Soil microbial community composition analysis

The soil microbial PLFA composition was analyzed in accordance with Frostegard and
Béath (1996). Briefly, lipids were extracted from 8 g of fresh soil with a chloroform-
methanol-citrate buffer mixture (1:2:0.8, v/v/v) and separated from nonpolar lipids and
derivatized into their corresponding fatty acid methyl esters before analysis. Samples
were identified by using an Agilent 6890 N gas chromatography equipped with an
identification software (MIDI Inc., Newark, DE, USA). The concentrations of
methylated fatty acids were quantified considering with the measurement of methyl
nonadecanoate (19:0) as an internal standard. 18:2w6, 9¢c was used as the proxy of
fungal biomass (Frostegard et al. 2011); i15:0, al5:0, i16:0, 16:109, 16:1w7c,
10Mel6:0, cy17:0,117:0, al7:0, 18:1w7 and cy19:0 were used as indicators of bacterial
biomass (Frostegard and Baath 1996).

ISN analysis for NO3-

The N isotopic composition of NOs™ was determined using the modified micro-
diffusion method (Feast and Dennis 1996; Zhang et al. 2011a). In brief, a portion of
extract was firstly steam-distilled with MgO to remove all NH4" in the extract for 72h
on a mechanical shaker at 140 rpm at 25°C. Subsequently, the extract was distilled again
after addition of Devarda’s alloy to reduce NO3™ and the liberated NH3 was trapped on
a Whatman filter (diameter, 0.5 cm) with 10 uL 1M oxalic acid. The >N enrichment of
NO3™-N and insoluble organic N was measured using an automated C/N analyzer
coupled to an isotope ratio mass spectrometer (IRMS 20-22, Sercon, Crewe, UK).

Amino-sugar content was analyzed using gas chromatography (Zhang and Amelung
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1996). Compound-specific stable isotope analysis of individual amino sugar was
performed according to the isotope GC/MS method described by He et al. (2006).

ISN analysis for amino sugars

Amino sugars analysis was conducted according to Zhang and Amelung (1996). First,
amino sugars were extracted and converted into aldononitrile derivatives. Methyl-
glucamine was added as as the recovery standard before derivatization. The derivatives
were separated on Agilent 6890A gas chromatograph (GC, Agilent Tech. Co. Ltd., USA)
equipped with a HP-5 fused silica column and flame ionization detector. Then, amino
sugars were identified and quantified by comparing with the peaks of the standards with
respect to the internal standard myo-inositol. The "N incorporation into GIuN and
MurN was identified by an isotope GC/MS (Finnigan trace, Thermo Electron Finnigan
Co. Ltd., USA) according to He et al. (2006).

Calculation of Kr and Kp

The sum of the estimated fungal NO;™ immobilization rate and bacterial NO3
immobilization rate is equal to the measurable soil gross NO3™ immobilization rate:
Ino3 = Fyos3+ Bno3t+e=Krp x F+Kpx Bte (D)

where Inos is the soil gross microbial NO3;™ immobilization rate; Fiyos is the fungal NO3
immobilization rate; Byos is the bacterial NO3;™ immobilization rate; Kr is the conversion
coefficient from the fungal-derived '"N-GIuN synthesis rate to the fungal NO3
immobilization rate; K3 is the conversion coefficient from the bacterial-derived '"N-
MurN synthesis rate to the bacterial NO3™ immobilization rate; F is the synthesis rates

of fungal-derived ’N-GIluN; B is the synthesis rates of bacterial-derived >’N-MurN and
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e is the estimation error. Of the variables, Inos, ' and B are obtained experimentally.
We used G to replace Invos and since 3 replicate soil samples were used for the

experiment, the equation (1) could be rewritten in a matrix format:

Gq Fy By K €
[Gz =P B| [i7]+ e
Gs F3 Bj 5 €3
X F, B,
Ifwelet K= [KF] and X= |F, B,|, weobtain: G=XK+e
5 F3 B3

Alternatively, e= G - X K.
According to the principle of the least-squares estimators that minimize the sum of the

squared residuals, we constructed the 2-Norm of e to find its minimum:

E(K) = legol, = j(Z:lei(K)z) —eTe

= (G-XK)T(G-XK)

= G'G—-2K"XTG+KTX"XK

Subsequently,

OE (K)

K —2V(KTXTG) + V(KTXTX K) = =2XTG + 2XTXK =0

Finally, we obtained the Kr and K3:
K=X"X)"X"T¢
The detailed derivation can be found in Wackerly et al. (2014).
Soil fungal and bacterial NO3™ immobilization intensity
The NO3™ immobilization intensity of fungi and bacteria were calculated as fungal and
bacterial NO3~ immobilization rates divided by their respective fungal and bacterial

biomass with the unit of g N mol! d!'. Thereby we linked fungal and bacterial NOs”



65  immobilization as a process with the PLFA-derived biomass as a pool to obtain the

66  immobilization quotient for NO3™ (biomass-specific immobilization).



67  Supplementary Figures
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81  Table S1 APE% and concentrations of ammino sugars for top soils

GluN MurN APE of GluN APE of MurN
Parameters

(mg kg™ (mg kg™ 0, (o)

Woodland  895.16 (46.64) 23.75(6.32) 0.0275 (0.0086) 0.1013 (0.0154)
Orchard  213.16 (21.44)  6.50 (0.26) 0.0117 (0.0009) 0.1157 (0.0114)

Cropland  211.58 (4.96)  7.11(0.82) 0.0051 (0.0000) 0.0663 (0.0012)

82



83 Table S2 Comparisons of studies reporting on soil gross microbial NO3;” immobilization rates in different regions and for different land uses.

DOC Method
Land use Soil depth SOC N MBC MBN Inos
Country Location C/N (mg kg- pH Reference
types (cm) (gkg)  (gkegh) (mgkg') (mgkg") (ug N kg'soil day™)
D
Woodland Australia 32°38'S, 116°06'E 0-5 20.79 0.49 42.55 35.73 35.70 4.17 5.26 5N pool dilution 570.00 Banning et al. (2008)
Australia 32°38'S, 116°06'E 0-5 36.75 1.32 28.70 126.85 269.40 45.88 4.66 >N pool dilution 1070.00 Banning et al. (2008)
Australia 32°38'S, 116°06'E 0-5 28.78 1.04 30.57 133.23 207.25 32.25 4.62 >N pool dilution 1280.00 Banning et al. (2008)
Australia 32°38'S, 116°06'E 0-5 19.75 0.51 41.95 69.84 85.50 10.24 4.78 5N pool dilution 1440.00 Banning et al. (2008)
Australia 32°38'S, 116°06'E 0-5 36.66 1.40 29.90 192.66 288.70 30.75 4.57 5N pool dilution 1770.00 Banning et al. (2008)
130.00 Microbial biomass "N
Brazil 1°43'3.5"S™ 51°27'36"W 0-5 20.10 1.30 15.50 333.50 35.60 3.90 700.00 Sotta et al. (2008)
recovery
305.00 Microbial biomass "N
Brazil 1°43'3.5"S™ 51°27'36"W 0-5 35.80 2.50 14.00 828.50 80.05 3.80 4150.00 Sotta et al. (2008)
recovery
Canada 56°39'N™ 111°13'W 0-12 7.54 0.37 9.30 NA 459.00 NA 6.00 >N pool dilution 90.00 Masse et al. (2016)
Canada 56°39'N™ 111°13'W 0-12 136.89 4.00 17.70 NA 1416.00 NA 6.50 5N pool dilution 1010.00 Masse et al. (2016)
Canada 56.1d°N, 110.9°W 0-15 5.03 0.35 14.37 72.70 53.30 5.80 4.48 5N pool dilution 190.00 Kwak et al. (2018)
China 31°16'N, 105°28'E 0-20 30.59 1.96 15.14 53.10 826.28 164.84 8.02 Microbial N recovery 145.69 This study
China 31°16'N, 105°28'E 20-40 5.41 0.46 11.77 24.59 147.16 35.58 8.36 Microbial N recovery 44.06 This study
China 23°10'N™ 112°10'E 0-20 25.50 1.90 13.60 NA 300.40 40.00 3.90 5N pool dilution 3.80 Han et al. (2018)
China 23°10'N™ 112°10'E 0-20 26.80 2.00 13.50 NA 290.70 27.20 3.88 >N pool dilution 30.00 Han et al. (2018)
China 24°42'-25°02'N" 107°57'-108°21'E 0-10 60.41 3.79 18.47 NA 2405.80 175.40 7.38 >N pool dilution 2030.00 Lietal. (2018)
China 41°42'N" 127°38'E 0-15 131.68 10.98 11.99 97.41 1211.71 137.07 5.71 5N pool dilution 290.00 Sun et al. (2016)
China 27°59'N™ 117°25'E 0-20 62.80 3.10 20.30 NA 789.50 NA 420 >N pool dilution 114.00 Zhang et al. (2011b)
China 27°59'N™ 117°25'E 0-20 23.20 1.10 21.10 NA 579.00 NA 4.30 5N pool dilution 693.00 Zhang et al. (2011b)

China 0-20 32.68 2.03 16.09 NA NA NA 4.35 >N pool dilution 470.00 Zhang et al. (2013b)
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China 31°16'N, 105°28'E 0-20 6.47 0.8 8.13 NA NA NA 8.37 "*N pool dilution 10 Zhang et al. (2022)
China 31°16'N, 105°28'E 0-20 5.65 0.75 7.65 NA NA NA 8.37 "*N pool dilution 12 Zhang et al. (2022)
China 31°16'N, 105°28'E 0-20 5.80 0.8 7.25 NA NA NA 8.37 "*N pool dilution 15.00+ Zhang et al. (2022)
China 0-20 18.35 1.78 10.32 NA NA NA 4.77 >N pool dilution 100.00 Zhang et al. (2013b)
Spain 39°19'N, 05°19'W 0-10 30.60 1.78 17.24 158.57 292.50 36.35 4.96 "*N pool dilution 310.00 Véazquez et al. (2019)
Spain 39°19'N, 05°19'W 0-10 26.70 1.61 16.58 147.28 199.70 24.16 5.00 >N pool dilution 990.00 Vazquez et al. (2019)
USA 32°04'N,82°07'W 0-10 5.10 0.48 10.63 NA 157.00 17.30 NA >N pool dilution 110.00 Muruganandam et al. (2010)
USA 32°04'N,82°07'W 0-10 8.00 0.72 1111 NA 183.00 23.80 NA "*N pool dilution 220.00 Muruganandam et al. (2010)
USA 32°04'N,82°07'W 0-10 12.50 1.10 11.36 NA 225.00 30.50 NA >N pool dilution 320.00 Muruganandam et al. (2010)
USA 38°32'N, 121°52'W 0-8 8.00 1.00 8.00 31.95 357.30 31.00 6.80 Microbial "N recovery 240.00 Bowles et al. (2015)
USA 38°32'N, 121°52'W 0-8 8.00 1.00 8.00 29.45 351.60 34.50 6.80 Microbial N recovery 470.00 Bowles et al. (2015)

84  Inos, the gross microbial NO3™ immobilization rate
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