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Dryland nitrogen deposition induces microbiome-driven
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Abstract

Biocrusts are a dominant component in drylands worldwide and play critical roles in

supporting soil microbial diversity and carbon (C) stocks. Nitrogen (N) fertilization

associated with human activities threatens drylands, which are often considered

N-limited ecosystems. Here, we conducted a field experiment in two contrasting soil

types (loess vs. sand) to investigate the impacts of low (30 kg N ha�1 year�1) and

high (90 kg N ha�1 year�1) fertilization on moss-biocrust dominated traits, soil nutri-

ents, microbial taxonomic richness, soil C stocks and respiration rates (Rs). We

showed that 5 months of N addition resulted in reductions in soil organic C content

by 91% and increased both soil microbial richness and diversity. Our results further

showed that relative to controls, low levels of N addition increased biocrust Rs by

52% through increased moss biomass and density (38% and 73%) and microbial taxo-

nomic richness and diversity (18% and 23%), while no significant changes in biocrust

Rs were observed after high levels of N addition. Considering multiple environmental

factors simultaneously, we show that N fertilization indirectly promoted soil respira-

tion and C losses via increases in microbial richness and diversity, which are critical

drivers of soil function. Our work provides solid evidence that N deposition, even at

low levels of N addition, can result in rapid losses of C in dryland soils. Our findings

suggest that to maintain healthy dryland ecosystems and promote C, we must miti-

gate future land degradation and minimize anthropogenic N deposition.
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1 | INTRODUCTION

Global anthropogenic nitrogen (N) inputs have increased �13-fold

from 1860 to 2005 due to the burning of fossil fuels and overuse of

fertilizers in agriculture (Davidson, 2009; Galloway et al., 2008), which

has severely impacted the health and functioning of terrestrial ecosys-

tems. Drylands represent an important, but often overlooked, compo-

nent of terrestrial ecosystems, occupying approximately 41% of the

planet's terrestrial surface (Schimel, 2010). However, dryland degrada-

tion resulting from intensified human activities and global climate

change has become an environmental issue of great concern globally.

Drylands are especially at risk from excessive N inputs, as these eco-

systems are naturally limited by N availability (Dias et al., 2020; Zhou,

Ke, et al., 2020). Specifically, increased N deposition can not only

influence vegetation growth and soil N cycling (Zhou, Tao,

et al., 2020) but also have important impacts on the soil microbiome

and the capacity of drylands to sequester soil carbon (C) (Devaraju

et al., 2016). Beyond the role of soil C and C sequestration in the con-

text of climate change, soil C is essential to support critical soil pro-

cesses such as nutrient cycling and maintain the biodiversity of the

soil microbiome (Maestre et al., 2015). Quantifying the impacts of N

deposition on soil C sequestration is thus critical for predicting dry-

land soil health and functioning under global change.

Biocrusts are a globally distributed and dominant component of

drylands. Formed by the combination of mosses, lichens, algae, fungi,

and bacteria together with topsoil particles (Guan et al., 2021), bio-

crusts are essential for supporting the biodiversity and function of the

soil microbiome (Delgado-Baquerizo et al., 2018; Delgado-Baquerizo,

Maestre, Eldridge, et al., 2016), and help to maintain soil stability,

water regulation and C sequestration (Eldridge et al., 2023). However,

the performance of biocrusts and associated soil microbiomes in sup-

porting C sequestration may be altered by increased N inputs associ-

ated with fertilization (Dias et al., 2020; Zhou, Ke, et al., 2020).

Microbial diversity contains the machinery that carries out complex

soil processes such as nutrient cycling and organic matter decomposi-

tion, which requires the cooperation of thousands of soil organisms to

connect hundreds of metabolic pathways. The diversity of microbial

communities has been shown to support multiple ecosystem func-

tions in global drylands (Delgado-Baquerizo, Maestre, Reich,

et al., 2016). Under natural low-N conditions, dryland microbes are in

a historic state of equilibrium with the environment and decompose

organic matter at the pace dictated by water and nutrient limitations.

However, because microbial communities are adapted to N limitation

in drylands, we posit that additions of N via deposition and fertiliza-

tion will accelerate microbial-driven decomposition, resulting in

greater soil respiration rates (Rs) and reductions in soil C stocks.

Understanding the interactions between microbial diversity and N in

driving soil C and Rs is essential to accurately assess the soil C balance

of biocrusts found in globally important dryland ecosystems.

Here, we conducted a five-month field experiment to investigate

the impacts of low (30 kg ha�1 year�1) and high (90 kg ha�1 year�1)

N fertilization on soil microbial taxonomic richness and diversity, res-

piration, and C stocks in two contrasting soils (loess and sand) in

ecosystems dominated by biocrust-forming mosses located on the

northern Loess Plateau of China. After N addition, we continuously

measured biocrust Rs and soil temperature and moisture for 5 months.

We collected paired soil and biocrust samples to characterize bio-

crusts and to measure nutrient contents, microbial taxonomic rich-

ness, and diversity. In this study, we proposed the following research

questions: (i) What are the responses of biocrust characteristics and

their Rs to exogenous N addition? (ii) How does N addition affect soil

properties and microbial taxonomic richness and diversity? (iii) What

are the underlying mechanisms affecting biocrust Rs after N addition?

The answers to these questions will improve our understanding of

biocrust health and soil C balance in drylands and further provide

insights into the structural and functional changes in fragile dryland

ecosystems, induced by an increase in anthropogenic N deposition.

2 | MATERIALS AND METHODS

2.1 | Site description

The Liudaogou watershed at Shenmu in Shaanxi Province, China was

chosen as our study site (6.9 km2) in (Figure 1a,b). The mean annual

temperature and rainfall amount are 8.4�C and 454 mm, respectively.

The mean monthly temperatures in summer and winter are �9.7 and

23.7�C, respectively, and 70%–80% of rainfall occurs in summer

and autumn. Therefore, the climate of the area is typical of semiarid

temperate continental monsoon habitats. The watershed has two

types of soil, including loess (86.5%) and sand (13.5%) (Gao

et al., 2017). The loess was composed of 35.9% sand, 61.5% silt, and

2.6% clay; and the sand was composed of 90.2% sand, 9.1% silt, and

0.7% clay.

Since the 21st century, the “Grain for Green” project has been

carried out in the region, with a large number of native shrubs planted

to prevent soil erosion (Xiao et al., 2019). After two decades, the veg-

etation cover extensively increased and now reaches �30%. As a

result, sparse vegetation provides favorable interspace habitats with

stabilized soil surfaces for biocrust development, which covers �30%

and up to >70% of the soil surface (Li, Xiao, et al., 2021). These partic-

ular biocrusts are usually moss-dominated, composed mostly of Didy-

modon constrictus (Mitt.) Saito., Didymodon vinealis Brid., and Bryum

argenteum Hedw.

2.2 | Experimental design

A randomized experiment was designed with two levels of N addi-

tions, low (30 kg N ha�1 year�1) and high (90 kg N ha�1 year�1), and

a control with zero N addition on the two types of soils (loess

and sand). Correspondingly, we had six treatments in total, and each

plot had four replicates. Accordingly, a total of 24 plots (1 � 1 m each)

were built on the loess and sand soils (Figure 1c,d). All the plots were

located on level land (slope <5�), and they were at least 5 m away

from the nearest shrub to avoid root respiration. The plots were also
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spaced at least 5 m from each other to minimize the effects of mutual

disturbance.

At the beginning of every month (June to November 2021),

NH4NO3 was dissolved in 1 L of water (low and high levels of N con-

centration were 0.72 and 2.14 g NH4NO3 m
�2, respectively) and

evenly distributed across each plot using a handheld sprayer. Control

plots with zero N addition received 1 L of water without NH4NO3.

Throughout the experiment, N addition was performed five times,

leading to a total amount of N addition for the low and high N treat-

ment levels of 3.6 and 10.7 g NH4NO3 m
�2, respectively.

2.3 | Measurements of biocrust Rs and microbial
relative abundance and diversity

To avoid measurement errors caused by soil disturbance, one soil res-

piration collar (12 cm high and 20 cm inner diameter) was fitted in the

soil of each plot prior to the respiration measurements. Biocrust Rs

was measured daily in each plot during July and October 2021 using

an Li-8100A automated soil CO2 flux system (Li-COR, Inc. in USA)

between 9:00 and 11:00 a.m. Each measurement lasted for a total of

180 s and included a 30 s pre-purge, a 30 s post-purge, a 90 s mea-

surement time, and a 30 s dead band. During the measurement

periods, 25% of the days had rainfall events (the total amount was

58.5 mm and the maximum individual rainfall was 11.5 mm), and

among these rainfall events slight (individual rainfall amount <2 mm)

and moderate or heavy rainfall (individual rainfall amount >5 mm)

accounted for 69% and 12% (Figure S3), respectively. Thus, the bio-

crusts were inactive (dormant phase due to draught) for about 75% of

the time during our measurements.

We also collected soil and biocrust samples (0–5 cm) from each

plot at the end of the experiment in November to measure microbial

taxonomic richness and diversity. The samples (preserved at �20�C

until processing) were used for high-throughout sequencing. DNA

was extracted using a QIAquick PCR purification kit (Qiagen), and the

concentration and purity of the extracted DNA were tested using a

NanoDrop One (Thermo Fisher Scientific; USA). The V4 region of the

bacterial 16S rRNA gene was amplified with primers 515F

F IGURE 1 Experimental sites and biocrust plot monitoring design. (a) Locations of the Chinese Loess Plateau and Liudaogou watershed;
(b) Experimental plot in Liudaogou watershed; (c) Biocrusts on sand; and (d) Biocrusts on loess. [Colour figure can be viewed at

wileyonlinelibrary.com]
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(GTGCCAGCMGCCGCGGTAA) and 907R (CCGTCAATTCMTTTR

AGTTT), and the ITS1 region of the fungal rRNA gene was amplified

with primers ITS5-1737F (GGAAGTAAAAGTCGTAACAAGG) and

ITS2-2043R (GCTGCGTTCTTCATCGATGC). The constructed ampli-

con libraries were sequenced by PE250 using the Illumina Nova 6000

platform, and all measurements were performed by Magigene Bio-

technology Co. Ltd. in Shenzhen, China. Raw paired-end reads were

merged using FLASH, and demultiplexed sequences were based on

the unique barcode in each sample. Processing and analysis of these

joined reads were conducted using QIIME2 software (Han

et al., 2020; Wang et al., 2022).

2.4 | Measurements of soil and biocrust properties

Some studies have indicated that N addition is also likely to affect soil

temperature and moisture through changes in vegetation cover (Zhou

et al., 2014). Thus, the soil temperature and moisture content were

measured at a 5 cm depth in each plot with PT1000 and EC-5 sensors

(METER Group, Inc. in USA), and the results logged every 10 min were

saved on the CR1000 data logger. Meteorological factors (air temper-

ature and rainfall) were measured with the HMP155 sensor (Vaisala,

Finland) and TE525MM rain gauge (Texas Electronics, Inc. in USA),

respectively.

Additionally, we measured biocrust cover and thickness using the

grid method and digital vernier calipers at the end of the N addition

experiment (November 2021), respectively (Dou et al., 2022). More-

over, we collected samples of both soil (0–5 cm) and biocrusts (0–2 cm)

from each plot. The moss plants within the biocrust layer were sepa-

rated from the soil by washing with water, passing through a 2 mm

sieve, dried at 65�C for 24 h, and weighed to measure moss biomass.

Following moss counting, the moss density was measured (Xiao

et al., 2019). Extractions of nitrate (NO3
�-N) and ammonium (NH4

+-N)

were made from the soil using 2 mol L�1 KCl (Wang et al., 2015), and

the filtered extracts were then analyzed using a continuous flow ana-

lyzer. The soil organic C (SOC) content was determined by the Walkley-

Black potassium dichromate oxidation method (Walkley & Black, 1934),

and the total N (TN) content was determined by the Kjeldahl method

(Pocknee & Sumner, 1997). Samples of the total phosphorus (TP) and

available phosphorus (AP) were determined photometrically using the

malachite-green method based on digestion by perchloric acid and

extraction by 0.05 mol NaHCO3, respectively (Zhou, Tao, et al., 2020).

2.5 | Data analysis

Differences in biocrust Rs, soil properties (temperature, moisture, SOC,

TN, TP, NH4
+-N, NO3

�-N, and AP), biocrust characteristics (thickness,

cover, moss biomass, and moss density), and microbial taxonomic rich-

ness (Ace) and diversity (Shannon) indices (calculated using the

“Vegan” package in R 4.1.1) among treatments were tested with one-

way ANOVA. Meanwhile, the interaction impacts of N addition and

soil type on biocrust Rs, soil properties, and biocrust characteristics

were evaluated by a two-way ANOVA. Moreover, structural equation

modeling was carried out with Amos 24.0 to understand the relation-

ships among N addition, environmental conditions, soil nutrients,

microbial taxonomic richness, and diversity indices, biocrust properties,

and biocrust Rs. Before performing structural equation modeling, prin-

cipal component analysis (PCA) was used to decrease the number of

variables and integrate them along principal components (PC1). The

components ultimately included were: environmental conditions (soil

temperature and moisture), soil nutrients (SOC, TN, TP, NO3
�-N,

NH4
+-N, and AP), microbial taxonomic richness, and diversity indices

(Ace index of bacteria, Ace index of fungi, Shannon index of bacteria,

and Shannon index of fungi), and biocrust properties (biocrust cover,

biocrust thickness, moss biomass, and moss density).

3 | RESULTS

3.1 | Testing the efficiency of N fertilization in
controlling N availability

The experimental N addition resulted in expected increases in N and

P availability (Figure S1). The contents of TN, TP, NO3
�-N, NH4

+-N,

and AP significantly increased after N addition (Figure S1A–E). Specif-

ically, the contents of TN, NO3
�-N, and NH4

+-N after low and high

levels of N addition were 4.0–4.5, 4.2–4.8, and 3.8–6.3 times and

13.2–14.8, 12.9–16.0, and 17.2–20.8 times higher than those of the

control, respectively (Figure S1A,C,D). Meanwhile, the contents of TP

and AP were 3%–16%, 7%–24%, 180%–420%, and 22%–87% higher

than those of the control after low and high levels of N addition,

respectively (Figure S1B,E). Both N addition and soil type had a signifi-

cant (p < 0.001) impact on N availability (Table 1).

3.2 | Impacts of N addition on moss-dominated
biocrust characteristics

As listed in Table 1 and Figure 2, significant (p < 0.001) changes in

moss biomass and density occurred after N addition. After low levels

of N addition, moss biomass was increased by 26.3%–50.0% relative to

the controls, while under high N addition, moss biomass was increased

by 25.0% in the loess and decreased by 35.7% in sand (Figure 2c).

Moreover, moss density increased by 58.4%–88.1% after low levels of

N addition but decreased by 34.1%–41.3% after high levels of N addi-

tion in both soils (Figure 2d). The results of the two-way ANOVA in

Table 1 show that the influence of both N addition and soil type on

moss biomass and density was statistically significant (p < 0.001;

Table 1). Additionally, the sand had higher (p < 0.001) biocrust thick-

ness, moss biomass, and moss density than the loess (Figure 2).

3.3 | Impacts of N addition on SOC content and
soil respiration

Our results provide solid evidence for rapid decreases in SOC in

response to fertilization. Particularly, the SOC content was decreased

4 DOU ET AL.
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by 44.4%–54.8% and 110.6%–137.4% after low or high levels of N

addition, respectively (Figure 2a). Moreover, the biocrust Rs was

increased by 48.3%–55.7% (p < 0.001) after low levels of N addition

compared with the control (Figure 2b). However, the biocrust Rs was

not significantly (p = 0.45) different from that of CK after a high level

of N addition (Figure 2b). Moreover, whether before and after N addi-

tion, the biocrust Rs was higher in the loess than in the sand, which

had 1.3–1.4 times higher Rs than the sand (Figure 2b). Soil

TABLE 1 A two-way ANOVA of soil
type and nitrogen (N) addition on
biocrust respiration rate (Rs), soil
properties, and biocrust characteristics.

Measurements

Soil type N addition Soil type � N addition

F p* F p F p

Biocrust Rs 57.27 <0.001 45.78 <0.001 0.28 0.14

Soil temperature 6.84 0.32 0.07 0.13 0.36 0.32

Soil moisture 456.49 <0.001 0.76 0.08 0.47 0.25

SOC 464.11 <0.001 481.02 <0.001 18.13 <0.001

TN 53.42 <0.001 3556.69 <0.001 15.10 <0.001

TP 7.81 0.002 7.71 0.005 0.20 0.08

NO3
�-N 142.24 <0.001 8591.21 <0.001 19.73 <0.001

NH4
+-N 172.25 <0.001 4684.71 <0.001 127.86 <0.001

AP 9.85 0.008 6.78 0.006 3.15 0.34

Biocrust cover 6.61 0.29 4.28 0.15 0.22 0.12

Biocrust thickness 70.13 <0.001 5.65 0.12 1.33 0.21

Moss biomass 1466.57 <0.001 65.73 <0.001 60.24 <0.001

Moss density 123.53 <0.001 97.09 <0.001 17.54 <0.001

Abbreviations: AP, available phosphorus; NH4
+-N, ammonium; NO3

�-N, nitrate; SOC, soil organic

carbon; TN, total nitrogen; TP, total phosphorus.

*p < 0.05 represent a significant influence.

F IGURE 2 Differences in soil organic carbon (SOC) content (a), respiration rates (Rs) (b), moss biomass (c), and moss density (d) among
treatments with both levels of N addition and two types of soil. CK, control; HN, high level of N addition; LN, low level of N addition. Different
lowercase letters represent significant differences among treatments at 0.05 level of probability. [Colour figure can be viewed at
wileyonlinelibrary.com]
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temperature and moisture did not differ between plots at either level

of N addition (Figure S2C,D). However, the temperature and moisture

of loess were significantly higher than those of sand, both before and

after N addition (Figure S2C,D). Finally, there were no observed inter-

action effects of N addition and soil type on biocrust Rs, temperature,

and moisture (p = 0.14–0.32) (Table 1). The variation in biocrust Rs

with time was similar after both levels of N addition, indicating a grad-

ual decrease over time (Figure S3B,C).

3.4 | Changes in the microbial community in
biocrusts following N addition

Bacterial communities (whether on loess soil or aeolian sand, with and

without N addition) consisted primarily of Acidobacteria, Actinobac-

teria, Proteobacteria, Bacteroidetes, Chloroflexi, and Planctomycetes, and

the fungal communities were dominated by Ascomycota, Basidiomy-

cota, Mortierellomycota, and Chytridiomycota (Figure S4). Importantly,

we found that N addition enhanced bacterial and fungal richness, and

diversity. Compared to the controls, the taxonomic richness of bacte-

ria and fungi increased by 9.4%–31.5% and 3.9%–24.4% after low

and high levels of N addition, respectively (Figure S4). Correspond-

ingly, after low and high levels of N addition, the Ace index of bacteria

and fungi was increased by 5.2%–28.8% and 3.6%–26.1%

(Figure 3a,c), and the Shannon index of bacteria and fungi was

increased by 5.2%–41.3% and 4.6%–36.4%, respectively (Figure 3b,d).

Among them, Acidobacteria, Actinobacteria, and Proteobacteria were

the most common bacterial communities under both levels of N addi-

tion, and their combined relative abundance exceeded 65%

(Figure S4). Similarly, Ascomycota and Basidiomycota were the most

common fungal communities, and their relative abundances reached

�50% (Figure S4).

3.5 | Microbial diversity drives the indirect impacts
of N fertilization on biocrust Rs

As listed in Figure S5, the relative abundances of Actinobacteria (bac-

teria), Ascomycota, and Basidiomycota (fungi) were positively corre-

lated with biocrust Rs after N addition. Furthermore, structural

equation modeling indicated that the impacts of N input on soil nutri-

ents and microbial activities (e.g., richness and community diversity)

drive changes in biocrust Rs (Figure 4). More specifically, N addition

indirectly influenced biocrust Rs by increasing microbial relative rich-

ness and diversity, and N addition and microbial activities together

explained 81%–96% of the overall variation in biocrust Rs (Figure 4).

Additionally, the standardized total effects of soil nutrients and micro-

bial activities on biocrust Rs after N addition were � 0.10 to �0.60

and 0.89 to 0.92 (Figure S6), respectively, indicating that biocrust Rs

was primarily modulated by changes in microbial activities (Figure S6).

F IGURE 3 Differences in the taxonomic richness and diversity of microbes after two levels of N addition on two types of soils. (a and b)
represent Ace and Shannon indices of the bacteria, respectively; (c and d) represent Ace and Shannon indices of the fungi, respectively. Different
lowercase letters represent significant differences among treatments at 0.05 level of probability. [Colour figure can be viewed at
wileyonlinelibrary.com]
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4 | DISCUSSION

Our study of dryland biocrusts from two distinct soil types showed that

N fertilization significantly increased soil Rs and reduced SOC content.

Fertilization with N also promoted the richness and diversity of soil

bacteria and fungi. Importantly, we showed that low levels of N addi-

tion significantly increased soil Rs via increases in moss biomass and

density, as well as shifts in microbial richness and increases in diversity.

These results suggest that even modest future increases in N deposi-

tion may limit our ability to promote C sequestration in dryland ecosys-

tems, which cover >40% of Earth's terrestrial surface. Coupled with

global land-use changes and increasing land degradation, our findings

further cement the need for immediate actions to minimize anthropo-

genic impacts on the landscape and to mitigate climate change.

4.1 | Influences of N addition on soil nutrients and
microbial communities

Our results showed that N addition enhanced the levels of TN,

NH4
+-N, NO3

�-N, and AP. Obviously, an increase in the

contents of available N was triggered by the direct addition of

NH4
+-N and NO3

�-N (Ye et al., 2018). Furthermore, since N

addition stimulates phosphatase activity and enhances microbial

decomposition of SOC (Ren et al., 2016), this accelerates the

conversion process of soil P (Chen et al., 2020). Thus, we can

conclude that atmospheric N deposition can have a significant

influence on the ecological functioning of biocrusts by triggering

concurrent or subsequent shifts in multiple soil nutrient levels in

drylands.

The microbial communities in biocrusts analyzed in our study

were mostly Acidobacteria, Proteobacteria, Actinobacteria, Ascomycota,

and Basidiomycota. Despite the regional, climatic, and methodological

differences in previous studies, the microbial communities in biocrusts

reported were generally consistent with our results, including micro-

biomes from other dryland habitats such as the Sonoran Desert (Soule

et al., 2009), Colorado Plateau (Bates et al., 2012), and Mojave Desert

in the United States (Mueller et al., 2015); the Gurbantunggut

Desert (Zhang et al., 2011), Tengger Desert (Zhang et al., 2012), and

the Loess Plateau in China (Xiao & Veste, 2017), as well as the Taber-

nas Desert in Spain (Maier et al., 2014).

F IGURE 4 Structural equation model
showing the correlation pathways of N
addition, environmental conditions, soil
nutrients, microbial diversity, and biocrust
properties on biocrust respiration rate
(Rs). (a) Rs on loess; (b) Rs on sand. AP,
available phosphorus; BC, biocrust
coverage; BT, biocrust thickness; MB,
moss biomass; MD, moss density;

NH4
+-N, ammonium; NO3

�-N, nitrate;
Shannon-B, shannon index of bacteria;
Shannon-F, shannon index of fungi; SOC,
soil organic carbon; ST, soil temperature;
SWC, soil water content; TN, total N; TP,
total phosphorus. Red and blue arrows
represent positive and negative impacts,
respectively; solid and dashed arrows
represent significant and insignificant
impacts, respectively. [Colour figure can
be viewed at wileyonlinelibrary.com]
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We also discovered that N addition promoted the richness and

diversity of bacterial and fungal communities in biocrusts. N-induced

soil nutrient variations may be the underlying mechanism driving

changes in the microbial community (Wang et al., 2018). Previous

studies have shown that the richness and diversity of specific phyla in

microbial communities increased with increasing soil nutrients

(e.g., SOC, TN, and AP) after N addition (Guo et al., 2017). However,

structural equation modeling indicated that microbial richness and

diversity in our study were decoupled from other soil nutrients after

N addition, where the addition of N directly affected microbial rich-

ness and diversity rather than indirectly through other nutrients. This

response is likely driven by a complicated interaction between

resource availability and the response of microorganisms following N

addition (Clark & Tilman, 2008). Locally adapted soil microbes may be

highly sensitive to exogenous inputs of nutrients that are typically

under chronic nutrient (particularly N) stress in drylands. Multiple

dynamics arise when organisms, in this case both biocrusts and soil

microbes, undergo drastic resource availability changes; the alleviation

of biocrust N-limitation can alter their relationships with associated

soil bacteria and fungi in a manner that optimizes new resource

requirements (Daniel et al., 2016). For instance, N addition led to

increased biocrust biomass, increased microbial taxonomic richness

and diversity, and greater TP and AP in our study; this could be a

result of complex plant-microbial interactions designed to increase P

allocation to biocrust mosses after prior N limitations were removed.

Importantly, soil microbes are also nutrient-limited themselves and

can utilize nutrients directly as needed when they are added to soil

(Mueller et al., 2015). These results provide interesting areas for

future research in the field.

4.2 | Changes in biocrust Rs following N addition
and their underlying mechanisms

Numerous studies have demonstrated that N deposition influences

soil C dynamics by regulating soil respiration, which in turn affects

global climate change (Xing et al., 2022). Our study observed a marked

enhancement in the biocrust Rs at low levels of N addition. Owing to

the severe water and wind erosion on the northern Loess Plateau, N

becomes a dominant restricting factor for vegetation development

and microbial activity. As we hypothesized, low N addition influenced

the biocrust Rs primarily by enhancing microbial activity. N addition

enhanced soil microbial richness and diversity, which subsequently

resulted in an enhanced biocrust Rs (Yuan et al., 2020). Similar results

have been reported in some recent studies in other ecosystems

around the world. As listed in Table 2, low or moderate N addition in

grassland and forest ecosystems stimulates soil respiration mainly by

stimulating plant growth and improving microbial activity (Wilcots

et al., 2022; Xing et al., 2022).

Surprisingly, high levels of N addition had no remarkable influence

on biocrust Rs. Some previous studies have also reported that high

levels of N addition had no influence or even a negative impact on soil

respiration (Peng et al., 2020). Usually, excessive N inputs can reduce

soil pH and acidify the soil, thereby affecting the microbial community

(Wilcots et al., 2022). For instance, excessive N input can induce shifts

in the microbial community, which usually results in a reduction in

SOC decomposition and increased C use efficiency, ultimately reduc-

ing soil respiration (Xing et al., 2022). Therefore, we conclude that the

changes in biocrust Rs after N addition may be regulated mainly by

microbial activity.

We also observed higher biocrust Rs in loess than in sand. Struc-

tural equation modeling indicated that greater biocrust Rs was primar-

ily regulated through the positive direct effects of N addition and

N-induced changes to microbial activity in the loess, while the lower

biocrust Rs in sand was regulated by the negative impact of

N-induced changes to soil nutrients and a moderately positive impact

of microbial activity. Thus, with N addition to the sand, the negative

impact of soil nutrients (mainly SOC) is likely to counterbalance the

positive impact of microbial activity. Overall, there was a much greater

sensitivity of sand to N addition, highlighting the necessity for further

investigation of the possible influence of soil type on N deposition

and subsequently on C cycling in drylands.

4.3 | Losses of SOC after N addition and the
potential mechanisms

Our results showed that N addition reduced the SOC content of

biocrust-covered soils, and even more importantly, low levels of N

addition enhanced moss biomass and density, which seemed to con-

tradict the reduction of SOC content. Actually, SOC accumulation is

the result of a balance between photosynthetic fixation and respira-

tion losses (Kheirfam, 2020). An increase in moss biomass and density

may lead to an increase in photosynthetic C sequestration, but this

would only happen for active biocrusts after rehydration (not dormant

phase) (Wu et al., 2015). Moreover, for C sequestration and growth,

sufficient wetness duration is required (Kidron et al., 2009; Wilske

et al., 2008). In drylands, the photosynthetic C sequestration and

growth of biocrusts mostly occur after moderate or heavy rainfall

events (Kidron et al., 2012). Although only a few such rain pulses may

occur (>5 mm of rainfall only three times), as recorded during our

research, they will result in a growth boast of the biocrusts (Hui

et al., 2021; Kidron et al., 2012; Su et al., 2013; Zheng et al., 2018),

especially following N addition, as recorded during the current

research. Yet, the high temperatures coupled with consecutive low-

depth rains (which while not being sufficiently long to result in C

sequestration were capable of moistening the subsurface) resulted in

high Rs, mainly attributed to the subsurface microbial population.

In this regard it is worth mentioning Wilske et al. (2008) findings from

the Negev, that clearly showed that low-depth rain events were actu-

ally ineffective to induce the restoration of biocrust physiological

activity (Wilske et al., 2008). This may lead to a reduced accumulation

of photosynthetically sequestered C in biocrusts.

Moreover, following the close link between subsurface moisture

content and biocrust biomass (Kidron & Benenson, 2014), and subse-

quently between biocrust biomass and subsurface biomass
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(Grishkan & Kidron, 2017), elevated moss biomass and density also

imply an increase in respiration, whether of the biocrusts or by the

subsurface microorganisms (Dou et al., 2022; Miralles et al., 2018; Yu

et al., 2012), which was confirmed by the significantly elevated Rs of

the biocrusts after low level of N addition. One may note that the

growth period during the current research was characterized by low

precipitation (only 58 mm), which coupled with the high temperatures

resulted in relatively dry crust conditions, granting an advantage to

microorganism activity at the subsurface. Proportionally, this in turn

will result in higher respiration relative to C sequestration, that is, to

relatively high consumption of SOC. As a whole, although moss bio-

mass and density were elevated after a low level of N addition, the

accumulation of photosynthetically sequestered C in biocrusts may be

insufficient to offset the C content losses from biocrust respiration,

due to the divergent responses of photosynthetic C sequestration and

soil respiration to soil water, which in turn showed a loss of SOC

content.

Notably, we conducted a short-term simulated N addition experi-

ment, in which we set a higher N addition gradient than the local nat-

ural N deposition rate. Such a high level of short-term N addition

above the natural background may change the adaptive mechanisms

of biocrusts to long-term natural N deposition (Guo et al., 2017). As a

result of short-term mitigation of N limitation in biocrusts (increasing

total and available nitrogen), N deposition may facilitate the rapid

decomposition and transformation of existing organic substrates

(e.g., SOC) by soil microorganisms (increasing microbial abundance

and diversity), which in turn led to a decrease in SOC content. How-

ever, long-term results may be quite different. For example, along

with the gradual adaptation of biocrusts to N additions (especially low

level of N addition, which may not cause fundamental changes in bio-

crust physiological activity and soil properties (Zhang et al., 2020); the

abundance and diversity of soil microbial community may also gradu-

ally shift from a short-term rapid increase to a relatively stable state

(Guo et al., 2017), similarly to the microbial thermal adaptation mecha-

nism after prolonged warming (Dacal et al., 2020). Therefore, in the

long term, the SOC content of biocrust-covered soils after a low level

of N addition may undergo a directional reversal due to N adaptation

by soil microorganisms; however, this still needs to be further

investigated.

4.4 | Uncertainties and implications of biocrust Rs

responses to N addition

Although our study demonstrates a remarkable influence of short-

term N addition on biocrust Rs, several uncertainties still exist and

need to be further considered. For example, our results showed that

biocrust Rs was mainly regulated by soil nutrients and microbial activ-

ity after N addition, but their interactive effects were not further ana-

lyzed. A recent study investigated the complex interactions between

soil nutrients and microbial activity, and it estimated that their com-

bined effect contributes up to 10% to biocrust Rs (Wang et al., 2022).

Obviously, the combined effect of soil nutrients and microbial activity

is essential for a more accurate understanding of biocrust Rs variation;

however, the interactions between soil nutrients and microbial activi-

ties were not significant in our study. Consequently, this combined

effect on biocrust Rs after intensified N deposition deserves more

comprehensive study in the future.

More importantly, although the stimulating function of short-term

N addition on biocrust Rs was supported by several past investigations

(Gao et al., 2014), it is notable that the influence of N input on Rs is a

prolonged and complicated process (Zhang et al., 2022). With longer

TABLE 2 Impacts of N addition on soil respiration in different regions and ecosystems around the world.

Location

Annula

precipitation
(mm)

Ecosystem
type

N addition
(g N m�2 year�1) Response of soil respiration to N addition Reference

Loess Plateau, China 454 Dryland 0, 3, 9 Stimulating by 48.3%–55.7% This study

Heilongjiang, China 500 Boreal forest 0, 2, 5, 10 Increasing by 8.0% in short-term (1 a) but

inhibiting by 21.0% in long-term (10 a)

Xing et al.

(2022)

Svartberget, Sweden 600 Forest 0, 0.3, 0.6, 1.2, 5 No significant impact Forsmark et al.

(2020)

Henan, China 619 Grassland 10 Stimulating by 5.1% Zhang et al.

(2022)

Shaanxi, China 620 Farmland 0, 1, 2, 4, 8, 16, 32,

64

Nonlinearly decreasing Li, Niu, et al.

(2021)

Kahramnmaraş

Plateau, Turkey

750 Grassland 0, 5, 10, 15, 20, 25,

30

Increasing by 97.0%–129.0% Babur et al.

(2021)

Minnesota, United

States

750 Grassland 0, 1, 5, 10 Increasing first but then decreasing Wilcots et al.

(2022)

Zhejiang, China 1420 Moso bamboo

forest

0, 3, 6, 9 Increasing by 7.0%–145.8% Li et al. (2022)

Hunan, China 1422 Subtropical

forest

0, 5, 15, 30 Inhibiting by 36.2%–39.0% Yan et al.

(2020)
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N addition, the accumulation of N leads to soil acidification, and the

richness and diversity of microbes begin to decline (Xing et al., 2022).

Taken together, these results emphasize the importance of the dura-

tion of N addition on biocrust Rs, and additional long-term studies are

necessary to more accurately predict dryland soil C dynamics under

global change.

5 | CONCLUSIONS

We performed a simulated N deposition experiment to identify the

responses of biocrusts, microbial communities, and Rs and to determine

the explanatory mechanisms in drylands. The results indicated that low

N input had a positive effect on biocrust health, increasing moss bio-

mass and density, while high N input had a negative impact. Moreover,

the taxonomic richness of bacteria and fungi was significantly enhanced

by low N addition, resulting in a 48%–56% increase in biocrust Rs, while

high N input did not have a remarkable influence on biocrust Rs. Soil

type does matter for biocrust Rs after N addition. In the loess, N addi-

tion and its induced soil temperature and moisture changes indirectly

stimulated biocrust Rs by increasing microbial richness and diversity in

biocrusts, whereas in the sand, N addition regulated biocrust Rs mainly

by decreasing soil nutrients. Our study provides an important perspec-

tive on the responses and mechanisms of biocrust health and their Rs

to N deposition in the Loess Plateau of China and other similar dry-

lands. We highlight that the health and Rs of biocrusts are highly

dependent on the N addition level and soil type, which is of great con-

cern in scenarios where global atmospheric N deposition is likely to rise

in the future, as this could diminish the ability of biocrusts to participate

in the C cycle and could further lead to soil degradation in drylands.
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