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Terricolous mosses and epilithic mosses are often used to indicate atmospheric nitrogen (N) deposition,
while terricolous mosses also absorb N from soils. How to use N isotopes (8%N) of terricolous mosses to
trace the levels and sources of atmospheric N deposition accurately is an urgent problem to resolve. Based
on the N contents (N,,,.) and isotopes (8°N,,..) of terricolous and epilithic mosses collected in Mount
Qilian in 2022, we established a bottom-up method to calculate local atmospheric N deposition levels
and source contributions. No significant difference was found in N, between soils and bare rocks, while
terricolous mosses had significantly higher 8"°N,,,.. than epilithic mosses. Thus, the effects of soil N sources
on 8N, of terricolous mosses should be excluded before they are used to trace emission sources of
atmospheric N deposition. The flux of total inorganic N deposition in Mount Qilian was 15.0 +2.3 kg N
ha~! year™, with nitrate-N deposition being dominant. According to analyses of emission sources, it was
volatilization-related ammonia (61.9%+19.8%; mainly from fertilizer application and wastes) rather than
combustion-related ammonia (38.1% +19.8%) that dominated atmospheric ammonium-N deposition. It
was fossil fuel N oxides (51.5% +19.6%; mainly from oil and coal combustion) rather than non-fossil fuel
N oxides (48.5% +19.6%; mainly from biomass burning and microbial N cycles) that dominated nitrate-N
deposition in this region. The Mount Qilian region holds an important position as a crucial ecological
barrier in western China. Therefore, it is important to reduce reactive N emissions based on the above
source apportionments to protect the fragile ecosystems of Mount Qilian.
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Introduction

Atmospheric nitrogen (N) deposition, as a global hotspot issue,
has always attracted much attention. In recent years, thanks to
a series of policies implemented by the government, anthropo-
genic atmospheric N deposition has gradually declined [1,2].
From 2012 to 2020, annual total N deposition (sum of dry and
wet deposition) was estimated to continuously decline in China
by about 23%, while the flux of total N deposition was still high
at 39.2 + 2.42 kg N ha™' year™' during 2011 to 2020 [3]. There
was still high anthropogenic reactive N emitted into ecosys-
tems, leading to adverse effects including the decrease of bio-
diversity and soil acidification [4]. Therefore, it is important to
monitor the levels and trace the sources of atmospheric N
deposition.

The National Atmospheric Nitrogen Deposition Monitoring
Network (NNDMN), established by China Agricultural University,
covered 66 monitoring sites [1]. However, the number of moni-
toring sites in northwestern China is limited, posing challenges
for the accurate quantification of atmospheric N deposition
in this region [5]. Mount Qilian (Mt. Qilian) is located on the
edge of the Qinghai-Tibet Plateau and serves a critical role
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against the encroachment of surrounding deserts [6]. Based on
the calculation of an atmospheric chemical transport model,
the flux of atmospheric N deposition in Mt. Qilian was approxi-
mately 10 to 20 kg N ha™' year™' in 2018 [7]. At a 3,200-m
altitude in Mt. Qilian, the concentrations of soil ammonium-N
and soil nitrate-N in August were 11.79 + 3.57 and 5.68 + 0.87 mg
kg_l, respectively [8]. The western part of Mt. Qilian features
large areas of bare land, sandy land, and gobi with low surface
vegetation coverage and harsh natural conditions, belonging
to the alpine semiarid ecosystem [6]. In an alpine ecosystem
on the eastern margin of the Qinghai-Tibet Plateau, the N
critical load (considering plant cover and biomass change)
ranges between 8.8 and 12.7 kg N ha™" year™" [9]. Therefore,
the levels and sources of atmospheric N pollution are crucial
information for protecting the fragile ecosystems of the Mt.
Qilian region.

Mosses, lacking developed root systems and protective
cuticle, could adsorb N directly from atmosphere [10,11]
and are widely regarded as bioindicators for atmospheric N
deposition [4]. Thus, moss N contents (N, ) are widely
used to quantify atmospheric N deposition [12-14]. In
China, the N, in eastern coastal areas (e.g., Jiangsu and

moss
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Zhejiang) is generally higher than that in western inland areas
(e.g., Sichuan and Yunnan) [13,14], which is highly consistent
with the spatial distribution of regional atmospheric N deposi-
tion [5]. In Europe, the N, is positively correlated with the
atmospheric N deposition simulated by the EMEP (European
Monitoring and Evaluation Programme) model [15]. During
2005 to 2010, the N, . decreased in countries such as
Belgium, Slovenia, and Macedonia, while it continued to rise
in Germany, Spain, and the United Kingdom [10,16]. These
differences in N, among countries may be closely associated
with the implementation of targeted pollution control mea-
sures and regional N emission ]i)olicies.

The N isotopes of mosses (8"°N,..) serve as a traceability
tool for atmospheric N pollution, since major N emission sources
have significantly different 5'°N signatures [17,18]. For example,
in the rural areas of Europe, increased NH, emissions from agri-
culture and livestock activities resulted in a decrease in moss
8"°N values in the late 20th century [19]. In Southwest China,
the 3'°N_ . were used to quantitatively differentiate source con-
tributions to atmospheric N deposition [13]. Furthermore, the
N acquisition mechanism of mosses shows significant interspe-
cific differences and environmental adaptability [20,21]. At the
same sampling area with identical atmospheric N deposition
conditions, the 8N, values of terricolous mosses (growing
on soils) under canopies were significantly lower than those in
open fields [22]. Epilithic mosses (growing on bare rocks) nearly
exclusively obtain N through atmospheric N deposition and are
less affected by rock substrates [22,23]. With no developed root
system and protective cuticle, mosses can directly absorb inor-
ganic N from the thin surface layer of soils into their tissues via
surface cells [24]. The NH," and NO,™ can easily enter moss
tissues through the proton (H") pump and cation exchange, and
cotransport with positively charged ions, respectively [24]. In
Guiyang, terricolous mosses had higher 8"°N, . values than
those of epilithic mosses, and about 37% in terricolous moss N
was derived from soils [25]. Therefore, the effects of soil N
sources on the 8°N__  of terricolous mosses should be consid-
ered when they are used to quantify contributions of emission
sources to atmospheric N deposition.

Currently, studies on atmospheric N deposition are primar-
ily focused on regions with intensive anthropogenic activities,
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and fewer studies have been conducted in northwestern China.
Mt. Qilian is a critical ecological barrier in northwestern China.
The major objectives of our study are to (a) analyze the effects
of different growth substrates (soils and bare rocks) on moss N
enrichment and (b) estimate the levels and sources of atmo-
spheric N deposition in Mt. Qilian.

Materials and Methods
Study area

Mt. Qilian is located in northwestern China, at the border
between Gansu and Qinghai provinces, with geographical
coordinates of 36°30'N to 39°30'N, 93°30'E to 103°E. The total
area is approximately 18.1 x 10* km”. The mean annual pre-
cipitation in this region is 300 to 700 mm, with a typical
feature of continental climate [6]. The vegetation types in this
area exhibit distinct vertical zonation [6,26]. Our study area
is situated in the west of Mt. Qilian, within Gansu Province
(Fig. 1). The altitude of the sample plots ranges from 3,160 to
3,960 m (Fig. 1). It is reported that there are a total of 327
species of mosses belonging to 126 genera and 38 families in
the Mt. Qilian area [27]. The dominant moss families mainly
include Pottiaceae, Bryaceae, Hypnaceae, and Brachytheciaceae,
among others. [28]. The spatial distribution pattern of mosses
in Mt. Qilian is patchy, with a large distribution range and
spatial heterogeneity, and a low patch connectivity [29].

Sample collection

Moss samples were collected from Mt. Qilian in July and August
2022. The sampling sites were all located in natural open habi-
tats without tree cover, insect interference, serious pollution,
or frequent anthropogenic disturbances. During sampling, it
was important to preserve the integrity of moss samples while
avoiding excessive collection. The detailed information of col-
lection sites, including longitude and latitude, and substrate
types, was recorded promptly (Table S1). Four to six subsamples
were mixed to generate one typical sample per sampling site
for subsequent analyses. The new tissues of moss samples on
soils (terricolous mosses; n = 11) and bare rocks (epilithic
mosses; n = 5) were collected in Mt. Qilian for experimental
analyses.
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Fig. 1. Study area. (A) Location of sampling sites in China. (B) Sampling sites of terricolous and epilithic mosses of Mt. Qilian in northwestern China. The underlying surface
information includes elevation distribution and China’s 2020 second-level land use types (Resource and Environmental Science Data Platform, Chinese Academy of Sciences:

https://www.resdc.cn/).
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Experimental analysis

Using deionized water, we washed moss samples several times
until no N was detected in the rinsing water. The cleaned sam-
ples were dried in a vacuum oven at 70 °C and subsequently
ground into powder [30]. The N, (%, dry weight) were deter-
mined by an elemental analyzer (PE2400 IT, USA) with an ana-
Iytical precision of 0.1%. The 8"°N,,_, values were measured on
a combined isotope ratio mass spectrometer (Thermo Scientific
MAT 253) and elemental analyzer (Flash EA 2000). IAEA-N-1
(ammonlum sulfate, 5"°N = 0.4%o), IAEA-NO-3 (potassium
nitrate, 8"°N = 4.7%o), and USGS25 (ammonium sulfate,
8'°N = —30.4%o) standard samples were used to cahbrate the
8N, e Values of samples. The natural abundance of "°N was
calculated as §'"°N values in parts per mil (%o):

615N = (Rsample/Rstandard - 1) % 1,000 (1)

where R represents "N/"“N in moss samples and standard
samples (atmosphere N,).

Fractions of soil and atmospheric N sources to

terricolous moss N

Epilithic mosses are common bio-monitors, absorbing N almost
exclusively from atmosphere [22,23]. Due to terricolous mosses
absorbing N from soils, their 8N, values tend to be higher
than those of epilithic mosses on bare rocks in the same study
area [31]. We assumed that the entry of N into moss tissues has
no substantial °N fractionation [32] Therefore, to eliminate the
influence of soil N sources on the '"°N,_, values of terricolous
mosses, we updated a method to calculate the proportion of both
soil and atmospheric N sources in the N of terricolous moss
tissues (Fig. S1).

We assumed that all the N, of epilithic mosses is derived
from atmospheric N deposition and all the N _ . of terricolous
mosses is derived from atmospheric N deposition and soils.
Atmospheric N deposition is composed of dry deposition (the
sum of NH; and NO,, denoted as d-NH; and d-NO,, respec-
tively) and wet deposition (the sum of NH," and NO,~, denoted
as w-NH," and w-NO, ", respectively), which serve as potential

atmospheric N sources for mosses. In addition, soil NH,* and
NO,™ (s-NH, " and s-NO, ", respectively) serve as addrtronal N
sources for terr1colous mosses. The flux-weighted 8"°N of atmo-
spheric N depos1t1on (8"N,,, ) and soil N (8"°N_; ) was
calculated by using Eqgs. 2 and 3.

moss

15 _ <15 15
8" Nytm-n =0 Ng_nu3 X fa—nu3 78 "Ny_no2 Xfa—no2 +

15 15
8 Nyy_Na+ X fv—Nua+ 0 Ny_no3— X fy—N03—

2)

where the fi s fu NO. funmas and fw Nos- Were fractions of
d-NH,, d-NO,, w-NH,", and w-NO, ™ in atmospheric N depo-
sition, and we assumed that f; Npis T fa woz, ¥ Srontiar Ffunos- =

1 (deta1led in Table 1). The "Ny x5 0 Nynos Ny Nrars
and 8"°N,, o, values are detailed in Table 1. The 85N,
value is shown in Table 1.

15 _ <15 15
8" Nyoilon =8 "Ng_nma+ X fs-Nra+ T8 Ny_No3— X fiono3-

©)

where the f, 14, and £, ;. were fractions of s-NH, " and s-NO,~
in soil N and we assumed that f, ., + finos- = 1 (detailed in
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Table 1. The 8N values and fractions of dominant N sources
for mosses

N species 5N values (%o) Fractions (%)
d-NH, -134 +6.2° 294
d-NO, -82+39° 5.5°
w-NH,* -26+3.9° 39.2°
w-NO5~ -03+4.1° 25.9°
s-NH,* 6.2+11° 85.3°
s-NO;~ -06+0.8° 14.7°
atm-N -55+46 74.3+75
soil-N 52+10 257 +75

*The 5N values of atmospheric N species were obtained from Ref. [47].

PFractions of N species in atmospheric N deposition were calculated
based on observed fluxes of atmospheric N deposition [48].

“The 5™N values and fractions of soil N species in soil N were calculated
based on observed 5°N values and concentrations of NH,* and NO,~ in
mossy soils [25].

Table 1). The 6 °N, iy and 8N yo;_ values are detailed in
Table 1. The 8"°N_;  value is shown in Table 1.

Then, the 2-end-member mixing model was used for ter-
ricolous mosses. The fractions of atm-N and s0il-N (f,,,,  and
froitn) in terricolous mosses were calculated by using Eq. 4.

15 15 15
5 Nmoss =9 Natm—N ><fatm—N +98 Nsoil—N ><fsoil—N (4)

where we assumed that £, + fooin = 1-

The §"°N,, ., of epilithic mosses and terricolous mosses from
[25] were used to prove the usability of our method (Table S3).
We also collected epilithic mosses in Mt. Qilian for comparison.
No significant difference in §'°N values was observed between
terricolous (after removing soil-N) and epilithic mosses in both
Mt. Qilian and Guiyang (Table S3).

Fractions and fluxes of major N emission sources to

total N deposition

Based on the fluxes of total atmospheric N deposition (Fpy) in
northwest China (Table S2) and the N, of Grimmia mosses
in Mt. Qilian, we updated an empirical formula between N«
and atmospheric N deposition in Mt. Qilian (shown in Text
§1). The ratios of NH, to NO, in total N deposition (NH,/NO,,
denoted as K) were calculated using the empirical relationship
between the K and 8"°N, ., values [12]. The fluxes of NH,

(Fxuy) and NO, (Fy,) deposition were estimated using the
above Fpy and K values. Based on K values, we calculated the
fractions of NH, (fyu,) and NO, (fyo,) deposition relative to
total N deposrtron Then e calculated the 8"°N values of NH,

and NO, deposition (8" Ny, and &' NNOy) using a convex
optimization model (CVXPY) and the correspondmg initial
8N values of NH, and NO, emissions (8'°N; 35 and 8°N, y0.)-

Finally, the fract10ns of Volat1llzat10n (f,-nm3) and combustion
(f..nms) sources in total NH, emissions and the fractions of
fossil fuel (f;yo,) and non-fossil fuel (f,;.yo,) sources in total
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NO, emissions (Table S5) were calculated. Additionally, the
fluxes of c-NH; (F_ ;) and v-NH; (F, ;55) to NH, deposition
and the fluxes of f-NO, (F;.yo,) and nf-NO, (Fyo,) to NO,
deposition were quantified [18].

Statistical analysis

GetData was used for data acquisition. Data analysis was con-
ducted with GraphPad Prism 9.5.0 and Origin 2024. The
Shapiro-Wilk test was used to verify the normality of the data
and found that the data followed a normal distribution (P >
0.05). The Levene test was employed to verify the homogeneity
of variances and found that the variances of each group of data
were homogeneous (P > 0.05). Independent samples ¢ tests
were employed to evaluate the differences in N, 8N, .,
and estimated f, 3 fonms finow @0 firnox DetWeen terricolous
and epilithic mosses. Additionally, t tests were used to compare
8'°N,,,. differences between terricolous mosses (after removing
the part of soil N) and epilithic mosses. The significance level
was set at p < 0.05.

Results

Nitrogen contents and isotopes of mosses on

different substrates

In Mt. Qilian, the N contents of terricolous mosses (1.6 + 0.3%;
range: 1.3% to 2.0%) were comparable with those of epilithic
mosses (1.6 + 0.1%, range: 1.4% to 1.7%) (Fig. 2A). The 8N,
values of terricolous mosses (—2.7%o + 0.8%o) were signifi-
cantly higher than those of epilithic mosses (—4.0%o =+ 0.8%o)
(Fig. 2B).

Fluxes of atmospheric N deposition at Mt. Qilian
Combining the Fry (15.0 + 2.3 kg N'ha™' year™") for Mt. Qilian
(Fig. 3A and Table S2), the Fyy, and Fyo, for the same year
were determined to be 6.9 + 1.0 and 8.1 + 1.2kg N ha™' year ™,
respectively. The NO,-N accounted for 54.0% of the total inor-
ganic N deposition, indicating that NO,-N dominated the
atmospheric N deposition in this region (Fig. 3B).

A
3.0
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u y =0.08x + 0.3; Mt. Qilian
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0
c -
S 20- .-
c
S
[$]
Z —
o 1.5 |
o I
£ I
o 1.04 :
g |
£ |
G 0.5+ Overestimation
I I
I |
oo+
0 5 10 15 2 25 30 35 40 45

Atmospheric total N deposition (kg N ha™" year™)
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Sources of atmospheric N deposition at Mt. Qilian
The f, 5 in atmospheric NH, deposition was 61.9% =+ 19.8%,
which was significantly higher than f. 4, (accounting for
38.1% + 19.8%) in Mt. Qilian. In addition, f; o, in atmo-
spheric NO, deposition was 51.5% = 19.6%, which was slightly
higher than f, o, (accounting for 48.5% + 19.6%) in Mt.
Qilian (Fig. 4A). The F 3 (4.3 £ 0.6 kg N ha™! year_l) was
slightly higher than F¢ v, (4.2 + 0.6 kg N ha™" year™), F ¢ vo.
(3.9 + 0.6 kg N ha™' year™ '), and F_; (2.6 + 0.4 kg N ha™!
year_l) (Fig. 4B).

Discussion

Comparison of the N,,,.., and 5°°N,,,., on

different substrates

In Mt. Qilian, no significant difference in the N, was found
between mosses on soils (1.6% + 0.3%) and bare rocks
(1.6% =+ 0.1%) in the present study (Fig. 2A). This indicates
that epilithic and terricolous mosses had similar N availability.

A B
24 0
= n.s. = *
£ 204 =
[2]
= >
z o
= 1.21 =
=11 = =11 =
08 n : n=5 -6 n : n=5
Soil Rock Soil Rock

Fig. 2. Moss (A) N contents and (B) 5'°N values on soils (n = 11) and bare rocks (n =
5) in Mt. Qilian. The red and blue squares within the box represent the mean values,
each box encompasses the 25th to 75th percentiles of data range, and the whiskers
represent the range of SD. n.s. represents no significant difference (P > 0.05). *
represents significant difference (P < 0.05).

24 160
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Fig. 3. Grimmia moss N contents and atmospheric N deposition in Mt. Qilian. (A) The empirical relationships between Grimmia moss N contents and the fluxes of total
atmospheric N deposition at Mt. Meng in 2018 [18] and Mt. Qilian in 2022. (B) The fluxes and contributions of NH,, NO,, and total N deposition (TN) at Mt. Qilian.
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Furthermore, the N, on sandstones and limestones showed no
significant difference in the Huanjiang Karst area of Guangxi
[21]. This might be related to N utilization mechanism and
capabilities of nutrient uptake and transport.

The 8'"°N; y values were higher than §'°N, (Table 1).
In this study, the 8"°N,,. values of terricolous mosses
(—2.7%0 + 0.8%0) were significantly higher than those of
epilithic mosses (—4.0%o + 0.8%o) (Fig. 2B). This is consis-
tent with the fact that the 8'"°N values of terricolous mosses
were higher than those of epilithic mosses in several obser-
vations (Table 2). These results support that terricolous
mosses obtain N from soils (with more positive &N values).
In addition to the influence of soil N sources on 8N, .
signatures, it may also be related to the morphological char-
acteristics of mosses, the preference for nutrient absorption
of mosses, and the levels of regional NH; and NO, emissions
[33]. Thus, the influences of soil N sources in 8"°N_ . of
terricolous mosses should be excluded before they are used
to trace emission sources of atmospheric N deposition. In
the future, more experimental studies are required to elimi-
nate uncertainties to improve the accuracy when using ter-
ricolous mosses to indicate atmospheric N deposition.

A B
100 ~ 6
I
()
>
;\'; 80 'g
@ b4
c 4_
2 60- 2
2 5
£ Z
8 40- 8
2 g 2
k] z
& 20 5
1723
Q
x
E
| 2 ol

c-NH; v-NH; f-NO, nf-NO, c-NH; v-NH; f-NO, nf-NO,
Fig. 4. Relative and real contributions of major emission sources to atmospheric N
deposition. (A) Relative contributions of c-NH; and v-NH; emissions to atmospheric
NH, deposition, and relative contributions of f-NO, and nf-NO, emissions to atmospheric
NO, deposition. (B) The fluxes of c-NH3, v-NH3, f-NO,, and nf-NO, emissions to
atmospheric N deposition at Mt. Qilian in 2022. Mean + SD is shown.

The relationship between atmospheric N deposition
and the N,

Generally, the N increases with the levels of atmospheric N
deposition [4,12,15,34]. In Mt. Qilian, the N, of Grimmia
mosses was 1.5% + 0.2% (Fig. 3A) and Fpy was 15.0 2.3 kg
N ha™" year™' (Table S2). The N, in most nonurban regions
of China were higher than those in Mt. Qilian (1.6% =+ 0.3%)
and Mt. Gongga (1.1% + 0.3%) (Table 2). In suburban regions
of Jiangxi Province, the N . reached 2.6% + 0.2% in 2010
(Table 2). Geographically, the N .. generally showed a distri-
bution pattern of being higher in east and lower in west in
China (Table 2), which was consistent with the spatial hetero-
geneity of atmospheric N deposition across the country. The
atmospheric reactive N deposition in China gradually decreases
from the densely populated eastern regions to the western
region [3,35]. Between 2000 and 2010, the differences in gross
regional product and industrial structure led to an imbalance in
NO, emissions between eastern and western regions [36]. The
N |05 from Mt. Meng (2.4% + 0.3%) and Mt. Tai (2.1% =+ 0.4%)
areas in Shandong were higher than those in Mt. Qilian
(1.6% =+ 0.1%) of northwestern China (Table 2). The intensive
agricultural activities, N fertilizer application, and the increase
of vehicle population and coal consumption have significantly
increased emissions of regional atmospheric N pollution in
Shandong [14,37]. The pollution-intensive industries and energy
consumption in Shandong have contributed to its high levels
of atmospheric N pollution. In contrast, the low N at Mt.
Qilian indicated the level of atmospheric N pollution in this
area was relatively low.

Linear relationships between the N .. and atmospheric
N deposition fluxes have been established in many studies
[15,38,39]. However, the response of the N, .. to atmospheric
N deposition under low levels may be more sensitive than under
high N deposition [10,15]. Thus, the relationships between the
N,,...s and atmospheric N deposition fluxes should be asymp-
totic [10,15]. Consequently, the linear relationship established
in the Mt. Meng region with high N deposition will overesti-
mate the F in Mt. Qilian (Fig. 3A). In 2022, the observed
Fry (15.0 +2.3 kg N ha™ year_l; Table S2) in Mt. Qilian is
close to the critical N load of the northwest desert steppe eco-
system (15 to 30 kg N ha™! year_l) [40], and lower than Fpy

Table 2. Moss N contents (N,,.,) and 5N values (615Nmoss) in nonurban regions of China. n represents sample size. — represents not

available.

Year Region n Substrates Ninoss (%) "N 005 (%0) References
2006 Rural, Guiyang - Rock 13+01 -36+10 [12]
2010 Suburban, Jiangxi 46 Rock 26+0.2 -33+08 [49]
2021 Mt. Tai 16 Rock 21+04 -52+24 [14]
2022 Mt. Meng 9 Rock 24+03 -96+13 [18]
2022 Mt. Qilian 5 Rock 16+0.1 -40+08 This study
2022 Mt. Qilian 1 Soil 16+03 -27+08 This study
2008 Huanjiang 9 Soil 14+03 -23+10 [21]
2008 Huanjiang 12 Soil 14+0.2 01+07 [21]
2007 Mt. Gongga 14 Soil 11+03 -14+22 [38]
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(39.9 kg N ha™ year™') in Mt. Meng [18]. The Fyo, which
accounted for 54.0% of the total inorganic N deposition, was
higher than Fy, in Mt. Qilian (Fig. 3B). This is contrary to the
situation in rural areas of northwest China where NH_-N domi-
nates [30]. This might be due to the environmental improve-
ment of Mt. Qilian in recent years, such as the closure of several
mining sites and hydroelectric power stations [41]. However,
the Mt. Qilian area suffers from severe soil erosion, sparse veg-
etation, and a fragile ecological environment [6]. Once dam-
aged, it will be extremely difficult to recover. Therefore, in order
to protect the fragile ecosystems in this region, it is urgent to
make measures to control NH; and NO, emissions.

Emission sources of atmospheric N deposition

in Mt. Qilian

The 8'°N values are important tools for studying N cycle and
tracing N sources, and their differences usually reflect the pro-
cesses of N sources, transformations, and distributions in eco-
systems [21]. For example, aquatic plants (reed and calamus)
exhibited significant differences in absorbing different N forms,
and their 8"°N characteristics can be used to trace N sources
[42]. For atmospheric NH, deposition, f, 3 (61.9% =+ 19.8%)
was significantly higher than £ ;; (38.1% + 19.8%) in Mt.
Qilian (Fig. 4A). This indicates that agricultural activities (e.g.,
livestock farming) may be the dominant source of NH; emis-
sions in Mt. Qilian. Combined with the characteristics of the
economic structure of the western region, the development of
Mt. Qilian area is highly dependent on animal husbandry, min-
eral resources development, and ecotourism [43]. The NH,
volatilization (accounting for 63% in 2017) caused by increased
N fertilizer application and direct emission of animal manure
is the main pathway of N emission into the environment [44].
According to the Gansu Provincial Statistical Yearbook (https://
tjj.gansu.gov.cn/), it was seen that livestock farming in Gansu
Province increased during 2008 to 2022, with sheep having the
highest growth rate of 46.6%. Compared to 2021, the sown area
of crops increased by 1.6% in 2022. Notably, organic fertilizers
(e.g., livestock manure) are widely used in agricultural produc-
tion in Mt. Qilian area. Although this traditional fertilization
method has environmental advantages, it may also lead to an
increase in NH, emissions, which could potentially impact the
quality of regional atmospheric environment. For atmospheric
NO, deposition, f;yo, was slightly higher than f,¢\o, in Mt.
Qilian (Fig. 4A). This indicates that fossil fuel NO, sources (e.g.,
industry and transportation) contribute slightly more to total
NO, emissions than non-fossil fuel NO, sources. With the
increase in resource development, mining and energy develop-
ment form the core of the region’s industrial economy, leading
to an increase in NO, emissions from f-NO, sources. The devel-
opment of eco-tourism has injected new vitality into the regional
economy [43]. However, while these activities promote regional
economic development, they also have a greater impact on natu-
ral resources and ecological environment. The F, ;5 is higher
than those of the other 3 sources (F;yow Fornow a0d Fonms)s
followed by F; o, (Fig. 4B). Therefore, we should pay more
attention to control v-NH, and f-NO, emissions in this area. In
addition, the standard deviations of the 8'°N values for each
NH, and NO, emission sources, sampling mosses, soil N sources
of mosses, and the isotope effects during transportation and
transformation processes in atmosphere would be reflected in
source apportionment results. The high standard deviations in
source apportionment results reflect considerable uncertainty.

Deng et al. 2025 | https://doi.org/10.34133/ehs.0458

Although the 8N is widely used to trace the levels, com-
positions, and sources of atmospheric N deposition, it still has
some uncertainties. In this study, we assumed that all N, , of
epilithic mosses is derived from atmospheric N deposition. Our
sample size was relatively small, and the distribution of mosses
in Mt. Qilian is uneven and high heterogeneity. Therefore, it is
worthwhile to increase the sample size in future work to miti-
gate these uncertainties. Meanwhile, more field observations
in different habitats are warranted to explore the N acquisition
and utilization mechanisms of terricolous and epilithic mosses.
The 2-end-member mixing model is used for terricolous mosses,
and there are still many uncertain factors in calculations, such
as microbial activities, moss N utilization mechanisms, and the
isotope fractionation effects during multiple N transformation
and transportation processes in atmosphere and soils [21,45].
In addition to atmospheric and soil N sources, some mosses
could fix N, by forming symbiotic relationships with N,-fixing
bacteria (such as cyanobacteria). Nevertheless, the N addition
of 4.3 kg N ha™' year™' could inhibit N, fixation in mosses
[46]. The atmospheric N deposition in our study area was
15.0 + 2.3 kg N ha™' year™; thus, the contributions of N, fixa-
tion to moss N were not considered in this study. Moreover,
the 8'"°N values of emission sources derived from literatures
may not fully reflect site-specific conditions. In future research,
more attention should be paid to accurately quantifying atm-N
and soil-N sources in different habitats of the study area. This
will help optimize the mixed model and improve the accuracy
of tracing method.

Conclusion

We updated an isotope method for tracing emission sources of
atmospheric N deposition using terricolous mosses. This work
fills the gap in monitoring the levels and sources of atmo-
spheric N deposition by mosses in northwest China. In 2022,
the flux of total inorganic N deposition in Mount Qilian was
15.0 + 2.3 kg N ha™' year™'. The Fy, is significantly higher
than Fyy,, indicating that NO, deposition is dominant in total
N deposition. The fraction of v-NH, is higher than that of c-NH,
in NH, deposition. In NO, deposition, the fraction of {-NO, is
slightly higher than that of nf-NO,, which is related to the local
characteristic agriculture, animal husbandry, and mining activ-
ities. In the future, this method can be further optimized and
extended to more regions, which will provide scientific support
for formulating targeted ecological protection and pollution
control strategies.
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#15N Differences between Terricolous and Epilithic Mosses: Implications for
Atmospheric Nitrogen Deposition Monitoring
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Terricolous mosses and epilithic mosses are often used to indicate atmospheric nitrogen (N) deposition, while terricolous
mosses also absorb N from soils. How to use N isotopes (#15N) of terricolous mosses to trace the levels and sources
of atmospheric N deposition accurately is an urgent problem to resolve. Based on the N contents (Nmoss) and isotopes

(#15Nmoss) of terricolous and epilithic mosses collected in Mount Qilian in 2022, we established a bottom-up method

to calculate local atmospheric N deposition levels and source contributions. No significant difference was found in
Nmoss between soils and bare rocks, while terricolous mosses had significantly higher #15Nmosg than epilithic

mosses. Thus, the effects of soil N sources on #15Nmoss Of terricolous mosses should be excluded before they

are used to trace emission sources of atmospheric N deposition. The flux of total inorganic N deposition in Mount

Qilian was 15.0 + 2.3 kg N ha#1 year#1, with nitrate-N deposition being dominant. According to analyses of emission
sources, it was volatilization-related ammonia (61.9% + 19.8%; mainly from fertilizer application and wastes) rather than
combustion-related ammonia (38.1% * 19.8%) that dominated atmospheric ammonium-N deposition. It was fossil fuel

N oxides (51.5% + 19.6%; mainly from oil and coal combustion) rather than non-fossil fuel N oxides (48.5% * 19.6%;
mainly from biomass burning and microbial N cycles) that dominated nitrate-N deposition in this region. The Mount Qilian
region holds an important position as a crucial ecological barrier in western China. Therefore, it is important to reduce
reactive N emissions based on the above source apportionments to protect the fragile ecosystems of Mount Qilian.
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