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Abstract： 

Increasing trends of atmospheric nitrogen (N) deposition resulting from a large number 18 

of anthropogenic emissions of reactive N are dramatically altering the global biogeochemical 19 

cycle of N. Nitrogen uptake by mosses occurs mainly from the atmosphere, making it a 20 

competent bio-indicator of N deposition. However, high uncertainties exist when using mosses 21 

to indicate N deposition, especially in choosing sampling periods and sampling frequencies. In 22 

this study, atmospheric N deposition and moss N content in the urban-agro-forest transition, a 23 

region with a high N deposition level of 27.46~43.70 kg N hm-2 yr-1, were monitored, and the 24 

method for monitoring atmospheric N deposition by mosses was optimized. We found that the 25 

optimal sampling frequency is within six months per time, and the optimal sampling times are 26 

winter (January and February), autumn (October and November), and summer (July and 27 

August), which provides us with a more accurate estimation of atmospheric N deposition than 28 

other scenarios. In addition, the moss N content serves as a more reliable indicator of total N 29 

deposition compared to the deposition of specific N species. This study eventually allowed 30 

mosses to be used more effectively and sensibly as an indicator of atmospheric N deposition 31 

and helped to improve the accuracy of the model for quantifying N deposition. 32 

Keywords: 33 

Nitrogen deposition; Moss monitoring; Sampling frequency; Precipitation; Optimal sampling 34 

time  35 
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1 Introduction 36 

Anthropogenic perturbations have dramatically influenced the nitrogen (N) cycle on the 37 

earth’s surface (Vitousek et al., 1997; Galloway et al., 2008). Several pathways of 38 

anthropogenic N input into the earth’s surface, including deposition, manure, fertilizer, and so 39 

on (Gu et al., 2015). Atmospheric transport, deposition, and circulation facilitate the 40 

conveyance of excess N to nearby or distant terrestrial and aquatic habitats (Erisman et al., 41 

2007; Schlesinger, 2009). Atmospheric N deposition is an important component of the human-42 

accelerated global N cycle and a serious form of atmospheric pollution (Xu et al., 2019), which 43 

results in adverse ecological effects, such as water eutrophication, soil acidification, and 44 

biodiversity loss, have been reported due to excess N deposition in some areas (Clark and 45 

Tilman, 2008; Elser et al., 2009; Storkey et al., 2015). Atmospheric N deposition has increased 46 

by three to fivefold over the 20th century (IPCC, 2013). Global N deposition was estimated at 47 

119 Tg N in 2010 (land, 60%; seas, 40%) (Liu et al., 2022). Therefore, it is vital to quantify 48 

atmospheric N deposition effectively to provide valuable strategies for N emission mitigation. 49 

Unlike vascular plants, mosses are known to lack a well-developed root system, vascular 50 

system, and protective cuticle, allowing them to take up water and nutrients primarily from the 51 

atmosphere through their surfaces (Glime, 2007; Keyte et al., 2009; Salemaa et al., 2020). 52 

Hence, mosses have been shown to be suitable indicators of atmospheric deposition, for 53 

example, nitrogen (Pitcairn et al., 2006; Zechmeister et al., 2008; Harmens et al., 2014) and 54 

heavy metals (Schröder et al., 2010; Harmens et al., 2012). However, several uncertainties 55 

remain regarding the use of mosses as a bio-indicator to predict N deposition. First, the 56 

sampling frequency (i.e., weeks to years) varied widely among different studies, which largely 57 

increased the uncertainty of mosses in predicting N deposition. The sampling frequency option 58 

will be based on the duration of the N deposition that accumulated in the mosses. It is generally 59 

accepted that mosses can preserve the N deposited from the atmosphere for more than one year. 60 

While some studies have also shown that the preservation period of N by mosses is limited by 61 

land use types and moss species, making it possible to maintain N for only a few weeks or 62 

months (Schröder et al., 2011; Pavlíková et al., 2016). Second, the relationship between moss 63 

N content and N deposition usually varies under different study area conditions. This means 64 

that the existing models for N deposition prediction if used in this study area, may lead to 65 
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significant uncertainties (Dong et al., 2017; Wilson et al., 2009). Third, various forms of N 66 

from deposition cause distinct responses in mosses. In some N fertilization experiments, 67 

mosses were found to prefer ammonium (NH4
+-N) and dissolved organic N (DON) over nitrate 68 

(NO3
--N) as N sources (Forsum et al., 2006); meanwhile, the natural abundance of N isotopes 69 

was used to determine that moss NO3
--N assimilation was substantially inhibited by the high 70 

supply of NH4
+-N and DON (Liu et al., 2013), underscoring the dominance of and preference 71 

for atmospheric NH4
+-N in moss N utilization. Finally, according to current knowledge, N-72 

saturation is defined as the level of pollution below which there are no significant harmful 73 

environmental effects (UBA, 2005). N saturation is widely used to evaluate the impacts of N 74 

deposition on ecosystems regarding excess nutrient N availability, also known as 75 

eutrophication (Burpee and Saros, 2020). The absorption of N deposition by mosses is limited 76 

because N deposition modulates mosses to take up N by altering their physiological indicators 77 

(Liu et al., 2017; Shi et al., 2017). Nitrate reductase is an essential physiological indicator of 78 

the N assimilation process of mosses, and it has been reported that an increase in N deposition 79 

leads to a decrease in nitrate reductase, inhibiting the N uptake and utilization efficiency of 80 

mosses (Arróniz-Crespo et al., 2008; Pearce et al., 2003). Therefore, N saturation plays a 81 

significant role in limiting the response of mosses to N deposition. Above all, it is desirable to 82 

improve the moss method for monitoring atmospheric N deposition from multiple perspectives, 83 

especially by improving sampling parameters. In summary, two questions require resolution to 84 

enhance the utilization of mosses as bio-indicators for predicting N deposition: (i) determining 85 

the optimal sampling period (i.e., sampling frequency and sampling duration) for moss 86 

sampling and (ii) characterizing moss responses and mechanisms to various N deposition forms. 87 

Previous studies have mainly focused on ecosystems with low N deposition, such as 88 

forests and grasslands. The urban-agro-forest transition regions include agricultural, urban, 89 

rural, and forest areas, which are commonly formed in the process of urbanization and are 90 

deeply influenced by human beings. The patterns and sources of N deposition are more 91 

complex here than in natural ecosystems. However, the methods for moss monitoring N 92 

deposition are limited here, and sufficient knowledge is still needed under such high N 93 

deposition conditions. Considering the aforementioned limitations, this study conducted a year-94 

long field experiment to monitor atmospheric N deposition in an urban–agro–forest transition 95 



 5 

in Southwest China. The primary objective of this study was to establish a protocol by using 96 

mosses as a bio-indicator for the prediction of N deposition. Three aspects were included: (i) 97 

assessing moss responses to atmospheric N deposition, considering variations in sampling 98 

frequency and season; (ii) evaluating the N saturation state of mosses in regions with high N 99 

deposition; and (iii) analyzing moss responses and mechanisms to different N species. 100 

 101 

2 Materials and methods 102 

2.1 Study sites 103 

The field experiment was performed from April 2018 to September 2019 in an urban-104 

agro-forest transition zone situated in the southwestern Chengdu Plain (Fig. 1). Moss collection 105 

started in October 2018. The climate is subtropical monsoon humid, with a mean annual 106 

temperature, relative humidity, and precipitation of 15.7 °C, 85% and 1103 mm, respectively. 107 

The study encompassed five distinct sites strategically chosen within the urban-agro-forest 108 

transition. These sites represented the four primary land-use types, namely, agricultural area 109 

(Qiquan, QQ), urban area (Chongyang, CY), rural areas (Yuantong, YT and Huaiyuan, HY), 110 

and forest area (Jiguan Mountain, JGM) (Fig. 1). More details about the study sites are shown 111 

in Table S1. 112 
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 113 

Figure 1. Locations of the sampling sites. QQ, Qiquan, agricultural area; CY, Chongyang, 114 

urban area; YT, Yuantong, rural area; HY, Huaiyuan, rural area; JGM, Jiguan Mountain, forest 115 

area. The sites in red represent N emission hotspots. A field photo of the moss collection is 116 

shown in the lower left corner, illustrating the moss species and sampling substrate. The land-117 

use data (2016) used here were provided by the Center of Land Acquisition and Consolidation 118 

in Sichuan Province.  119 

2.2 Deposition sampling, analysis, and calculation 120 

Atmospheric bulk deposition samplers were used to collect N bulk deposition at five sites, 121 

with three parallel samplers at each location to ensure three replicate data. Deposition samplers 122 

were precleaned glass cylinders (inner diameter × height of 10.5 cm × 14.5 cm) and were 123 

installed at a height of 1.2 m above the ground with no obstacles and tall buildings around each 124 

site to prevent contamination from surface soil and plants. A stainless-steel net (pore size, 0.02 125 

× 0.02 m2) was used to avoid disturbance of birds and crop stubble contamination. Ultrapure 126 

water was added to each collector, and the depth was maintained at approximately 10 cm (Wang 127 

et al., 2013). During the summer, 1 mL of 2 mol/L copper sulfate solution was added to the 128 

collectors to prevent the growth of bacteria and algae. Deposition sampling was conducted at 129 
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one-month intervals. The samples were transferred to preclean glass bottles and transported to 130 

the laboratory to determine the concentrations of different forms of N deposition, including 131 

dissolved organic nitrogen (DON) and inorganic N (NH4
+-N and NO3

--N) concentrations, 132 

within the same day. NH4
+-N and NO3

--N were measured in the filtered samples (using 0.45 133 

μm filter membranes) using an ultraviolet spectrophotometer (UV-1100, Meipuda, China). 134 

Unfiltered samples were collected for total N (TN) measurement through the alkaline 135 

potassium peroxydisulfate oxidation method (APOM). Dissolved organic N (DON) was then 136 

calculated using TN subtracted from the sum of inorganic N (i.e., NH4
+-N and NO3

--N). It 137 

should be noted that some insoluble N compounds may overestimate the DON content in this 138 

study. 139 

An estimate of bulk deposition in the sampling fluid could be obtained by multiplying the 140 

concentrations by the precipitation amounts as follows: 141 


=


=

n

i

ii
w

PC
F

1 100
          (Eq. 1) 142 

where Fw is the flux of N types in monthly deposition, kg N hm-2 mon-1; Ci is the concentration 143 

of N types in monthly collected samples, mg N L-1; Pi is the monthly precipitation amount, 144 

mm; and i represents each month. The precipitation data used in this study are from the 145 

Chongzhou Meteorological Bureau, Sichuan Province, China. 146 

2.3 Moss sampling and analysis 147 

The moss materials (Haplocladium microphyllum (Hedw.) Broth. subsp. capillatum (Mitt.) 148 

Reim.) at all study sites were sampled. This species was chosen based on its greater presence 149 

under different growing conditions in this study area, which made the study possible. Moss 150 

sampling and preparation were conducted according to guidelines in the ICP Vegetation 151 

Guidelines (ICP Vegetation, 2010), and temporal and spatial synchronization was maintained 152 

with deposition sampling. Moss samples were collected every month, which was consistent 153 

with collecting N deposition. In this study, 2-5 subsample sites were selected for moss 154 

collection within 1 km of the N deposition sampling site (Fig. 1). Within a 50-meter range (a 155 

square of 50×50 m), 5 to 10 samples were collected to combine into a representative one for 156 

each subsample site. Each subsample was of similar weight and distributed homogenously and 157 

as separated as possible within the area, avoiding the collection of concentrated mops within 158 
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the areas. 159 

All mosses were collected from natural rocks without canopies or overhanging vegetation 160 

to avoid the effect of throughfall N compounds. The sampling sites are more than 300 m away 161 

from the main roads and at least 100 m away from other roads or houses, free of the direct 162 

impact of stagnant water and surface water splashes, traffic, and other artificial pollution 163 

sources (human and animal excrement, fertilization, and stamping). The moss samples, which 164 

were stored in polythene zip-lock bags, had dead branches, leaves, and debris removed in the 165 

laboratory before separating green and brownish parts for analysis, with only the green part 166 

undergoing analysis and the brownish part being discarded (Harmens et al., 2014). After the 167 

mosses were dried to constant weight in a forced-air oven (at 40°C for 48 h), they were ground 168 

to a powder for the moss N content, which was measured by the Kjeldahl method after H2SO4-169 

H2O2 digestion. 170 

2.4 Correlation between moss N content and atmospheric N deposition 171 

The correlation between the moss total N content and various atmospheric N deposition 172 

under different accumulation time scales (1, 3, 6, 9, and 12 months) was analyzed. This 173 

approach enabled the study to discern the appropriate sampling frequency for continuous 174 

monitoring of N deposition, revealing that the moss N content in a given month was sensitive 175 

to the cumulative N deposition in the preceding months. For example, to analyze the correlation 176 

between the moss N content in October 2018 and N deposition under the sampling frequency 177 

of three months, the value of moss N content should be given as a value in October 2018, while 178 

the N deposition should be the sum of August, September, and October 2018. 179 

Furthermore, correlations between the moss N content and various species of N deposition 180 

were analyzed in each sampling month, which could obtain the optimal sampling time for moss 181 

response to atmospheric N deposition. Note that the time scale of the moss N content was from 182 

October 2018 to September 2019, while the N deposition collection period was more than one 183 

year, from April 2018 to September 2019, which could enhance the optimality of the sampling 184 

frequency for this study. 185 

  186 
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2.5 Response model of moss N content to deposition of different N species 187 

Linear and logarithmic regression analyses of the moss N content were fitted to various 188 

atmospheric N deposition in SPSS® (version 25.0). Notably, the analysis was carried out at a 189 

sampling frequency of one month. The moss N content was the dependent variable, and the 190 

monthly atmospheric N deposition was the independent variable. The R-squared values derived 191 

from the observations were instrumental in evaluating the model's optimal fit to the data, 192 

thereby aiding in the selection of the most suitable regression approach. 193 

2.6 Statistical analyses and quality assurance and control (QA/QC) 194 

Pearson correlation analysis with a two-tailed significance test was used to examine the 195 

relationship between moss N content and bulk N deposition, including different sampling times 196 

and frequencies. All studies were conducted using SPSS® 25.0 (SPSS Inc., Chicago, USA). 197 

Utmost care was taken to avoid any contamination during the sampling and analytical 198 

program. For the quality assurance (QA) of the moss N content measurements, three replicates 199 

of each sample were analyzed to provide a stable determination process. Additionally, quality 200 

control (QC) was ensured by using certified reference material and laboratory standards for N 201 

determination. Additionally, for the determination of the elemental concentrations in the 202 

reference material, laboratories followed the same analytical procedure as that used for the 203 

collected samples. The certified reference materials used in the experiment all conformed to 204 

national standards. The standard solutions of NH4
+-N, NO3

--N, and TN complied with GSB 205 

04-2832-2011, GSB 04-1772-2004, and GSB 04-2837-2011 (b). These certified reference 206 

materials were stored and utilized correctly. 207 

 208 

3 Results 209 

3.1 Monthly variation in N deposition and moss N content 210 

The range of total N (TN) deposition fluxes in this study was 1.00~6.44 kg N hm-2 mon-1 211 

during the monitoring period from October 2018 to September 2019, which was significantly 212 

higher in summer than in other seasons (Fig. S1a, P < 0.05). NH4
+-N was the predominant form 213 

of N deposition, ranging from 0.20~3.89 kg N hm-2 mon-1, followed by NO3
--N (0.13~2.33 kg 214 

N hm-2 mon-1) and DON (0.00~1.46 kg N hm-2 mon-1). In addition, the different N forms 215 
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displayed distinct patterns of seasonal variation (Fig. S1). Notably, NH4
+-N, NO3

--N, and DON 216 

attained their peak values during the summer and spring seasons. 217 

Mosses in the study area had N contents of 1.51%~2.96%. Notably, the monthly 218 

fluctuations in moss samples from the five designated sites moss samples from the five 219 

designated sites were notably similar. The curve depicting the monthly average variation in 220 

moss N contents showed characteristics characterized by a single valley value along with 221 

several peaks (Fig. 2a-e). The lowest values were commonly observed in the range of January 222 

to March. The lowest value was in February (JGM, 1.51%), while the highest was in August 223 

(YT, 2.96%). Additionally, the averages of atmospheric N deposition and moss N content 224 

across the five sites are shown in Fig. 2f, providing an overview of the temporal variations in 225 

the study area. It was found that the variation in the N content in moss highly matched the 226 

monthly fluctuation patterns of N deposition (all N species) in the study area. 227 
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 228 

Figure 2. Temporal variations in atmospheric N deposition and moss N content at different 229 

sites. This figure depicts a year-long (October 2018 - September 2019) overview of N 230 

deposition dynamics and moss responses at QQ (a), CY (b), YT (c), HY (d), JGM (e), and 231 

Study areas (f), with columns showing deposition data on the left axis and moss N content 232 

variations shown as a line on the right axis. Error bars represent the standard deviations of three 233 

replicates. 234 

3.2 Correlations between moss N content and N deposition 235 

Different N species (TN, NH4
+-N, NO3

--N, and DON) were used to analyze the correlation 236 
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between N deposition and moss N content (Table. 1). The results showed that when the 237 

sampling frequency of mosses was within six months (i.e., every 1, 3, and 6 months), 238 

significantly positive correlations (P < 0.05) between N species in deposition and the N content 239 

of moss were observed. However, at a sampling frequency of one year (i.e., 12 months), the 240 

moss N content and NO3
--N deposition were found to be negatively correlated (r=-0.293, P < 241 

0.05). 242 

 243 

Table 1. Correlation coefficients between the moss N content in the current month and N 244 

deposition accumulation in the study area under different sampling frequencies (from one 245 

month per time to one year per time). 246 

N 

species 

(n=60) 

Sampling frequencies 

One 

month 

Three 

months 

Six 

months 

Nine 

months 

One 

year 

TN 0.589** 0.615** 0.370** -0.005 -0.112 

NH4
+-N 0.511** 0.532** 0.323** 0.074 -0.080 

NO3
--N 0.517** 0.390** 0.125 -0.206 -0.293* 

DON 0.114 0.460** 0.602** 0.157 0.205 

Note: “**” and “*” indicate P < 0.01 and P < 0.05, respectively. N deposition samples (n=60) and moss 247 

samples (n=60) for each correlation. 248 

Based on the sampling frequency (less than six months per time) that showed a significant 249 

positive correlation, the preferred sampling season was further studied using correlation 250 

analysis (Fig. 3).  251 

Under the sampling frequency of one month, the moss N content showed a significant 252 

positive correlation with TN-N, NH4
+-N, and NO3

--N deposition in winter (January and 253 

February), summer (July and August), and autumn (October and November) (P < 0.05). 254 

Moreover, DON deposition in spring (March) also showed an exact correlation with the moss 255 

N content. Under the sampling frequency of three months per sampling event, the correlations 256 

between moss N content and N deposition were similar to those under the sampling frequency 257 

of one month per sampling event. Under the sampling frequency of six months per sampling 258 
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event, significant positive correlations were observed only in late autumn and winter, 259 

particularly for NH4
+-N. 260 

 261 

 262 

Figure 3. Pearson correlation between the moss N content in the current month (from left to 263 

right) and cumulative N deposition values at different accumulation times at all sites. The gray 264 

slash indicates significance at P < 0.05. 265 

3.3 Response model and N-saturation state 266 

Both linear and logarithmic models were used to evaluate the response of the moss N 267 

content to the different forms of N deposition (Fig. 4). There were linear and logistic regression 268 

relationships between TN, NH4
+-N, and NO3

--N and moss N content. At the same time, there 269 

was no relationship between DON and moss N content. The logarithmic models had a high R2 270 

(P < 0.05) for TN. However, for NH4
+-N and NO3

--N, the linear models had high R2 values (P 271 

< 0.05). Here, the increase in moss N content along the atmospheric N deposition gradient was 272 

much faster at low levels than at high levels of atmospheric N input. 273 
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 274 

Figure 4. Regression relationship between moss N content and bulk N deposition. The nitrogen 275 

species considered are TN (a), NH4
+-N (b), NO3

--N (c), and DON (d), depicted by solid and 276 

dashed lines for linear and logarithmic regressions, respectively. 277 

 278 

4 Discussion 279 

4.1 Response pattern to various sampling strategies 280 

The moss N content is a promising indicator for estimating N deposition in the urban–281 

agro–forest transition of this study, owing to the substantial covariation that has been observed 282 

(Fig. 2). The ability of mosses to monitor atmospheric N deposition has been validated through 283 

chamber experiments (Salemaa et al., 2008). Field sampling in seven European countries 284 

revealed that moss N content is correlated with various forms of N deposition (Harmens et al., 285 

2014). Due to the physiological characteristics of mosses, especially epilithic mosses, the 286 

atmosphere provides a major source of nutrients, not the soil. Therefore, mosses are susceptible 287 

to changes in atmospheric N deposition and can also be used to monitor N deposition. 288 
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Additionally, mosses can monitor not only atmospheric N deposition but also atmospheric 289 

pollutants, such as heavy metals (Fernández et al., 2015). 290 

However, a suitable sampling frequency for mosses remains to be determined. 291 

Theoretically, the higher the sampling frequency is, the more accurate the monitoring of N 292 

deposition. Nevertheless, synergistic monitoring frequencies need to be found due to financial 293 

and other difficulties. In previous studies, mosses were generally believed to retain N 294 

deposition for an extended period (i.e., more than a year), and the relationships between moss 295 

N content and atmospheric N deposition within one-year periods were rarely considered in 296 

these works (Harmens et al., 2014; Kosonen et al., 2018; Liu et al., 2013). In this study, 297 

significant covariations between moss N content and N deposition for more than six months 298 

were absent. However, when the sampling frequency of mosses was in the range within six 299 

months (i.e., every 1, 3, and 6 months), significantly positive correlations (P < 0.05) between 300 

N species in deposition and the N content of moss were observed. This relation means at least 301 

every 6 months for continuous monitoring of N deposition. The optimal sampling frequency 302 

for mosses was explained as the sampling frequency that showed a significant positive 303 

correlation with atmospheric N deposition in this study. This indicates that moss N can only 304 

reflect N deposition in a short period (i.e., less than six months). High atmospheric N deposition 305 

levels in the study region (27.46~43.70 kg N hm-2 yr-1) can explain this phenomenon. It has 306 

been reported that the atmospheric N deposition in Southwest China is approximately 12.05 kg 307 

N hm-2 yr-1, which is significantly lower than that in this study (Zhu et al., 2016). As a result, 308 

when the accumulated N deposition exceeds the moss N sequestration capacity, the responses 309 

of mosses to atmospheric N deposition may become less sensitive. Therefore, given the high 310 

levels of N deposition observed in this study area, it is advisable to increase the frequency of 311 

moss sampling beyond the current six-month interval for effective N deposition monitoring. 312 

This principle of high-frequency monitoring should also be extended to regions characterized 313 

by substantial N deposition. 314 

The covariation between the moss N content and atmospheric N deposition depends on 315 

the season. For example, significant positive correlations were found between the moss N 316 

content and TN-N, NH4
+-N, and NO3

--N deposition in winter (January and February), summer 317 

(July and August), and autumn (October and November) (Fig. 3, P < 0.05), but these 318 
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correlations were absent during spring. This phenomenon is relevant to the growing season of 319 

mosses. As mentioned in several studies, the growth of mosses generally occurs from March 320 

to May and from October to December (Thöni et al., 2011; Yurukova et al., 2009). Since mosses 321 

undergo a period of nutrient accumulation during growth (Faus-Kessler et al., 2001), they can 322 

better monitor atmospheric N deposition after growth (Boquete et al., 2011; Thöni et al., 2011). 323 

Thus, the optimal sampling seasons are winter (January and February), summer (July and 324 

August), and autumn (October and November) within this area. Moss growth status and 325 

regional N deposition level influence the moss response patterns, subsequently influencing the 326 

design of effective sampling strategies. 327 

4.2 Response patterns of mosses to various N species 328 

Significant positive correlations (P < 0.05) between various N species in deposition and 329 

the N content of moss were observed when adopting the optimal frequency, i.e., every 1, 3, and 330 

6 months. The relationships between moss N content and deposition of different N forms were 331 

diverse in this study. Specifically, moss N content was more strongly correlated with TN 332 

deposition than with other N species. This is consistent with results from several European 333 

countries (Harmens et al., 2011). 334 

A comparison among different N species (NH4
+-N, DON, and NO3

--N) revealed a stronger 335 

correlation between moss N content and NH4
+-N and DON than between moss N content and 336 

NO3
--N. Notably, at the moss sampling frequency of six months, the correlation coefficient 337 

between DON and moss N content had the highest r-value (r=0.602, P < 0.01). This outcome 338 

might be attributed to the adaptability of mosses to their N assimilation processes in response 339 

to anthropogenic N deposition (Wiedermann et al., 2009). Research employing 15N labelling 340 

techniques revealed that mosses exhibit inducible assimilation of NO3
--N when NO3

--N 341 

constitutes the sole source of N, but such assimilation of NO3
--N becomes negligible in natural 342 

environments where the supply rate of reduced dissolved N (NH4
+-N plus DON) surpasses that 343 

of NO3
--N. The limited assimilation of NO3

--N in mosses across different habitats results from 344 

the inhibition of nitrate reductase activity, which results from the high supply rate of NH4
+-N 345 

plus DON (Liu et al., 2012). In this study, the annual rate of NH4
+-N plus DON (24.21 kg N 346 

hm-2 yr-1) was 2.03 times greater than that of NO3
--N (11.91 kg N hm-2 yr-1). This habitat 347 

situation drives the preference for various N forms for moss uptake. Through 15N-labeling of 348 
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NO3
--N, NH4

+-N, alanine, and glutamic acid, a previous study revealed that mosses preferred 349 

NH4
+-N and DON, with deficient uptake of NO3

--N under different levels of N deposition 350 

(Wiedermann et al., 2009). The relatively greater uptake of NH4
+-N than of NO3

--N in mosses 351 

is probably due to the high cation-exchange capacity typical of mosses (Glime, 2007). 352 

Notably, during autumn (October and November) and spring (March), there was a 353 

noteworthy and statistically significant positive correlation between the deposition fluxes of 354 

NH4
+-N and DON and the moss N content (Fig. 3, P < 0.05). This observed correlation can be 355 

attributed to a main factor. The elevated ambient concentrations of N compounds render mosses 356 

more responsive to atmospheric N deposition. The flux of NH4
+-N deposition was greater in 357 

autumn than in the other seasons (Fig. S1b). This heightened flux in autumn can be attributed 358 

to the peak agricultural activity, including N fertilizer application. It is worth mentioning that 359 

such fertilizer practices lead to ammonia emissions (Cui et al., 2014). Furthermore, the high 360 

level of dissolved N nutrients in the topsoil of agricultural land also facilitates the absorption 361 

of N by mosses (Glime, 2007). For the same reason, the moss N content responded better to 362 

DON in spring (March). The fluxes of DON were significantly greater in spring than in autumn 363 

and winter in this study (Fig. S1d). It is composed of various organic compounds, primarily 364 

from fossil fuel combustion, and fireworks dominate (Deng et al., 2018). 365 

Finally, this study underscores the preference for atmospheric NH4
+-N and DON in moss 366 

N utilization, highlighting the importance of considering the effect of the ambient concentration 367 

effect on the response. 368 

4.3 Relationships between various N forms and the N-saturation state 369 

Logarithmic models demonstrated a superior fit for the relationship between moss N 370 

content and atmospheric TN deposition (with higher R2, P < 0.05) compared to linear models 371 

with the combined dataset encompassing the whole study area (Fig. 4a). This suggests that the 372 

increase in moss N content with increasing atmospheric N deposition is much faster at low 373 

levels than at high levels of N deposition. 374 

The utilization of logarithmic models to describe the moss response to N deposition is 375 

grounded in the concepts of the "minimum nutrient rate" and the "N-saturation effect". The 376 

"minimum nutrient rate" suggests that the growth of crops is influenced by the least available 377 

relative concentration of nutrients within the environment. At low N deposition levels, the 378 
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limitation tends to be N, whereas at high N deposition levels, it may be limited by other 379 

nutrients, such as phosphorus. As a result, the rate at which mosses absorb N is influenced by 380 

the presence of different limiting nutrients at different N deposition levels, leading to a 381 

nonlinear relationship with N (Vitousek et al., 2010). Additionally, a distinct "N-saturation 382 

effect" has been observed in the relationship between moss N content and N deposition. This 383 

phenomenon signifies that there is a point at which the response of mosses to N deposition 384 

becomes saturated. When the total N (TN) deposition reaches a state of N saturation, the 385 

capacity of mosses to absorb N becomes constrained (Harmens et al., 2014; Liu et al., 2013; 386 

Salemaa et al., 2020). For instance, when the N deposition level falls below the state of N 387 

saturation, mosses display heightened sensitivity to N deposition, leading to significant 388 

increases in moss N content. In contrast, when N deposition surpasses the N-saturation state, 389 

mosses become less responsive to further N deposition, and the expected increases in moss N 390 

content may not materialize. In fact, in such scenarios, the moss N content might even decrease 391 

due to growth limitations and physiological disruptions (Shi et al., 2017). In summary, the 392 

presence of the "minimum nutrient rate" and the "N saturation effect" during deposition 393 

influence and restrict the response patterns of mosses. 394 

Notably, the response models constructed using the data from this study indicated that the 395 

moss N content exhibited a relatively subdued reaction to TN deposition increases exceeding 396 

approximately 4.0 kg N hm−2 mon−1 (Fig. 4a). This observation suggested that the mosses were 397 

approaching the N-saturation state. This phenomenon of N saturation is usually accompanied 398 

by a significant decrease in moss abundance and growth, along with the inhibition of 399 

photosynthesis and subsequent degradation of chlorophyll (Britton and Fisher, 2010; Ochoa-400 

Hueso et al., 2013). These findings could indicate that the threshold of adverse impacts of N 401 

on the moss sampled becomes apparent when TN deposition reaches 4.0 kg N hm−2 mon−1. The 402 

N-saturation state in this study was greater than that in other field studies conducted in 403 

European countries (1.2 and 1.7 kg hm-2 mon-1, Harmens et al., 2014, 2011). This value was 404 

also greater than the large number of fluxes on a global scale, such as in Atlantic oak woods 405 

(0.9-1.5 kg hm-2 mon-1; Mitchell et al., 2005) and Yunnan montane forest (1.5 kg hm-2 mon-1; 406 

Shi et al., 2017). These results could be attributed to the study area being located in a 407 

traditionally high N deposition region in China (Deng et al., 2018) because it includes 408 
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agricultural, urban, rural, and forest areas, which are commonly formed in the process of 409 

urbanization and are deeply influenced by human activities. Therefore, the composition of the 410 

moss species was adapted to the elevated N deposition levels in this region. In locations marked 411 

by elevated N pollution, more tolerant species tend to thrive more than sensitive ones (Munzi 412 

et al., 2019). 413 

In conclusion, the N-saturation rate exhibited by mosses is significantly influenced by the 414 

background atmospheric N deposition, and this phenomenon displays substantial spatial 415 

variation. Notably, this rate was determined to be 4.0 kg N hm−2 mon−1 in the specific study 416 

area under consideration. 417 

Additionally, Fig. 4 shows the relationships between the moss N content and the various 418 

forms of bulk N deposition (NH4
+-N and NO3

--N). The results showed that the linear models 419 

could better fit the moss N content and atmospheric NH4
+-N and NO3

--N deposition than the 420 

logarithmic models (with higher R2, P < 0.05) (Fig. 4b, c). This suggests that the increase in 421 

moss N content with increasing atmospheric N deposition is the same at low levels as at high 422 

levels of N deposition. Therefore, the moss N content responds differently to various forms of 423 

N deposition. This provides a new perspective for monitoring N deposition by mosses, which 424 

allows NH4
+-N and NO3

--N deposition to be observed separately. 425 

4.4 An optimal guide for using mosses to predict atmospheric N deposition 426 

The following parameters should be noted to improve this technique’s accuracy in using 427 

mosses to indicate atmospheric nitrogen deposition. First, the optimal sampling frequency and 428 

sampling time are determined. Mosses should be sampled more frequently than every six 429 

months and during winter (January and February), autumn (October and November), and 430 

summer (July and August), as a method of monitoring N deposition. Second, the moss N 431 

content correlated best with TN deposition, followed by NH4
+-N, DON, and NO3

--N. 432 

Additionally, the application of this method requires certain preconditions. Understanding the 433 

background deposition is needed to determine a more appropriate relationship model and 434 

quantify N deposition. 435 

In summary, improving the accuracy of using moss as an indicator of atmospheric nitrogen 436 

deposition involves optimizing the sampling frequency and timing, determining the correlation 437 

hierarchy among different nitrogen species, and ensuring that certain preconditions are met for 438 
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accurate results. Nonetheless, it is important to acknowledge the limitations of this method. 439 

First, the method is contingent upon the specific environment where mosses thrive; for instance, 440 

it necessitates the collection of epilithic mosses and demands that they be situated in an 441 

unshaded area. Second, spatial limitations exist when applying quantitative relationships. 442 

 443 

5 Conclusion 444 

The moss technique remains a valuable tool for cost-effectively identifying areas at risk 445 

of high N deposition, with this study optimizing its parameters. First, the optimal sampling 446 

frequency is within six months per time. Second, the optimal sampling periods were winter, 447 

summer, and autumn, allowing for a more accurate estimation of atmospheric N deposition. 448 

Third, the moss N content exhibited the strongest correlation with TN deposition, indicating its 449 

heightened sensitivity to TN deposition. In addition, a new perspective on monitoring N 450 

deposition by mosses allows NH4
+-N and NO3

--N deposition to be observed separately. 451 

Enhancing the model’s accuracy in quantifying N deposition includes grasping background N 452 

deposition values. Considering that some limitations exist, further research is needed on moss 453 

response patterns to atmospheric N deposition in various ecosystems across China, particularly 454 

those with high N exposure levels. 455 
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