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Abstract Epilithic mosses are early colonizers of the terrestrial biosphere, which constitute a special
ecosystem regulating rock‐atmosphere interactions. Terrestrial mosses can take up nitrate (NO3

−), a
major form of bioavailable N, from soil substrates. However, the importance of substrate NO3

− relative to
atmospheric NO3

− remains unclear in moss NO3
− utilization. This has prevented the understanding of moss

NO3
− dynamics and their responses to environmental N loadings. This study investigated monthly

concentrations, δ15N, and δ18O of NO3
− in four epilithic moss species from August 2006 to August 2007 in

Guiyang, southwestern China. We developed a non‐steady state isotope mass‐balance model to evaluate
fractional contributions of atmospheric NO3

− (Фatm) and soil NO3
− (Фsoil), moss NO3

− uptake flux (Finflux),
moss NO3

− reduction flux (Freduction), and the percentage of NO3
− reduction in moss NO3

− uptake
(freduced). The monthly Фsoil values averaged 53 ± 13% and the monthly freduced values averaged 50 ± 35%.
Both the monthly Freduction and freduced increased as the monthly Finflux increased, particularly when the
Фsoil values were higher than Фatm values. However, the amount of annual NO3

− reduction
(219.7 ± 30.5 μg‐N/g, dw) accounted for only 1.0 ± 0.2% of the bulk N of the mosses. We conclude that half of
the NO3

− in epilithic mosses is derived from the soil NO3
− and that NO3

− uptake from the soil induces
moss NO3

− reduction, but the total NO3
− assimilation contributed a low fraction of the total N in the

studied mosses. These findings are important for understanding N sources and N dynamics in
terrestrial mosses.

1. Introduction

Since the industrial revolution, anthropogenic nitrogen (N) oxide emissions, atmospheric NO3
− deposition,

and soil NO3
− availability have increased in many terrestrial environments (Galloway et al., 2008). Among

terrestrial biota, mosses are believed to be sensitive and reliable indicators of atmospheric N loadings
(Bragazza et al., 2005; Zechmeister et al., 2008). The major assumptions involved in this hypothesis include
the following: (1) Most moss taxa lack stomata (at least in the gametophyte stage), with leaves only one cell
thick and no cuticular barrier; (2) mosses lack efficient rooting and transport systems to take up nutrients
from their growing substrates (Glime, 2007; Raven et al., 1998). Recently, moss‐tissue NO3

− was measured
to determine atmospheric NO3

− pollution or its deposition levels (Liu, Koba, Liu et al., 2012; Liu, Koba,
Takebayashi, et al., 2012), but they also assumed that mosses derive NO3

− completely or mainly from
atmospheric deposition.

Despite their lack of roots, some moss species (either endohydric taxa, which move water within the plant
through the internal conduction, or ectohydric taxa, which move and gain their water along the leafy sur-
faces) can actually transport nutrients upward (Aerts, 1996; Aldous, 2002; Glime, 2007). This can be accom-
plished through their leptoids (phloem‐like cells) and hydroids (xylem‐like cells) (e.g., Polytrichum
commune; Reinhart & Thomas, 1981), or through capillary action (e.g., Racomitrium lanuginosum;
Jónsdóttir et al., 1995) and plasmodesmata (Wells & Brown, 1996). Thus, terrestrial mosses can absorb the
N in soil substrates (Ayres et al., 2006; Wang et al., 2014). In a lowland tropical rainforest in Costa Rica,
the bulk δ15N in epiphytic mosses suggests that N is taken up from the canopy soils (dead organic matter
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accumulated in branch crotches, on branches, and on boles; Wania et al., 2002). In alpine sites in Scotland
and China, 15N tracers added to soils were recovered in terricolous mosses although the proportions were
relatively low (2–9% in Ayres et al., 2006; 17–30% in Wang et al., 2014). Nitrate is highly mobile and soil‐
NO3

− may enter the moss cells by diffusion, potentially through cotransport with positively charged ions
(Raven et al., 1998). However, quantifying the in situ contributions of NO3

− derived from nitrification in soil
substrates (soil‐NO3

−) and NO3
− from atmospheric deposition (atm‐NO3

−) to the total NO3
− influx into

mosses is difficult (Figure 1). Therefore, the degree of moss NO3
− acquisition from soil substrates has not

been adequately quantified, so the impact of soil‐NO3
− on moss NO3

− uptake and metabolism is unknown.
Importantly, NO3

− uptake into mosses from the soil must be quantified to accurately determine the budget
of NO3

− influx intomosses and to understand how the sizes of NO3
− pools in mosses respond to atmospheric

NO3
− pollution.

Enzymatic NO3
− reduction by nitrate reductase (NR) in the cytosol of plant‐tissue cells and subsequent

photosynthetic N assimilation (Bloom et al., 1992; Tcherkez & Hodges, 2008) is the other important process
regulating the pool sizes of plant‐tissue NO3

−. The levels of nitrate reductase activity (NRA) (Stewart
et al., 1993) have traditionally been considered to reflect potential NO3

− reduction in plants (e.g., Atkin
et al., 1993; Atkin & Cummins, 1994; Nadelhoffer et al., 1996). However, NRA is inducible by NO3

−, so
NRA may be overestimated by experimental NO3

− additions during NRA assays (Tischner, 2000).
Moreover, NRA assays may also be influenced by the addition of ethanol, pH adjustment, vacuum
infiltration, or plant pigments during colorimetrical measurements of NO3

− and NO2
− concentrations

(Liu et al., 2014). Therefore, the real rates of moss NO3
− reduction, the responses of moss NO3

− reduction
to NO3

− uptake, and the importance of NO3
− assimilation to the bulk N in moss biomass remain uncertain.

Stable isotopes can elucidate plant N uptake, primary metabolic processes, and the responses of these two
processes to changes in N availability (Craine et al., 2015; Hobbie & Högberg, 2012; Tcherkez &
Hodges, 2008). Recently, the conversion of NO3

− in plant extracts to N2O by a denitrifier (Casciotti
et al., 2002) was used to measure the concentrations and the natural N and O isotopes of NO3

− in moss tis-
sues, which provided new parameters for determining moss NO3

− dynamics (Liu, Koba, Liu, et al., 2012;
Liu, Koba, Takebayashi, et al., 2012; Liu, Koba, Yoh, et al., 2012; Liu et al., 2014, 2018). Compared with
the NRA assay, the natural isotopic abundances of NO3

− in plant tissues provide an improved estimate of
in situ NO3

− reduction in wild terrestrial plants (Bloom et al., 2014; Liu et al., 2014, 2018; Yoneyama &
Tanaka, 1999). Because mosses have relatively simple tissue structures (Raven et al., 1998), the entry of
the source NO3

− into moss cells may not have substantial isotopic effects (verified in phytoplanktons;
Granger et al., 2004, 2010). In addition, excess N supply promotes NO3

− efflux from the roots (Evans
et al., 1996; Mariotti et al., 1982). Due to the low N supply from substrates, such as rocks and woods to
mosses, the NO3

− efflux frommoss tissues may be negligible. For these reasons, the N andO isotopes of moss
NO3

− can be used to differentiate between the fractional contributions of soil‐NO3
− and atm‐NO3

− to the
moss NO3

− influx (Figure 1). Due to enrichments in 15N and 18O during partial NO3
− reduction by NR

(Ledgard et al., 1985; Tcherkez & Farquhar, 2006), the isotopic values of the NO3
− remaining in the mosses

will be higher than those of the initial mixture of atm‐NO3
− and soil‐NO3

−. Isotopic discriminations of NR in
mosses (15Δ = 12.1‰ and 18Δ = 14.4‰ measured for Hypnum plumaeforme; Liu, Koba, Yoh, & Liu, 2012)
are generally similar to those measured for enzymatic NO3

− reduction in vascular plants (Ledgard

Figure 1. Simplified scheme of the influx and reduction of atmospheric‐derived NO3
− (atm‐NO3

−) and soil‐derived NO3
− (soil‐NO3

−) in epilithic mosses. NR:
nitrate reductase. The efflux of NO3

− out of the moss tissues is assumed to be negligible.
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et al., 1985; Liu et al., 2014; Tcherkez & Farquhar, 2006). Accordingly, by considering the isotopic fractiona-
tion of NR in mosses, the proportional contributions of atm‐NO3

− and soil‐NO3
− to the total NO3

− influx
into mosses and the moss NO3

−
‐reduction dynamics can be evaluated by combining the isotopic signatures

of the moss‐tissue NO3
− pool with the isotopic signatures of atm‐NO3

− and soil‐NO3
−.

Because moss NO3
− concentrations and isotopes have only been studied at single time points, temporal var-

iations in moss NO3
− dynamics remain unclear (Liu et al., 2014). As a consequence, the interpretation of

moss‐tissue NO3
− concentrations and isotopes for source contributions and enzymatic reduction has only

been qualitative. Moreover, the steady‐state assumption commonly adopted in these previous studies (Liu,
Koba, Liu, et al., 2012; Liu, Koba, Takebayashi, et al., 2012; Liu, Koba, Yoh, & Liu, 2012) may over simplify
the real world in which both the concentration and isotope compositions of moss NO3

− are likely to change
over time. The lack of a dynamic method for correctly quantifying the atm‐NO3

− and soil‐NO3
− contribu-

tions as well the NO3
− influx and reduction in the open system of moss‐tissue NO3

− has limited our under-
standing of moss NO3

− assimilation and its responses to atmospheric NO3
− loading.

In this context, we investigated the NO3
− concentrations and isotopic values of four epilithic moss species

from an urban site in China for which the isotopic compositions of the atm‐NO3
− and soil‐NO3

− sources
have been previously characterized and the moss NO3

− reduction has been inferred to be substantially
inhibited by the reduced N supply that is higher than the NO3

− supply (Liu et al., 2017; Liu, Koba,
Takebayashi, et al., 2012). We used a non‐steady‐state isotope mass‐balance model to calculate the fractional
contributions of atm‐NO3

− and soil‐NO3
− to the moss NO3

− uptake, the moss NO3
− influx, the moss NO3

−

reduction flux, and the percentage of reduced NO3
− in the total NO3

− uptake of the mosses. This allowed us
to assess the importance of soil‐NO3

− relative to atm‐NO3
− in regulating moss NO3

− uptake and the impor-
tance of NO3

− reduction in moss bulk N assimilation.

2. Materials and Methods
2.1. Study Site

This study was conducted at Mt. Guanfeng in the southeast part of downtown Guiyang (26°34.5′N,
106°43.3′E). Guiyang is the capital city of Guizhou Province, and it is also one of themajor cities in southwes-
tern China suffering from severe acid deposition since the 1980s (Liu et al., 2017). The inorganic N deposition
is dominated by NH4

+
‐N (71%), and fossil and nonfossil NOx have comparable contributions to local NO3

−

deposition in urban environments (Liu et al., 2017). It has a typical subtropical monsoon climate, and most
of the landforms are at altitudes of 1,000–1,500 m. The mean annual relative humidity is 86%. During the
study period from August 2006 to August 2007, the mean annual temperature was 16.2°C and the total rain-
fall was 984 mm (Figure S1 in the supporting information). Rainfall in this region is distinctly seasonal, with
about 60% falling in the warmer plant‐growing months from April to September (Figure S1).

2.2. Sample Collection and Analyses

Four epilithic moss species (Bryum argenteum Hedw., Eurohypnum leptothallum (C. Muell.) Ando,
Haplocladium microphyllum (Hedw.) Broth, and Hypnum plumaeforme Wils.) were selected because they
were more available than other species. They are also widespread moss species, and E. leptothallum and
H. microphyllum have previously been used to evaluate environmental pollution and deposition (Liu
et al., 2007). H. plumaeforme and B. argenteummay have a significant tolerance for pollution based on their
abilities to colonize diverse habitats in disturbed areas.

The mosses were sampled at the end of each month (24th–31st) from August 2006 until August 2007 (see
details in Dong et al., 2017). The sampling sites were located on the upper part of the mountain
(1065 ± 10 m) in an attempt to avoid sunlight differences and the influence of surface‐water splashing.
The moss clusters on rocks had thin organic soil layers (about 3–5 mm thick) at the study site. Green moss
tissues (including mature and growing shoots, about 2–4 cm in thickness) were collected each time from a
large lump of epilithic mosses (about 50–200 cm2 in areas, in the presence of at least one of the studied moss
species). Each month, three to six subsampling sites with clumps or mats of moss were sampled (about 3–
5 cm2 of moss layers were scraped down at each site during each collection), separated by species, and mixed
as a composite sample of each species (totally n= 13 for each species). There were no clear dead tissue layers
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lower in the moss cushion, and thus, the moss samples can be considered as whole that directly attached to
the substrate and received and retained atmospheric deposition evenly.

Moss NO3
− extraction and the analyses of the concentrations and isotopic values were conducted following

the same procedure used in our earlier studies (see Liu, Koba, Liu, et al., 2012; Liu, Koba, Takebayashi,
et al., 2012; Liu et al., 2018, for details). Briefly, the NO3

− in the dried and ground moss samples was
extracted using deionized water. An NO3

−
‐free media with a denitrifier (Pseudomonas aureofaciens)

(ATCC# 13985) was used to convert the moss‐tissue NO3
− to N2O. Then, the concentrations and amount

of N2O were measured using a gas chromatograph equipped with an electron capture detector (GC/ECD,
GC‐14B; Shimadzu Corp., Kyoto, Japan), and the results were used to calculate the NO3

− concentrations
of themosses. After this, all of the N2O in the sample vial was purified, cryogenically focused, and introduced
into an isotope‐ratio mass spectrometer (Delta XP; Thermo Fisher Scientific Inc., Yokohama, Japan) coupled
with a Precon (ThermoFinnigan) and a GC (Agilent, HP6890, Hewlett Packard Co., Palo Alto, CA, USA)
equipped with a Poraplot column (25 m × 0.32 mm), and a GC interface III (Thermo Fisher Scientific
Inc., Yokohama, Japan), which were used for the N and O isotopic measurements. The denitrifier (P. aureo-
faciens) causes relatively little incorporation of O atoms from the water into the N2O (Casciotti et al., 2002).
The calibration curve between the measured isotope ratios of N2O and those of NO3

− was conducted using
isotopic reference materials (IAEA‐NO3, USGS 32, USGS 34, and USGS 35). The measured 18O/16O ratios of
samples have been corrected for both the O isotopic fractionation during the conversion of NO3

− to N2O and
the O exchange between the water and N2O product (Casciotti et al., 2002). The analytical precision was bet-
ter than 0.2‰ for δ15N‐NO3

− and 0.5‰ for δ18O‐NO3
−. The natural abundances of 15N (δ15N) and 18O (δ18O)

are expressed in parts per mil (‰).

δ15N or δ18O ¼ Rsample=Rstandard–1
� �

;

where R = 15N/14N or 18O/16O in the samples and standards (atmospheric N2 and VSMOW, respectively).

2.3. Theoretical Basis of the Non‐steady State Isotope Mass‐Balance Model

The O isotope exchange between NO3
− and water are measurable only at 50–80°C and pH = 0.6–1.1, but

they are exceedingly slow under natural conditions (25°C and pH = 7, with an estimated half‐life for
isotope exchange of 5.5 × 109 years (Kaneko & Poulson, 2013). Terrestrial mosses, even under high
ammonium supply, have tissue pH values of greater than 4.0 (Paulissen et al., 2004). In addition, the deni-
trifier (P. aureofaciens) can reduce both the NO3

− and nitrite (NO2
−) in the extracts of the moss samples

to N2O. However, because of the generally high ratios (5–20) of nitrite reductase activities (NiRA) to NRA
(Beevers &Hageman, 1980; Ledgard et al., 1985), NO2

− is quickly converted to ammonium and is often quite
negligible relative to the NO3

− pool in sunlit plants. Therefore, the δ18O values measured for the NO3
− in the

mosses can be used to elucidate the uptake of external NO3
− sources and NO3

− reduction in mosses.

Our sampling strategy, which was described in the above section and results were shown in Figure 2,
allowed us to calculate Φatm, Φsoil, Finflux, Freduction, and freduced values (defined in Table 1) using a
non‐steady state isotope mass‐balance approach. Below, we explain the relevant assumptions, theory, and
equations that form the basis of this modeling approach based on the dual N and O isotopes in NO3

−.

First, assuming no substantial isotopic effect during the absorption of NO3
− into the mosses (Craine

et al., 2015; Granger et al., 2004, 2010; Robinson et al., 1998; Tcherkez & Hodges, 2008; Werner &
Schmidt, 2002), we have the following equations (1 and 2).

δ15Ninflux ¼ Φatm × δ15Natm þ Φsoil × δ15Nsoil; where Φatm þ Φsoil ¼ 1; (1)

δ18Oinflux ¼ Φatm × δ18Oatm þ Φsoil × δ18Osoil; where Φatm þ Φsoil ¼ 1; (2)

where the δ15Natm and δ18Oatm values were previously measured for the NO3
− in precipitation collected at

the study site on Mt. Guanfeng in 2008–2009 (the sampling and analysis of these values (Figure 3) are
described in Liu et al., 2017), which were separated into cooler and warmer months during the calcula-
tions in the present study. The δ15Nsoil and δ18Osoil values were also previously measured for epilithic
mosses on Mt. Guanfeng in July 2010 (the sampling and analysis of these values (Figure 3) are
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Figure 2. (a) Concentrations ([NO3
−]pool), (b) δ

15N values (δ15Npool), and (c) δ18O values (δ18Opool) of NO3
− in epilithic mosses collected monthly from August

2006 to August 2007 in Guiyang, SW China. The box encompasses the 25th–75th percentiles, the whiskers and red H lines across the boxes show the SD and mean
values, respectively. The different letters above the boxes mark significant differences at the p < 0.05 level.
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described in Liu et al., 2013). The δ15Natm values were often similar to the δ15Nsoil values, but the δ
18Oatm

values were distinctly higher than the δ18Osoil values (Kendall et al., 2007; Liu et al., 2018; Michalski
et al., 2004). Despite this, the isotopic values of the soil‐NO3

− at our study site were only previously
measured once, so the source isotope variabilities between the years and locations may influence the
calculations in this study.

Table 1
Symbols Used in the Equations in This Paper

Symbol Meaning

δ15Natm δ15N values of NO3
− in atmospheric deposition (‰)

δ18Oatm δ18O values of NO3
− in atmospheric deposition (‰)

δ15Nsoil δ15N values of NO3
− in underlying soil substrates of mosses (‰)

δ18Osoil δ18O values of NO3
− in underlying soil substrates of mosses (‰)

Φatm Fractional contribution of atmospheric NO3
− to NO3

− in mosses (%)
Φsoil Fractional contribution of soil NO3

− to NO3
− in mosses (%)

δ15Ninflux δ15N values of NO3
− influx into mosses (‰)

δ18Oinflux δ18O values of NO3
− influx into mosses (‰)

[NO3
−]pool Concentrations of remaining NO3

− pool in mosses (μg‐N/g, dw) (Figure 2a)
δ15Npool δ15N values of remaining NO3

− pool in mosses of each collection (‰) (Figure 2b)
δ18Opool δ18O values of remaining NO3

− pool in mosses of each collection (‰) (Figure 2c)
δ15Nreduction δ15N values of NO3

− that has been reduced by NR in mosses during a given time step (‰)
δ18Oreduction δ18O values of NO3

− that has been reduced by NR in mosses during a given time step (‰)
15Δ 15N discrimination of the NR reaction in mosses (‰)
18Δ 18O discrimination of the NR reaction in mosses (‰)
Finflux The influx of moss NO3

− uptake, which represents the total amount of moss NO3
− absorption during a given time step (μg‐N/g, dw)

Freduction Flux of NO3
− reduction in mosses, which represents the amount of moss NO3

− reduction during a given time step (μg‐N/g, dw)
freduced Fractions of NO3

− that has been reduced in the total of remaining and newly‐absorbed NO3
− in mosses during a given time step (%)

Figure 3. Distributions of δ15N and δ18O for NO3
− in precipitation (n = 17 and 27 for cooler and warmer months,

respectively; Liu et al., 2017), soil substrates (n = 3; Liu, Koba, Makabe, & Liu, 2013), NO3
− influx into mosses, and

the remaining NO3
− pool in the tissues of the epilithic mosses from Mt. Guanfeng in Guiyang, SW China. The δ15N and

δ18O values of the NO3
− influx into the mosses were calculated using the corresponding Фatm and Фsoil values

(Figure 4a).
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Because of the distinct variabilities in both the [NO3
−]pool and the isotopic values among the moss samples

collected throughout the year (Figure 2), we considered the moss‐tissue NO3
− dynamics to be an open non-

steady state isotopic system. Assuming no substantial efflux of NO3
− from the moss tissues (explained in the

section 1), we have equations 3–5.

Δ NO3
‐½ �pool ¼ F influx − Freduction; (3)

15Δ ¼ δ15Npool – δ15Nreduction; (4)

18Δ ¼ δ18Opool – δ18Oreduction; (5)

where the Δ[NO3
−]pool values are calculated as [NO3

−]pool(t) − [NO3
−]pool(t−1) (t = 1, 2, …, 13, correspond-

ing to September of 2006, October of 2006, …, August of 2007, Figure 2a), and the 15Δ and 18Δ values are
12.1‰ and 14.4‰ for the mosses, respectively (Liu, Koba, Yoh, & Liu, 2012). Based on equation 3, we have
equation 6 for N isotopes and equation 7 for O isotopes.

Δ NO3
–½ �pool × δ15Npool

� �
¼ F influx × δ15Ninflux – Freduction × δ15Nreduction; (6)

Δ NO3
–½ �pool × δ18Opool

� �
¼ F influx × δ18Oinflux – Freduction × δ18Oreduction: (7)

Because Δ([NO3
−]pool × δ15Npool) = δ15Npool × Δ[NO3

−]pool + [NO3
−]pool × Δδ15Npool + Δ[NO3

−]pool ×
Δδ15Npool, equation 6 can be rearranged to obtain equation 8.

δ15Npool × Δ NO3
–½ �pool þ NO3

–½ �pool × Δδ15Npool þ Δ NO3
–½ �pool × Δδ15Npool

¼ F influx × δ15Ninflux –Freduction × δ15Nreduction: (8)

Because Δ([NO3
−]pool × δ18Opool) = δ18Opool × Δ[NO3

−]pool + [NO3
−]pool × Δδ18Opool + Δ[NO3

−]pool ×
Δδ18Opool, equation 7 can be rearranged to obtain equation 9.

δ18Opool × Δ NO3
–½ �pool þ NO3

–½ �pool × Δδ18Opool þ Δ NO3
–½ �pool × Δδ18Opool

¼ F influx × δ18Oinflux –Freduction × δ18Oreduction; (9)

where the Δδ15Npool and Δδ18Opool values are calculated as Δδ15Npool(t) − Δδ15Npool(t−1) and Δδ18Opool(t) −

Δδ18Opool(t−1), respectively (t = 1, 2, …, 13, corresponding to September of 2006, October of 2006, …,
August of 2007; Figures 2b and 2c).

By combining equation 3 with equation 4, equation 8 can be rearranged to obtain equation 10 after removing
(δ15Npool × Δ[NO3

−]pool) and combining similar terms.

NO3
–½ �pool × Δδ15Npool þ Δ NO3

–½ �pool × Δδ15Npool ¼ F influx × δ15Ninflux – δ15Npoolþ15Δ
� �

–Δ NO3
–½ �pool× 15Δ: (10)

By combining equation 3 with equation 5, equation 9 can be rearranged to obtain equation 11 by removing
(δ18Opool × Δ[NO3

−]pool) and combining similar terms.

NO3
–½ �pool × Δδ18Opool þ Δ NO3

–½ �pool × Δδ18Opool ¼ F influx × δ18Oinflux – δ18Opoolþ18Δ
� �

–Δ NO3
–½ �pool ×18Δ: (11)

Then, after combining equation 10 with equation 1, we can rearrange it to obtain equation 12.

NO3
–½ �pool × Δδ15Npool þ Δ NO3

–½ �pool × Δδ15Npool ¼ F influx × Φatm × δ15Natm þ 1–Φatmð Þ × δ15Nsoil
� �

–F influx × δ15Npool þ F influx × 15Δ–Δ NO3
–½ �pool × 15Δ:

(12)

After combining equation 11 with equation 2, we can rearrange it to obtain equation 13.
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NO3
–½ �pool × Δδ18Opool þ Δ NO3

–½ �pool × Δδ18Opool ¼ F influx × Φatm × δ18Oatm þ 1–Φatmð Þ × δ18Osoil
� �

–F influx × δ18Opool þ Finflux × 18Δ–Δ NO3
–½ �pool × 18Δ:

(13)

According to equation 12, we get equation 14 for calculating the Finflux values.

F influx ¼ NO3
‐½ �pool × Δδ15Npool þ Δ NO3

–½ �pool × Δδ15Npool þ Δ NO3
–½ �pool × 15Δ

� �
=

Φatm × δ15Natm þ 1–Φatmð Þ × δ15Nsoil –δ15Npool þ 15Δ
� �

:

(14)

By combining equation 13 with equation 14, we get equation 15 for calculating the Φatm values.

Φatm ¼ δ18Osoilþ18Δ–δ18Opool
� �

× Δδ15Npool × NO3
–½ �pool þ Δ NO3

–½ �pool
� �

þ Δ NO3
‐½ �pool × 15Δ

� �n

– δ15Nsoilþ15Δ–δ15Npool
� �

× Δδ18Opool × NO3
–½ �pool þ Δ NO3

–½ �pool
� �

þ Δ NO3
–½ �pool × 18Δ

� �o
=

Δδ18Opool × NO3
–½ �pool þ Δ NO3

–½ �pool
� �

þ Δ NO3
–½ �pool × 18Δ

� �
× δ15Natm– δ15Nsoil
� �n

þ Δδ15Npool × NO3
–½ �pool þ Δ NO3

–½ �pool
� �

þ Δ NO3
–½ �pool × 15Δ

� �
× δ18Osoil– δ18Oatm
� �o

(15)

Using theΦatm values 15, theΦsoil values (Φsoil = 1−Φatm, rearranged from equation 1) and Finflux values 14
can be calculated. Then, the Freduction values can be calculated using the Finflux values 14 and equation 3
(rearranged as Freduction = Finflux − Δ[NO3

−]pool).

During the calculation, the first sampling on 30 August 2006 was used as the initial value for the first time
step, and then, we solved for theΦatm,Φsoil, Finflux, and Freduction values for the 12 time steps from September
of 2006 to August of 2007 (Figure 4). Finally, the fractions of NO3

− that were reduced during a given time
step (Freduction(t)) in the sum of the initial NO3

− (i.e., the measured [NO3
−]pool(t−1)) and the newly absorbed

NO3
− during that time step (Finflux(t)) (freduced(t), defined in Table 1) were estimated for 12 time steps from

September of 2006 to August of 2007 using equation 16 (Figure 4).

f reduced tð Þ ¼ Freduction tð Þ= NO3
‐½ �pool t‐1ð Þ þ Finflux tð Þ

� �
: (16)

The uncertainties in the calculated Φatm, Φsoil, Finflux, Freduction, and freduced values of each collection of
each moss species were estimated as propagated errors obtained using a Monte Carlo method (MCM).
Briefly, we ran 300 trials for the MCM in the software of Microsoft Excel‐Add‐In and calibrated the stan-
dard deviations (SD values) of the known parameters to match the corresponding true values. The true SD
values were 2.9‰ (warmer months) and 3.0‰ (cooler months) for δ15Natm, 7.7‰ (warmer months) and
4.6‰ (cooler months) for δ18Oatm, 0.0‰ for δ15Nsoil, and 2.5‰ for δ18Osoil (Figure 3). The propagated
errors of the calculated parameters are expressed as the SD value of 300 trials. The propagated SD values
for each sampling of each moss species are shown in Figure 4 and averaged 2.3% (0.0–6.9%) for Φatm and
Φsoil, 0.6 μg‐N/g, dw (0.0–6.2 μg‐N/g, dw) for Finflux and Freduction, and 0.5% (0.0–4.6%) for freduced
(Figure 4).

2.4. Statistics

All of the analyses were conducted using the SPSS 12.0 software package for Windows (SPSS Science,
Chicago, USA). The Tukey honest significant difference (Tukey HSD) and the least significant difference
(LSD) tests of the one‐way analysis of variance (ANOVA) were used to identify significant differences in
the moss NO3

− parameters among the moss species and among collections. The variance components were
analyzed to estimate the explanatory power and the relative importance of themoss species and samplings in
the variations of eachmoss NO3

− parameter (Figure S3). The single correlation analysis was used to examine
the relationships between the moss Finflux, Freduction, and freduced values (Figure 5). The mean ± SD values
were shown. Statistically significant differences were set at p values <0.05.
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Figure 4. (a) Фsoil, (b) Finflux, (c) Freduction, and (d) freduced values of the epilithic mosses collected monthly from August 2006 to August 2007 in Guiyang, SW
China. The Фsoil, Finflux, Freduction, and freduced values were calculated using equations 1, 3, and 14–16, and their uncertainties (shown as SD values; whiskers)
were estimated using the Monte Carlo method.
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3. Results
3.1. Moss NO3

− Concentrations and Isotopes

The concentrations, δ15N, and δ18O values of the NO3
− in the studied mosses varied from 0.1 μg‐N/g, dw to

29.9 μg‐N/g, dw; −2.3‰ to 14.8‰; and 31.6‰ to 46.7‰, respectively (Figure 2). The δ15Nmoss values were
higher than those of the atm‐NO3

− and soil‐NO3
− sources (Figure 3). Themoss‐tissue NO3

− hadmuch lower
δ18O than the precipitation NO3

−, but the δ18Omoss values were between the atm‐NO3
− and soil‐NO3

− δ18O
values (Figure 3). In general, neither the concentrations nor the isotopic values of the tissue NO3

− differed
significantly between the four moss species when considering all of the collections. The variance component
analyses showed that the differences between the species contributed much less to the variations in the moss
NO3

− parameters than the sampling time did (Figure S3). Increased concentrations and isotopic values of
the moss NO3

− occurred in some months (particularly for April, May, June, and December) compared with
the other nine collections (Figure 2).

3.2. Estimated Φatm, Φsoil, Finflux, Freduction, and freduced Values

For all 12 time steps of the four moss species (n = 48), the mean ± SD values (data ranges) were 47 ± 13%
(5–100%) for Φatm (calculated using equation 15), 53 ± 13% (0–96%) for Φsoil 1, and 50 ± 35% (0–99%) for
freduced 16 (Figures 4a and 4d). The Φatm, Φsoil, and freduced values did not differ significantly when compar-
ing all 12 collections. B. argenteum had higher Finflux and Freduction values (calculated by equations 14 and 3),
andH. plumaeforme had lower values than the other moss species (Figures 4b and 4c). On a dry weight basis,
the total annual Finflux values of the 12 collections were 282.9 μg‐N/g for B. argenteum, 220.2 μg‐N/g for E.
leptothallum, 222.9 μg‐N/g forH. microphyllum, and 126.8 μg‐N/g/yr forH. plumaeforme. Similarly, the total
Freduction values of 12 collections were 290.4 μg‐N/g for B. argenteum, 225.2 μg‐N/g for E. leptothallum,
227.9 μg‐N/g for H. microphyllum, and 135.3 μg‐N/g for H. plumaeforme. Across the four moss species, the
total annual Finflux and Freduction values averaged 213.2 ± 34.5 and 219.7 ± 30.5 μg‐N/g, respectively.

The variance component analyses shows that the species contributed much less to the variations in theΦsoil,
Finflux, Freduction, and freduced values than the sampling time did (Figure S3). The resolved monthly Φatm,
Φsoil, Finflux, Freduction, and freduced values varied among collections (Figure 4), but they showed no clear rela-
tionships (not shown) with the corresponding precipitation amounts and temperatures (Figure S1). The total
Freduction values of the 12 collections accounted for 1.0 ± 0.2% (0.7–1.3%) of the bulk N of the mosses
(21 ± 2 mg‐N/g, dw; Dong et al., 2017). The Freduction values increased linearly with increasing Finflux
(Figure 5a). Higher freduced values occurred for higher Finflux and Freduction values (Figure 5b), and in parti-
cular, both higher Finflux and Freduction occurred for Фsoil/Фatm > 1.0 (Figure 5c).

4. Discussion
4.1. Moss NO3

− Availability

Unlike the leaf NO3
− of vascular plants, which is mainly influenced by soil NO3

− availability (Jones
et al., 2008), the [NO3

−]pool in mosses has been previously assumed to respond more sensitively to atmo-
spheric NO3

− levels (Liu, Koba, Liu, et al., 2012; Liu, Koba, Takebayashi, et al., 2012). When comparing
the four species from the same collection, the [NO3

−]pool did differ somewhat (Figure S1), presumably
because of differences in the moss NO3

− acquisition and the NRA associated with the microhabitats.
However, when considering all of the collections, no significant differences in [NO3

−]pool were observed
among the investigated moss species (Figures 2aand S3). Moreover, the four different moss species had simi-
lar [NO3

−]pool dynamics over the 13‐month sampling period (Figure 2a). These results suggest that moss
NO3

− uptake and accumulation is less a function of species identity, but it is rather more significantly influ-
enced by environmental NO3

− availability. This finding on moss NO3
− uptake is consistent with that of tra-

cer studies, which showed that the concentrations of applied 15NO3
− in mosses did not differ significantly

between species, but they did differ significantly between doses of 15NO3
− applications or sites with different

levels of atmospheric N deposition (Ayres et al., 2006; Wang et al., 2014; Wiedermann et al., 2009). In con-
trast, Wanek and Pörtl (2008) found that the kinetic constants of 15NO3

− uptake differed significantly
between moss species, but not between bryophytes colonizing different microhabitats.
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Figure 5. (a) Correlation between Finflux and Freduction, (b) variations in freduced with Finflux and Freduction, and (c) variations in Finflux and Freduction with
Фsoil/Фatm (the Фsoil/Фatm of 21.2 for Eurohypnum leptothallum collected on 28 July 2007 was not considered in the correlation) for the epilithic mosses from
Mt. Guanfeng in Guiyang, SW China.
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The observed lack of species effect is noteworthy, as it indicates that both single andmixedmoss species yield
comparable results when used for qualitative monitoring of NO3

− loading in their growth environments.
Nevertheless, the substantial monthly variation in our study cautions against the traditional practice in
which [NO3

−]pool analyses conducted at a single time point were used to infer environmental NO3
− avail-

abilities on seasonal or annual time scales. At our study site, the precipitation NO3
− concentrations were

actually much higher in the cooler months (particularly in winter due to the urban NOx pollution from coal
combustion) than in the warmer months (Liu et al., 2017). In addition, our study site is located in the sub-
tropical zone, with a mean annual temperature of 16.2°C and a relatively warm climate in winter
(Figure S1). In December of 2018, Dong et al. (2019) also observed substantially high NO3

− concentrations
and net nitrification rates in soils of epilithic mosses. Thus, highmoss Finflux and [NO3

−]pool values are likely
to occur in the winter (e.g., December of 2006) compared to the warmer months (e.g., April, May, or June of
2007) (Figures 4b and S2).

4.2. Moss NO3
− Sources

The moss‐tissue NO3
− had much lower δ18O values than the precipitation NO3

− (Figure 3), indicating the
distinct contributions of soil‐NO3

− to the NO3
− in terrestrial mosses even in epilithic habitats. The distribu-

tion of the δ18Omoss values between those of atm‐NO3
− and soil‐NO3

− (Figure 3) as well as our previous
Δ17Omoss signatures (Liu et al., 2014) does support the mixing of atm‐NO3

− and soil‐NO3
−. Based on the

sampling in July 2010 in Guiyang, mosses on different substrates had Δ17Omoss values (0.8–13.0‰; Liu
et al., 2014) much lower than those of the NO3

− of the local precipitation (19.0–25.4‰; Liu et al., 2018), indi-
cating that atm‐NO3

− is not the sole source of moss NO3
−. At the present study site, the Δ17O values of the

NO3
− in the epilithic mosses collected in July 2010 (5.3 ± 5.0‰; Liu et al., 2014) were also lower than those of

NO3
− in precipitation (22.4 ± 3.2‰; Liu et al., 2018). These results suggest that contributions of soil‐NO3

−

should be considered when evaluating the responses of moss [NO3
−]pool to atmospheric NO3

− pollution
in city environments (Liu, Koba, Liu, et al., 2012; Liu, Koba, Takebayashi, et al., 2012). Furthermore, the tra-
ditional assumption that epilithic mosses derive nutrients (including NO3

−) solely from the atmosphere
should be modified accordingly.

Together, dual 15N and 18O signals of the NO3
− in epilithic mosses contain information on both source con-

tributions and the degree of enzymatic reduction in plants (Liu et al., 2013, 2014). In this study, the δ15Nmoss

values were higher than those of both the atm‐NO3
− and soil‐NO3

− sources (Figure 3), demonstrating that
the isotopes of the moss‐tissue NO3

− cannot be explained solely by the mixing of atm‐NO3
− and soil‐NO3

−,
rather NO3

− reduction and the accompanying 15N fractionation in the mosses must also be taken into
account. Accordingly, the isotopic effects of NO3

− reduction should be considered when determining the
atm‐NO3

− and soil‐NO3
− contributions to the total NO3

− influx of mosses (equations 14 and 15).

4.3. Contributions of Atm‐NO3
− and Soil‐NO3

− to Moss‐Tissue NO3
−

In this study, the average Φsoil values based on natural isotopes (equations 1 and 15) were 53 ± 13%
(Figures 4a and 4b). Previously, the average fraction of soil‐derived N was determined to be 10% in a
short‐term study (7 days) of mat‐forming mosses using labeled 15N‐NO3

−:15N‐NH4
+ (1:1) additions (Ayres

et al., 2006), and the mean fractions of 15N tracer recovery in the mosses from the 15N‐NO3
− spiked soils

of an alpine meadow were 17–30% (Wang et al., 2014). These fractional contribution values cannot be
directly compared due to differences in the methods used. The lower fractional values obtained in
short‐term tracer studies may be influenced by the rapid movement and partial microbial fixation of the
15NO3

− injected into the soils, resulting in much lower fractions than those of the atmospheric sources.
Our new results, based on natural isotopes and multiple samplings, highlight the high uptake of soil
NO3

− by epilithic mosses. The common and high uptake of soil‐NO3
− in terrestrial mosses indicates that

moss NO3
− concentrations and isotopes cannot be used to accurately monitor the degree of atmospheric

NO3
− pollution and to interpret the sources of NOx emissions (Liu, Koba, Liu, et al., 2012; Liu, Koba,

Takebayashi, et al., 2012; Liu et al., 2017). The high soil‐NO3
− availability for epilithic mosses also indicates

active microbial nitrification on rock surfaces before and/or after colonization by mosses. The net nitrifica-
tion rates were determined to be 1.9 ± 0.7 μg‐N/g/day and 0.2 ± 0.1 μg‐N/g/day in soil substrates of epilithic
mosses growing on limestone and sandstone in SW China, respectively (Dong et al., 2019).
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Mechanistically, pioneer microbes (bacteria and fungi), algae, and lichens often form a weathering inter-
face between epilithic mosses and the underlying rocks (Raven et al., 1998). Microbial nitrification can
proceed in moss soil substrates along with inputs of N from dead microbes, decomposing moss tissues,
dry particulate deposition, and wet N deposition (Dong et al., 2019). Diffusion or movement of soil‐
NO3

− into moss tissues can occur due to the high mobility of NO3
− and the fact that the mosses can

efficiently absorb and retain water from precipitation, which can extend the interactions between the
mosses, water, and substrates. In addition to N acquisition through moss tissues attached on soil sub-
strates, mosses can also translocate soil‐NO3

− from basal tissues up to growing tissues. Tracer studies
have revealed that active 15NO3

− translocation from basal moss tissues to upper apical tissues is an
important process in moss N budgets (Eckstein & Karlsson, 1999; Gerdol, 1990; Skre et al., 1983), which
also supports the high uptake of soil‐NO3

−. For Sphagnum mosses, inorganic N translocation contribu-
ted 0.5–11% of the annual N requirements, and the N translocation increased under high N
deposition (Aldous, 2002).

4.4. Moss NO3
− Reduction

The reduction of NO3
− by the enzyme of NR includes two important mechanisms that have rarely been ver-

ified in field studies of terrestrial plants, that is, the induction of NRA by NO3
− supply/uptake (influx) and

the inhibition or down regulation of NRA by the assimilation of reduced N forms (Kronzucker et al., 1999; Li
et al., 2013; Tischner, 2000). According to Tcherkez and Hodges (2008), if the NO3

− availability and uptake
are low such that the NO3

− influx becomes limiting compared to the potential reduction rates, then the tis-
sue NO3

− accumulation will be low. Conversely, if the external NO3
− availability and plant NO3

− influx are
high, relatively higher amounts of NO3

− will accumulate. However, few studies have examined how plant
NO3

− accumulation and reduction change with NO3
− influx under field conditions. In this study, to exam-

ine the relationships among Finflux, Freduction, and freduced allows us to explore mechanisms of moss NRA
discussed above.

The presence of NO3
− is not obligatory for NR formation, but the rate of NR synthesis and NRA can be sti-

mulated by the NO3
− supply (Tischner, 2000). Previously, NO3

− reduction has often been expressed as the
rate of the initial NO3

− consumption or the new NO2
− production via isotopic labeling (e.g., 15N and 13N;

Kronzucker et al., 1999; Simon & Rennenberg, 2014) or traditional in vitro NRA assays (Koba et al., 2003;
Koyama et al., 2001). However, these methods cannot assess the in situ reduction of NO3

− in plants. For
mosses, increased NRA has been observed in artificial soil and airborne N supplies (Norby et al., 1989;
Woodin et al., 1985; Woodin & Lee, 1987). However, it has not been determined whether moss NO3

− reduc-
tion under field conditions increases with NO3

− influx and which NO3
− supply, that is, atm‐NO3

− or soil‐
NO3

−, has a greater influence on the NO3
− reduction in terrestrial mosses. Until now, the approximation of

the mean δ15N values of the NO3
− in mosses at a single time point (−1.7‰) and the NO3

− in precipitation
(−1.9‰) (Liu, Koba, Takebayashi, et al., 2012) were assumed to reflect the overall inhibition of NO3

−

reduction by the high deposition rate of reduced N in Guiyang (Liu, Koba, Takebayashi, et al., 2012). In this
study, the monthly freduced values ranged between 0% and 99% (Figure 4d), with an average of 50 ± 35% for
all 48 collections. This provides natural isotopic evidence for the occurrence of moss NO3

− reduction and
the lack of substantial inhibition of NO3

− reduction due to the high deposition of reduced N at our
study site.

The monthly freduced and Freduction values varied significantly among collections and species (Figures 4c
and 4d), which is not only associated with the different NR regulatory properties from one moss sample
to another but also with the strength of the external NO3

− influx. The monthly Freduction values
increased linearly with increasing monthly Finflux although the slope differed among the moss species
(Figure 5a). In addition, the freduced values were higher under higher Finflux values (Figure 5b). These
results suggest that the NO3

− reduction in mosses is induced by the NO3
− influx. This is consistent with

the previous conclusion that higher NO3
− availability and influx cause higher NRA and 15N discrimina-

tions and vice versa (Liu, Koba, Yoh, & Liu, 2012; Liu, Koba, Takebayashi, et al., 2013; Bloom
et al., 2014). Interestingly, the Freduction values increase with increasing Finflux (Figure 5a) and both
Finflux and Freduction became higher when the Фsoil/Фatm values were higher than 1.0 (Figure 5c). In
principal, the source type of plant NO3

− cannot regulate tissue NO3
− concentrations and influence
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plant NO3
− reduction, but the availability or supply strength of a specific source NO3

− can. However,
our results suggest that the NO3

− supply from the soil substrates had a greater influence on the
NO3

− uptake and reduction in epilithic mosses than atm‐NO3
−. This may be related to the steadier

availability of soil‐NO3
− to the mosses relative to the intermittent supply of atm‐NO3

− to the mosses,
mainly in the form of wet deposition.

4.5. Contributions of NO3
− Assimilation to the Bulk N of the Mosses

The incorporation of NO3
− into plant biomass requires more energy than the incorporation of reduced

N forms (Li et al., 2013). From the energetic consideration, both moss NO3
− uptake and reduction have

been found to be inhibited by a high N supply, especially when the supply of reduced N forms was
higher than that of NO3

− (Liu, Koba, Makabe, & Liu, 2013; Liu, Koba, Takebayashi, et al., 2012).
Several studies have stressed that moss species prefer reduced N forms over NO3

− and that NRA is
inhibited by coexisting NH4

+
‐N and/or amino acids (Press & Lee, 1982; Soares & Pearson, 1997;

Wanek & Pörtl, 2008; Wiedermann et al., 2009; Woodin et al., 1985; Woodin & Lee, 1987). High N
deposition (>10 kg‐N/ha/yr) and ambient NOx also suppress moss NRA (Gordon et al., 2001; Morgan
et al., 1992). At our study site, the mosses strongly preferred to assimilate NH4

+ under high deposition
of reduced N (Liu, Koba, Takebayashi, et al., 2013; Dong et al., 2017). Our results reveal that the NRA
was incompletely inhibited by reduced N forms, and thus, the contributions of NO3

− assimilation to the
bulk N of the mosses should be reevaluated (Liu, Koba, Liu, et al., 2012; Liu, Koba, Takebayashi,
et al., 2012; Liu, Koba, Makabe, & Liu, 2013). Among the 48 collections of four species, six of the col-
lections had Freduction values of 0.0 μg‐N/g (i.e., no occurrence of reduction), but this is more likely
attributed to the corresponding low Finflux values (Figure 5a), not to the inhibition of NR by
reduced N assimilation. On average, the four moss species had a total annual Freduction of
219.7 ± 30.5 μg‐N/g, dw, which accounted for only 1.0 ± 0.2% of the bulk N of the mosses
(21 ± 2 mg/g; Dong et al., 2017).

These results not only provide quantitative evidence for the substantial occurrence of NO3
− reduction and

the probable lack of substantial inhibition of NRA in mosses but also allow us to assess the contribution
of NO3

− assimilation to bulk N assimilation by mosses. At our study site, low contributions of NO3
− assim-

ilation to the bulk N of epilithic mosses supports our previous interpretations of the bulk δ15N signatures of
mosses based on the dominant assimilation of ammonium and dissolved organic N sources (Dong et al., 2017;
Liu, Koba, Takebayashi, et al., 2013). Among the studied moss species, the acrocarpous moss B. argenteum is
a nitrophilous species (Schwarz & Frahm, 2013). Although variance components show a generally lower
contribution of the species than other factors to the variations in the measured and calculated parameters
(Figure S3), the distinctly higher Freduction values of B. argenteum and the lower Freduction values of H. plu-
maeforme compared to the other twomoss species reflect interspecies differences in NO3

− uptake and reduc-
tion. This information can help us understand the response and adaption of moss species distributions under
different NO3

− pollution conditions.

5. Conclusions

Given that the supply and availability of NO3
− to terrestrial plants is constantly changing due to anthropo-

genic N emissions, it is necessary to explore how plants' NO3
−metabolisms will respond to environmental N

loading. In this study, we used dual N and O isotopic analyses to determine that the soil NO3
− contributed

about half of the moss‐tissue NO3
− and that substantial reduction of NO3

− occurs in epilithic mosses. The
isotopic evidence presented in our study suggests that atmospheric deposition is not the sole source of
NO3

− for terrestrial mosses as conventionally thought and highlights the fact that soil‐NO3
− influences

the pool size and reduction of NO3
− in terrestrial mosses. As such, future studies should consider the effects

of N uptake from soil substrates on ecophysiological processes and functions in mosses when evaluating
moss N economy and the influence of atmospheric N pollution on mosses. This study also provides a useful
modeling approach for the quantitative evaluation of moss NO3

− availability and in situ NO3
− reduction in

terrestrial plants. Our results improve our knowledge of cellular NO3
− behaviors in moss bio‐indicators and

exemplify the power of isotopic techniques in improving our understanding of the biogeochemistry of atmo-
spheric N pollutants in plant tissues.
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