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A B S T R A C T

Anthropogenic nitrogen (N) emissions and subsequent deposition can cause harm to ecosystem function and
processes. Identifying emission sources of atmospheric N deposition (Ndep) is critical for land management and
policy development to understand what N species are impacting an area and where action can be taken to reduce
loading. Measuring and monitoring deposition is time intensive and expensive, but biomonitors, such as mosses
and lichens, can be used to evaluate finer-scale deposition patterns and source attribution using stable isotope
analysis. The N stable isotope composition (δ15N) of Ndep provides unique insight into emission sources and
chemistry at different temporal and spatial scales because it is determined in part by the δ15N of contributing N
emission sources that vary at a local, regional, and global level. The δ15N of biomonitor organisms can be used to
monitor Ndep at these diverse scales capturing the spatial and temporal heterogeneity of Ndep rates and source
chemistries. However, the δ15N of biomonitors integrates not only source effects, but also isotopic effects
associated with canopy dynamics and organism biology, thus interpretation of biomonitor δ15N needs to consider
multiple factors including emission source, atmospheric transformations, and canopy and physiological effects.
Despite local scale and organism specific responses, lichens and mosses from herbaria collections document
coherent anthropogenically driven shifts in Ndep δ15N signals over the last century consistent with observations
from lake sediments and ice cores.

1. Introduction

Atmospheric nitrogen (N) deposition (Ndep) is a major driver of
global change. Emissions and subsequent deposition of reactive N (Nr)
has increased since the industrial and agricultural revolutions and is
now dominated by anthropogenic processes such as fossil fuel combus-
tion, fertilizer use, and biomass burning (Bobbink et al., 2010).
Increased emissions of Nr have resulted in higher atmospheric Ndep rates
onto terrestrial and aquatic ecosystems, leading to ecological effects
across the globe (Fenn et al., 2003a; Pardo et al., 2011). Tracking levels
of Ndep requires local measurements or generalized values from chemi-
cal transport models that may not capture local environmental vari-
ability. Here we evaluate how biomonitors, organisms used to assess
pollution, can be used to understand local Ndep gradients and emission
sources based on their nitrogen stable isotope composition (δ15N) (see

Box 1).
Monitoring Ndep is challenging as instrument-based monitoring

networks are costly and time-intensive. Direct measures of Ndep chem-
istry require separate, expensive collectors for wet and dry deposition,
and are thus sparsely located in remote regions (Root et al., 2013; NADP,
2023) and developing countries (Díaz-Álvarez et al., 2018). These sparse
collectors often do not provide Ndep data at ecologically relevant scales
(Jovan et al., 2021). However, the use of biomonitors, including mosses
and lichens, can supplement existing monitoring networks (Geiser et al.,
2010, 2021; Root et al., 2013, 2015; Jovan et al., 2021). These non-
vascular organisms integrate cumulative amounts of Ndep and are
ubiquitous in urban, exurban, and wildland ecosystems, allowing for
monitoring at diverse spatial and temporal scales (Lakatos et al., 2007;
Williams et al., 2007; Rai and Gupta, 2022).

* Corresponding author.
E-mail address: meaghan.petix@wsu.edu (M.I. Petix).

Contents lists available at ScienceDirect

Ecological Indicators

journal homepage: www.elsevier.com/locate/ecolind

https://doi.org/10.1016/j.ecolind.2024.112866
Received 13 August 2024; Received in revised form 15 November 2024; Accepted 16 November 2024

Ecological Indicators 169 (2024) 112866 

1470-160X/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:meaghan.petix@wsu.edu
www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2024.112866
https://doi.org/10.1016/j.ecolind.2024.112866
https://doi.org/10.1016/j.ecolind.2024.112866
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


The δ15N (see Box 1) of biomonitors can provide insights into Ndep
chemistry as it varies among N emission sources and chemical forms
(Elliott et al., 2007, 2019; Felix et al., 2014). The δ15N of Ndep can be
assessed using mosses (Bragazza et al., 2005; Solga et al., 2005; Zech-
meister et al., 2008; Liu et al., 2008; Liu et al., 2012a) and lichens
(Russow et al., 2004; Boltersdorf et al., 2014; Boltersdorf and Werner,
2014; Fogel et al., 2008; Lee et al., 2009) that rely solely on Ndep as their
N source. The δ15N of non-vascular biomonitor organisms should be
closer to that of Ndep than vascular plants that take up N from the soil
(Solga et al., 2005).

The chemical composition of Ndep is ecologically significant yet
overlooked even though the relative amount of oxidized and reduced N
has changed rapidly in the past few decades (Templer et al., 2012). The
U.S. Clean Air Act focused on NOx emissions from fossil fuel combustion
and reduced Ndep over the past 30 years (Du et al., 2014; Du, 2016; Li
et al., 2016). However, NH3 emissions from agriculture are not regulated
and have increased with increased agricultural production causing a
shift in stoichiometry of wet Ndep from predominantly oxidized to
reduced N forms (Du et al., 2014; Du, 2016; Li et al., 2016; Gilliam et al.,
2019; Murray et al., 2022). Reduced N also increased with decreased
scavenging of atmospheric NH4

+ by NO3
– and SO4

2- (Du et al., 2014; Gil-
liam et al., 2019). The recent trend of increasing NHx:NOx has been
observed at a continental scale (Du et al., 2014; Du, 2016; Li et al.,
2016), but considerable regional and local-scale variability can occur
due to spatially heterogenous emission sources (Murray et al., 2022).

2. Emissions to ecosystem pathway

Mosses and lichens that derive their nutrition solely from atmo-
spheric sources integrate the δ15N of Ndep (Bragazza et al., 2005; Bol-
tersdorf et al., 2014). Important assumptions inherent in the use of
biomonitors are that the δ15N of the biomonitor reflects that of the at-
mospheric source and the δ15N of the atmospheric source conserves the
δ15N of source emissions (Section 4). Although a growing number of
studies utilize δ15N of biomonitors to assess Ndep, uncertainty remains as
to whether biomonitors can be utilized as tracers of N emission sources.
Here, we trace the pathway from N emission sources to biomonitors
(Fig. 1), considering each process that may influence the δ15N of bio-
monitors including atmospheric processes (Section 5), canopy effects
(Section 6), and physiological effects (Section 7). We then discuss how
δ15N of biomonitors can be utilized to assess both current and historical
trends in Ndep (Section 8).

3. Methods

This review synthesizes current methodologies for assessing nitrogen
emission sources and deposition chemistry using mosses and lichens. We
conducted a comprehensive literature search across multiple scientific
databases, including Web of Science and Google Scholar, focusing on
studies published from 2000 to 2023. Key search terms included “ni-
trogen stable isotope”, “biomonitor”, ”moss”, “lichen”, and ”nitrogen

Box 1
Spatial and temporal variation in stable isotope composition integrates signals from sources and subsequent transformations that occur during
physical and biological reactions

Stable isotope composition is expressed as the molar ratio (R) of the heavier to lighter isotope of an element. Using N as an example:

R = 15N/14N (1)

The R of a sample is normalized relative to an international standard and expressed as the deviation from unity:

δ15N =

(
Rsample

Rstandard
- 1

)

(2)

Values are expressed as parts per thousand or per mil (‰) by multiplying (2) by 1000.

Stable Isotopes Inform About Sources.

Spatial and temporal variation in stable isotope composition integrates source substrates and subsequent transformations that occur during
physical and biological reactions. The elemental content of a pool (B) reflects all inputs (A) and losses (C) of a given element.

A → B → C (3)

If there is only one source, then the δ15N of B will reflect that of its source, A, assuming no isotopic fractionation with uptake or loss. Reactants
often vary in their stable isotope composition. For example, if A1 and A2 are two possible sources with δ15N of − 10‰ and +10‰, respectively,
then the δ15N of B will depend on the relative contribution of each source. For example,

A1 75% and A2 25%, then B δ15N = − 5‰ (4)

A1 50% and A2 50%, then B δ15N = 0‰ (5)

A1 25% and A2 75%, then B δ15N = 5‰ (6)

Stable Isotopes Inform About Processes.

Fractionation (α) occurs when the different isotopes of an element have different reaction rates, leading to a difference in isotopic composition
between the source and product. Discrimination (Δ) is the deviation of α from unity (α – 1) and can be approximated by.

Δ = δsource – δproduct (7)

The Δ will be 0‰ if α = 0 for a reaction, or when, according to mass balance, all source is converted into product (Evans, 2001). The Δ provides
very useful information when Δ > 0, and when mechanisms behind the variation in Δ are known.
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deposition“. Relevant studies were selected based on criteria such as
study design, geographic location, selection of biomonitors, and inclu-
sion of δ15N analyses within the studies. We reviewed 50 studies that
investigated δ15N of biomonitors, including lichens (n = 29), moss (n =

16), and both lichen and moss (n = 5) (Table 1). Details on methodol-
ogies for measuring δ15N can be found in the original sources referenced
in the text or relevant compilations of stable isotope analytical tech-
niques (De Groot, 2004; De Groot, 2009).

4. Effective biomonitors for Nr

Mosses and lichens are the most common biomonitors to assess Ndep.
Both lack roots and a cuticle and accumulate N and other water-soluble
nutrients roughly in proportion to their abundance in the atmosphere.
Epiphytic mosses growing on trees and shrubs, epilithic mosses growing
on rock or concrete, and Sphagnum peat mosses that comprise the ground
layer of ombrotrophic bogs receive all their nutrition from Ndep, while
terrestrial mosses may receive N from both atmospheric sources and the
soil (Turetsky, 2003; Liu et al., 2012a). Epiphytic lichens with a green
algal photobiont are well-suited as biomonitors of Ndep as they also
derive their nutrition solely from Ndep (Nash, 1996). Lichens with a
cyanobacterial photobiont, herein referred to as cyanolichens, provide
useful estimates of N derived from N2-fixation. Quantitative relation-
ships between paired observations from deposition collectors and
epiphytic lichens allow prediction of Ndep from lichen tissue N concen-
tration (Root et al., 2013). Diazotrophs growing in close association with
mosses can provide significant N to mosses through N2-fixation (reviewed
in Rousk et al., 2013; Rousk 2022). These associations are not obvious
during field collections, so careful assessment of samples for the pres-
ence of cyanobacteria are necessary before attributing variation in moss
δ15N to Ndep. Tree rings (Poulson et al., 1995; Saurer et al., 2004; Saurer
and Siegwolf, 2007; Savard et al., 2009; Guerrieri et al., 2009) and tree
bark (Schulz et al., 2001; Boltersdorf et al., 2014) can also be utilized as

biomonitors of amount and sources of Ndep. Analyzing tree rings can
allow for interpretation of δ15N over long time periods, providing in-
formation about both current and past Ndep (Savard et al., 2009).
Airborne pollutants can be adsorbed to tree bark when exposed either
directly from the atmosphere or via throughfall deposition and stemflow
(Schulz et al., 2001). Although tree rings and bark have been shown to
reflect anthropogenic Ndep sources, we focus on mosses and lichens for
this review as their effectiveness as biomonitors has been better studied
and substantiated by existing literature (Boltersdorf et al., 2014). The
δ15N of vascular plants, including tree rings/bark and leaf tissue, are
influenced by mixing of atmospheric and soil N pools, and thus, may not
reflect Ndep as well as non-vascular biomonitor organisms such as mosses
and lichens.

5. δ15N of anthropogenic N emission sources

The δ15N of Nr species are thought to be quantitative tracers of NOx
and NHx source chemistries (Fig. 1). Reactive N is biologically, photo-
chemically, and radiatively active (Galloway et al., 2003). It is emitted
from transportation, industry, and agriculture, and includes reduced
forms such as ammonia [NH3] and ammonium [NH4

+], referred to
collectively as NHx, oxidized forms including nitrogen oxides [NO +

NO2=NOx], nitric acid [HNO3], nitrous oxide [N2O], and nitrate [NO3
–],

and organic compounds such as urea, amines, proteins, and nucleic acids
(Galloway et al., 2003). Emissions from transportation and industry are
dominated by NOx, while those from agriculture are mainly NHx (Fenn
et al., 2003b).

The δ15N of Nr exhibits considerable variation across the globe
(Fig. 1) due to differences in substrate and technologies associated with
emission reductions. Both factors are more consistent on local and
regional scales, providing more reliable estimates of source attribution
using the δ15N of Nr. The dominant source of NOx to the atmosphere is
fossil fuel combustion by electricity generating units (EGU) and vehicles

Fig. 1. Conceptual model of the emissions to ecosystem pathway where N compounds are emitted from natural and anthropogenic sources (Section 5), transformed
in the atmosphere (Section 5.1), and then deposited back onto terrestrial ecosystems where they may interact with the forest canopy (Section 6) before uptake by
biomonitor organisms (Section 7). The processes along this emissions to ecosystem pathway can influence the δ15N of biomonitors. Display of δ15N-NOx and δ15N-
NHx of N emission sources (mean ± 1 s.d.) adapted from Elliott et al. (2019). Source data: (a) Hoering (1957); (b) Walters et al. (2015a,b); (c) Felix et al. (2012); (d)
Fibiger and Hastings (2016); (e) Li and Wang (2008); (f) Yu and Elliott (2017); (g) Chang et al. (2016); (h) Felix et al. (2013); (i) Freyer (1978); (j) Schulz et al.
(2001); (k) Hristov et al. (2009); and (l) Altieri et al. (2014). Figure created with BioRender.com.
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(Felix et al., 2012; Walters et al., 2015a,b; Elliott et al., 2019). The δ15N
varies with pollution control technologies; selective catalytic reduction
(SCR) reduces NOx emissions from EGUs (Srivastava et al., 2005) by
reacting NOx with NH3 or urea over a catalyst to form N2 and water
vapor (Felix et al., 2012). Fractionation during the reaction between
NOx and NH3 alters the δ15N-NOx as evidenced by differences in δ15N of
NOx emitted from power plants with (19 ± 3‰) or without SCR (10 ± 2
‰) (Felix et al., 2012) (Fig. 1). SCR is installed on > 1,000 point sources
in the U.S. (ICAC, 2009) but is not universal causing spatial variation in
δ15N-NOx for EGU sources. Three-way catalytic converters (TWC) on
gasoline-powered vehicles also use a catalytic reduction of NOx to N2
and water vapor (DeFoort et al., 2004) causing differences in δ15N-NOx
emitted from vehicles, with higher δ15N-NOx emitted from vehicles with
TWC (Walters et al., 2015b). Differences may also exist among vehicles
equipped with TWC as the effectiveness of TWC is dependent on stoi-
chiometric combustion to successfully reduce NOx, and thus can be
variable in its effect on δ15N-NOx (DeFoort et al., 2004; Elliott et al.,
2019).

Agriculture is the dominant source of NHx emissions (Felix et al.,
2013; Chang et al., 2016; Elliott et al., 2019). The δ15N of agricultural
emissions are often very negative because the observed discrimination
can be+ 20 to+ 27‰ for the NH4:NH3 equilibrium, and+ 29‰ during
NH3 volatilization (Evans, 2007), but can also vary regionally as a

function of soil and environmental conditions (Elliott et al., 2019)
(Fig. 1). Schulz et al. (2001) found the observed discrimination was
temperature-dependent, suggesting δ15N-NH3 may vary seasonally and
could differ depending on what time of year manure is applied, which is
typically in the fall and spring (Schulz et al., 2001). The observed
discrimination also varies as substrate is consumed; Evans (2007)
modeled the δ15N-NH3 after application of urine with δ15N of 0‰ (Frank
et al., 2004) and observed an increase in δ15N-NH3 from ca. − 35 to 0‰
over time. Variation in δ15N-NH3 has also been observed with different
livestock housings, including between different animal sources (Schulz
et al., 2001; Felix et al., 2014; Chang et al., 2016).

Ammonia emissions can be released from EGUs although they
constitute a small percent of overall NH3 emissions. The δ15N-NH3 varies
between power plants with (− 13 ‰) or without SCR (− 6‰) (Freyer,
1978; Felix et al., 2013; Elliott et al., 2019) (Fig. 1). Power plants with
SCR can have ‘NH3 slip’ if all the supplied NH3 does not react in the
catalytic NOx reduction process (Felix et al., 2013; Felix et al., 2014).
Similarly, NH3 can also be a byproduct in the catalytic NOx reduction
from vehicles equipped with TWC, thus NH3 emissions from vehicles
have increased in the past several decades with increasing usage of TWC
(Felix et al., 2013). Felix et al. (2013) and Chang et al. (2016) found
different ranges of δ15N-NH3 for vehicle emissions within a traffic tunnel
in their respective study areas. Presumably, only vehicles equipped with
TWC would be emitting NH3, so emission control technologies would
not be the reason for differing δ15N-NH3. Other factors potentially
contributing to regional differences in δ15N of NH3 from vehicle emis-
sions should be explored, as this emission source may be increasingly
important, especially in urban centers.

5.1. Atmospheric transformations

Fractionation during atmospheric transformations can alter the
original δ15N of both reduced and oxidized N emissions. These trans-
formations can be complex and exhibit seasonal and diurnal variation
due to fluctuations in temperature, atmospheric moisture, solar radia-
tion, and other atmospheric conditions (see review by Elliott et al., 2019).
The challenge when interpreting δ15N of Ndep is assessing the relative
contributions of emission sources versus subsequent atmospheric
transformations. For example, distinct seasonal patterns in δ15N-NH4

+ in
precipitation were often attributed to seasonal changes in emission
sources, but it is now clear that fractionation during aerosol NH4

+ for-
mation may also be a factor (Huang et al., 2019). The NH4

+ in precipi-
tation results from the dissolution of atmospheric NH3 gas as well as the
scavenging of aerosol NH4

+ (Russell et al., 1998), thus the δ15N-NH4
+ in

precipitation reflects both processes (Huang et al., 2019). Seasonal
variation has been observed in δ15N-NH3 in agricultural regions and was
likely influenced by fractionation, but δ15N-NH3 was seasonally
consistent for rural non-agricultural areas (Felix et al., 2017). Thus, the
relative importance of isotopic fractionation may vary seasonally
(Huang et al., 2019) and regionally (Felix et al., 2017).

There is a gap in our ability to determine how atmospheric trans-
formations alter δ15N-NO3

- of Ndep. Atmospheric transformation of NOx
are complex with multiple competing reactions (Elliott et al., 2019),
each of which has an associated fractionation factor that may alter the
δ15N of the original emitted N. Rapid photochemical cycling of NOx
occurs during the day and is controlled by O3 concentrations and the
NO2 photolysis rate (Elliott et al., 2019). The oxidation of NO by O3 has a
kinetic isotopic effect (εk, defined as (α – 1) x 1000) of − 7‰ at 298 K,
resulting in lower δ15N in NO2 compared to NO and the total NOx
(Walters and Michalski, 2016). However, there is also a large equilib-
rium isotopic effect (εeq = +37‰ at 298 K) for the equilibrium reaction
between NO and NO2, where the δ15N of NO2 is higher relative to NO
and the total NOx (Walters et al., 2016). Most NOx is subsequently
oxidized to HNO3 via daytime or nighttime reactions that may be
associated with additional isotopic fractionations (Elliott et al., 2019).
The observed discrimination for the exchange reactions between NO2,

Table 1
Studies investigating δ15N of lichens (n = 29), moss (n = 16), and both lichen
and moss (n = 5).

Biomonitor Reference

Lichen Ellis et al., 2003
Lichen Russow et al., 2004
Lichen Asada et al., 2005
Lichen Purvis et al., 2005
Lichen Tozer et al., 2005
Lichen Fogel et al., 2008
Lichen Proemse and Mayer, 2012
Lichen Boltersdorf and Werner, 2013, 2014
Lichen Bermejo-Orduna et al., 2014
Lichen Crittenden et al., 2015
Lichen Ciężka et al., 2016, 2022
Lichen Cocozza et al., 2016
Lichen Munzi et al., 2016, 2017, 2019
Lichen Hogan et al., 2017
Lichen Pinho et al., 2017
Lichen Manninen, 2018
Lichen Barre et al., 2018
Lichen Simonova et al., 2018
Lichen Hoffman et al., 2019
Lichen Dörter et al., 2020
Lichen Hurtado et al., 2020
Lichen Xu et al., 2021
Lichen Wieder et al., 2022
Lichen Niepsch et al., 2021, 2023
Lichen + Moss Lee et al., 2009
Lichen + Moss Cipro et al., 2011
Lichen + Moss Boltersdorf et al., 2014
Lichen + Moss Díaz-Álvarez and de la Barrera, 2018
Lichen + Moss Bokhorst et al., 2019
Moss Pearson et al., 2000
Moss Peñuelas and Filella, 2001
Moss Gerdol et al., 2002
Moss Bragazza et al., 2005
Moss Solga et al., 2005, 2006
Moss Liu et al., 2008
Moss Zechmeister et al., 2008
Moss Wilson et al., 2009
Moss Xiao et al., 2010
Moss Foan et al., 2010
Moss Liu et al., 2012a
Moss Delgado et al., 2013
Moss Skudnik et al., 2014
Moss Nielsen et al., 2017
Moss Donovan et al., 2022
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NO3, and N2O5 has been investigated (Walters and Michalski, 2015), but
the potential kinetic isotopic effects associated with the subsequent re-
actions leading to the formation of HNO3 have not yet been quantified
(Elliott et al., 2019). It is likely that isotopic effects during atmospheric
transformations are influencing variability in δ15N measured in Ndep
(Elliott et al., 2019). However, the degree to which each of these factors
contribute to variability is an active area of research using tools such as
dual nitrate isotope analyses (Chen et al., 2019).

6. Canopy effects

Epiphytic lichens and mosses occurring on stem surfaces of woody
plants are consequently only collected from within or under plant can-
opies. Transformations within the canopy may alter the amount and
δ15N of Ndep (Heaton et al., 1997; Hoffman et al., 2019). For example,
Heaton et al. (1997) observed higher δ15N-NO3

– in throughfall (+0.3 to
+ 4.7‰) compared to bulk rainfall (–1.5 to+ 0.9‰) and they attributed
this to accumulation of dry Ndep in canopies. The δ15N of NO3

– formed as
aerosols in dry deposition are higher than the δ15N of their precursors
and thus tend to be higher than δ15N of NO3

– in rainfall (Heaton et al.,
1997). The δ15N-NH4

+ was variable, with no consistent trend between
throughfall and rainfall, which they hypothesized could be due to effects
of pH and NH3 concentrations (Heaton et al., 1997). In contrast, Hoff-
man et al. (2019) observed no differences between δ15N-NO3

– and δ15N-
NH4

+ in throughfall and bulk deposition, even though estimates of Ndep
from throughfall were always much higher than bulk deposition at the
same site. This suggests that the primary mechanism is accumulation
and subsequent washout of dry deposition in throughfall, rather than
selective leaching of different compounds. Contrasting results such as
this emphasize that the canopy hosts a complex network of processes
that contribute to and regulate forest N cycling (reviewed in Bortolazzi
et al., 2021; Guerrieri et al., 2021), and canopy processes including
uptake of N, wash-out and dissolution of dry deposition, biological N2-
fixation, microbial transformations, leaching of N from canopy tissues,
and organic N cycling can each alter the amount and δ15N of Ndep
(Fig. 1).

6.1. Canopy uptake/retention/wash-out of Ndep

Forest canopies accumulate dry deposition and retain a significant
fraction of total Ndep (Fenn et al., 2013; Templer et al., 2015; Bortolazzi
et al., 2021; Guerrieri et al., 2021). Foliar uptake can occur, primarily
through stomatal diffusion, as well as passive diffusion through bark
(Bortolazzi et al., 2021). Canopy biota, including leaf microbes,
epiphytic lichens and mosses, and vascular epiphytic plants, also
assimilate organic and inorganic N (Bortolazzi et al., 2021; Guerrieri
et al., 2021). Conifer forests usually intercept more inorganic N from
Ndep than deciduous forests partly due to higher canopy surface area and
a lack of seasonal foliage loss (Vanguelova et al., 2010; Schwarz et al.,
2014). Forests in the Pacific Northwest, USA, preferentially uptake NO3

–

from wet deposition, especially in winter (Klopatek et al., 2006; Fenn
et al., 2013) so biomonitors lower in the canopy may be receiving less
NO3

– than in bulk Ndep, which may influence δ15N. However, studies in
other regions have reported a higher efficiency of NH4

+ retention than
NO3

– by forest canopies (Mustajärvi et al., 2008; Houle et al., 2015; Avila
et al., 2017), which could have a differing influence on biomonitors
δ15N.

6.2. Biological N2-fixation, leaching of N from canopy tissues, and
microbial transformations

Cyanolichens may alter the chemistry and δ15N of throughfall
deposition. The N derived from N2-fixation has a δ15N of − 2 to 0 ‰
(Shearer and Kohl, 1993), which overlaps or exceeds the range of δ15N
for several anthropogenic N emission sources (Elliott et al., 2019)
(Fig. 1). Leaching from cyanolichens can change the δ15N of throughfall

deposition in canopies where rates of N2-fixation are high. Certain areas,
including old-growth Douglas-fir forests of the Pacific Northwest, USA,
have a substantial biomass of cyanolichens that contribute significant N
inputs via nitrogenous leachates and decomposition (Pike, 1978; Car-
roll, 1980; Sollins et al., 1980; Antoine, 2004). Nitrogen can be readily
leached from lichen tissues during heavy rainfall events (Millbank,
1982). Epiphytic mosses can be associated with N2-fixing prokaryotes
that may also alter the δ15N of throughfall deposition (Lindo and
Whiteley, 2011; Wang et al., 2022). A confounding factor when using
mosses as biomonitors is that unlike cyanolichens, epiphytic mosses
with diazotroph-associations cannot be easily identified and separated
out during field collections (Rousk et al., 2013; Rousk 2022). This can
confound interpretation of moss δ15N as moss that derives significant N
from these associations should have δ15N close to 0 ‰ (Deane-Coe and
Sparks, 2016) although not in all cases (Stuart et al., 2021).

Nitrification by epiphytic microbes can also be significant in forest
canopies (Guerrieri et al., 2015; Guerrieri et al., 2020). This can impact
the amount and δ15N of NO3

– available to biomonitors. The observed
discrimination for nitrification ranges from + 5 to + 35 ‰ (Delwiche
and Steyn, 1970; Mariotti et al., 1981; Yu et al., 2021) producing NO3

–

with lower δ15N than most anthropogenic sources.

6.3. Organic N cycling

Organic N deposition can be a significant component of total N
deposition (Neff et al., 2002; Cornell et al., 2003; Cornell, 2011).
Organic N comprised 56 % of total N measured in throughfall deposition
in a mixed boreal forest in eastern Finland (Piirainen et al., 1998).
Organic N may be a larger component of throughfall deposition than
bulk deposition as throughfall deposition is enriched with amino acids as
it is filtered through the canopy (Carlisle et al., 1966, 1967). Epiphytic
biomonitors, including lichens and mosses, readily utilize amino acids
and other organic N compounds (Smith, 1960; Dahlman et al., 2004; Liu
et al., 2013) and Dahlman et al. (2004) suggests that the uptake of amino
acids by lichens may rival that of NO3

− . The question remains, however,
how organic N uptake may influence the δ15N of biomonitors. Accurate
measures of organic N in most deposition collectors are problematic
unless strict protocols are followed (Walker et al., 2012), and challenges
associated with these measurements also apply to δ15N. Further devel-
opment of protocols is necessary to better understand the δ15N of
organic N in throughfall deposition, whether it is altered through canopy
processing, and to what extent it may influence the δ15N of biomonitors.

6.4. Canopy impacts on biomonitors

Canopy processes, including uptake of N, wash-out and dissolution of
dry deposition, biological N2-fixation, microbial transformations,
leaching of N from canopy tissues, and organic N cycling, are important
to consider in studies using epiphytic mosses and lichens as biomonitors,
as they can significantly alter the amount and δ15N of Ndep available to
these organisms. Best practices for collecting moss and lichen material
should align with the study’s objectives and research questions. For
instance, harvesting from consistent heights and positions on trees can
help account for vertical gradients in N inputs and transformations.
While collecting samples from different vertical strata within the canopy
can provide valuable data, this approach may not be practical at larger
scales due to the time and effort required. The U.S. Forest Service Forest
Inventory & Analysis (FIA) protocol is currently the standard method-
ology in the United States for lichen tissue collection for elemental
analysis (Geiser, 2004; USFS, 2011). With this protocol, two target
lichen species are collected from a minimum of six different locations,
including from tree branches, tree/shrub boles, litterfall, or fallen
branches, within a 34.7 m radius circular plot (Geiser, 2004; USFS,
2011). Sampling material from lower canopy positions and incorpo-
rating litterfall from mid- to upper-canopy levels can help capture the
variation in δ15N across a site, providing a more comprehensive
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understanding of N dynamics. While the tissue pool of N in lichens and
mosses is likely much larger than temporal additions or losses, with N
turnover occurring over several years to more than a decade (Nash,
1996; Turetsky, 2003), minimizing potential bias from temporal dy-
namics should also be considered in sampling designs. By adopting best
practices tailored to specific research objectives, researchers can more
effectively interpret the complex interactions between Ndep, canopy
processes, and biomonitors, leading to more robust and meaningful in-
sights into N cycling and deposition patterns in forest ecosystems.

7. Physiological effects

7.1. N uptake and assimilation

Mosses and lichens can take up NO3
–, NH4

+, and amino acids (Glime,
2007; Dahlman et al., 2004). Studies often assume that biomonitor δ15N
acts as a tracer where the isotope composition of biomonitor tissue re-
flects that of the N source. Inherent in this assumption is that fraction-
ation events during physical and biological transformations are not
important, thus the observed discrimination between N source and the
organism is 0 ‰. The steps of N acquisition are uptake of N from the
surface of the biomonitor, translocation to the site of assimilation, and
assimilation into biomonitor tissue (Fig. 2).

(1)

Mosses and lichens absorb N across their entire surface (Glime, 2007;
Hauck, 2010). Both have high surface cation exchange capacity (Bates,
1992; Bargagli et al., 1998; Gaio-Oliveira et al., 2001) that allows dry
and wet deposition to be captured efficiently during precipitation events
(Liu et al., 2012a; Carter et al., 2017). Moss sporophytes have stomata,
but their role may be only to control desiccation for dehiscence of spores

rather than to optimize photosynthetic CO2 uptake (Merced and
Renzaglia, 2017). Uptake of NH4

+ and amino acids bound to extracellular
surfaces of mosses is via a proton antiport, while anion uptake occurs
through a symport (Raven et al., 1998; Glime, 2007). Uptake of Nr by
lichens is more complex; NH3 and NO2 can diffuse across the mycobiont
cortex during dry conditions and subsequent uptake by algal cells occurs
by both active and passive transport (Greaver et al., 2023). Gaseous NH3
will often react with water when available and form NH4

+, and gaseous
NO2 will form HNO3, NO3

–, or NO (Greaver et al., 2023). These reactions
with water may occur in the surrounding atmosphere, on the surface of
the lichen thallus, or in the cytosol. Assimilation of NH4

+ and NO3
– occurs

via the same pathways as in vascular plants (Brown, 1982; Hauck,
2010). Assimilation of NH4

+ occurs by the glutamine synthetase –
glutamate synthase (GS-GS-GOGAT) pathway, while NO3– is first
reduced to NO2

– then NH4
+ by nitrate and nitrite reductase, respectively,

before the GS-GOGAT pathway.

7.2. Physiological isotopic effects

Isotopic fractionation during uptake and assimilation by diverse or-
ganisms has been described by Evans (2001)

Δ = b - b
(
Fassim
Fin

)

(2)

where Fin is the rate of N influx, Fassim is the rate of N assimilation, and b
is fractionation associated with the assimilatory enzyme. Equations (1)
and (2) predict that N from the surface (Nsurface) is transported into N
inside the organism (Nin), that in turn is being assimilated into organic
N. The observed discrimination with Fin is 0‰, but nitrate reductase and
glutamine synthetase both discriminate against 15N during assimilation
(Evans, 2001). For example, an isotope discrimination of + 12.1‰ was
measured for enzymatic nitrate reduction in a moss, Hypnum plumae-
forme, similar to vascular plants (Liu et al., 2012b; Liu et al., 2020). The
result is that 14N is preferentially assimilated into organic N, causing the
relative amount of 15N in Nin to increase resulting in higher δ15N. Eq. (2)

Fig. 2. N uptake and assimilation pathways for lichens (left) and mosses (right) including potential isotope effects. NR = nitrate reductase; NiR = nitrite reductase. Δ
signifies observed discrimination (Δ = δsource – δproduct). Figure created with BioRender.com.
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predicts that Δ > 0 will only occur if significant efflux of enriched N in
Nin occurs, causing Feff > 0 and Fassim < Fin. However, under most
conditions N demand is high compared to N availability, so all N
entering the cell will be assimilated, so Fin = Fassim and observed
discrimination will be 0 ‰. Discrimination has been observed in
vascular plants under very high nutrient supply rates, allowing Fin to
exceed Fassim, but any efflux of N in biomonitors will return to Fout,
allowing it to be readsorbed, again resulting in Δ = 0‰. Δ > 0‰would
only be observed if N efflux evaporates off the surface or is washed away
during a precipitation event. Thus, biomonitors act like a closed system,
with biomonitor δ15N reflecting the δ15N of N sources.

Two factors that may cause differences between the δ15N of Ndep and
biomonitors are equilibrium reactions between gaseous and surface N,
and preferential use of different N forms with contrasting δ15N. The
observed discrimination of NH3(g) equilibrating with NH4

+
(aq) can be > 30

‰ (Kirshenbaum et al., 1947; Heaton et al., 1997) (Fig. 2). This has been
observed under unique circumstances and will be discussed in Section
7.3, but it is not likely to be important in most studies. Different forms of
available N often have distinct δ15N (see Section 5). Preferential uptake
can be misinterpreted as a product of fractionation during uptake when
the δ15N of the biomonitor is compared to that of bulk Ndep rather than
individual sources. Mosses and lichens may prefer reduced N (Dahlman
et al., 2002, 2004; Palmqvist and Dahlman, 2006; Liu et al., 2013), but
preferential uptake is rare and only occurs under certain conditions such
as with elevated Ndep since mosses and lichens efficiently uptake all N
forms (Hauck, 2010).

7.3. Evidence of physiological isotopic effects from extreme environments

Isotopic effects attributed to physiological processes have been
observed in several studies in extreme, N-limited environments (Tozer
et al., 2005; Bokhorst et al., 2019). Tozer et al. (2005) found very low
δ15N (− 20‰) in lithophytic and epiphytic lichens and proposed that the
extremely low δ15N were due to the additive discriminations from (1)
fractionation associated with NH3(g) volatilization and (2) fractionation
associated with diffusive NH3(g) uptake into the lichens. Alternatively, in
an Antarctic ecosystem, discrepancies were observed between isotopi-
cally enriched mosses and lichens and their putative N source, isotopi-
cally depleted volatilized NH3(g) from penguin and seal guano (Erskine
et al., 1998; Crittenden et al., 2015; Bokhorst et al., 2019). Crittenden
et al. (2015) hypothesized that this was caused by deposition of enriched
particulate matter on the biomonitor surfaces, although Bokhorst et al.
(2019) posited that the chemical exchange reaction of NH3(g) equili-
brating with NH4

+
(aq) on the biomonitor surfaces was the mechanism

(Fig. 2). Species-specific differences in δ15N were observed in the field
(Bokhorst and Convey, 2016), but not under experimental conditions
(Bokhorst et al., 2019). They conclude that physiological factors, such as
form preference, tissue pH, tissue N content, and N scavenging capa-
bility, may influence the δ15N of biomonitors. Furthermore, how N is
taken up and assimilated can also be potentially influenced by the
amount and type of Ndep as well as climatic variables (Díaz-Álvarez
et al., 2018; Liu et al., 2012a; Hoffman et al., 2019).

8. Applications of biomonitor δ15N

8.1. Spatial patterns: Can we identify emission sources?

8.1.1. Direct correlations
Direct correlations occur between moss and lichen δ15N and prox-

imity to known N emission sources (Pearson et al., 2000; Boltersdorf and
Werner, 2013; Bermejo-Orduna et al., 2014; Pinho et al., 2017; Donovan
et al., 2022) (Table 1). Higher moss and lichen δ15N is observed closer to
roadways and areas of high population density due to traffic and in-
dustrial NOx emissions (Pearson et al., 2000; Gerdol et al., 2002;
Bermejo-Orduna et al., 2014; Manninen, 2018; Donovan et al., 2022).
Higher δ15N in moss (Pearson et al., 2000; Gerdol et al., 2002) and lichen

(Purvis et al., 2005; Bermejo-Orduna et al., 2014) was linked to oxidized
N from traffic emissions by analyzing known heavy metal markers such
as Pb, Zn, and As. In turn, lower δ15N are found closer to intensive
agricultural areas because of the influence of agricultural NHx emissions
(Boltersdorf and Werner, 2014; Boltersdorf et al., 2014; Pinho et al.,
2017; Hoffman et al., 2019). Lichen δ15N varies according to the δ15N of
NH3 providing evidence that lichen δ15N reflects the δ15N of atmo-
spheric NH3 (Munzi et al., 2019).

Accurate data on δ15N of emission sources is still a crucial element
for the interpretation of biomonitor δ15N. Newer industries such as oil
sands mining in the Athabasca region of Alberta, CA are not as well-
studied and do not have reported values for all distinct N emission
sources including upgrader stacks and exhaust from diesel-powered
mine fleets (Wieder et al., 2022). Though this paucity of data pre-
cludes conclusive source apportionment, several studies have shown
epiphytic lichen δ15N was correlated to proximity to oil sands operations
(Proemse and Mayer, 2012; Wieder et al., 2022). While Proemse and
Mayer (2012) found the δ15N of an epiphytic lichen, Evernia meso-
morpha, was higher with closer proximity to oil sands operations, Wieder
et al. (2022) observed a decrease in lichen δ15N with increasing prox-
imity to oil sands operations, suggesting the influence of an oil sands
emission source(s) with a more negative δ15N.

8.1.2. Correlation with NHx:NOx ratio
Biomonitor δ15N often exhibits a negative correlation with the ratio

of NHx:NOx in Ndep (Ellis et al., 2003; Asada et al., 2005; Liu et al., 2008;
Xiao et al., 2010; Skudnik et al., 2014) (Fig. 3). This relationship is
consistent across different areas of the globe (Xu et al., 2021) (Fig. 3). Xu
et al. (2021) found a significant negative relationship between the ratio
of NHx:NOx in Ndep and lichen δ15N for data from six separate studies
(R2 = 0.49; p < 0.001) (Fig. 3a). There are significant negative re-
lationships between the ratio of NHx:NOx in Ndep and moss δ15N at the
local and regional scale, but these are often distinct from one another,
and global relationships are not apparent (Fig. 3b).

Lower biomonitor δ15N associated with a higher NHx:NOx indicates a
greater contribution of NHx emissions from agricultural activities
(Bragazza et al., 2005; Xu et al., 2021; Du et al., 2022). This relationship
allows assessment of N emission chemistries (Xu et al., 2021; Du et al.,
2022) at local or regional scales and informs potential ecological effects.
Biomonitor δ15N can potentially be utilized to quantitatively reconstruct
site-based δ15N of NHx and NOx deposition (Xu et al., 2021); for
example, Xu et al. (2021) determined lichen δ15N lower than − 7.8 ‰
indicated the dominance of 15N-depleted NH4

+ relative to 15N-enriched
NO3

− in wet deposition (Xu et al., 2021) (Fig. 3a).

8.2. Temporal changes in Ndep sources

8.2.1. Influence of the “15N Haber-Bosch effect”
Herbaria collections can be used to reconstruct past and current

patterns of Ndep (Peñuelas and Filella, 2001; Solga et al., 2006; Foan
et al., 2010; Du et al., 2022). A decrease in δ15N has been observed in
biomonitors from the mid-late 1800s to the early 2000s (Saurer et al.,
2004; Solga et al., 2006; Anderson, 2017) (Fig. 4). Solga et al. (2006)
observed a significant decrease in moss δ15N from the 1850s to 2000 in
Germany. Pleurozium schreberi decreased from − 3.7 to − 5.2 ‰ and
Scleropodium purum from − 3.0 to − 5.8‰ (Solga et al., 2006). The δ15N
of the lichen Alectoria sarmentosa collected across the western United
States decreased from the late 1800s to early 2000s (Anderson, 2017)
and suggests a greater contribution of NHx emissions towards the end of
the last century. This is supported by tree ring studies that show a
decrease in δ15N of tree rings from the late 1920s to about 1950 in
Switzerland (Saurer et al., 2004) and from the 1960s to 1990s in the
northeastern U.S. (Poulson et al., 1995), attributed to an intensification
of agricultural production (Poulson et al., 1995; Saurer et al., 2004).

Trends observed for biomonitors (Solga et al., 2006; Anderson, 2017)
are consistent with δ15N-NO3

– from Greenland ice cores (Hastings et al.,

M.I. Petix et al. Ecological Indicators 169 (2024) 112866 

7 



2009) and remote lake sediments across the Northern Hemisphere
(Holtgrieve et al., 2011) (Fig. 4). The δ15N-NO3

– in ice core and lake
sediment records has decreased since the late 1800s due to increased
anthropogenic N sources with lower δ15N compared to preindustrial

sources (Hastings et al., 2009; Holtgrieve et al., 2011). Increasing NO3
–

from oil burning, which is associated with a more negative δ15N-NO3
–

than biomass and coal burning, appears to be the main driver of this
trend (Chellman et al., 2016). An increase in N soil emissions from

Fig. 3. (a) Relationship of lichen δ15N to NHx:NOx ratio in N deposition. Redrawn from Xu et al. (2021). (b) Relationship of moss δ15N to NHx:NOx ratio in N
deposition. Redrawn from Du et al. (2022).

Fig. 4. (a) δ15N of nitrate (‰) (black circles) and nitrate concentration (ppb) (orange squares) in a 100-m ice core from Summit, Greenland, spanning ~ 1718 to
2006 (from Hastings et al., 2009). δ15N of moss (‰) (green upside-down triangles) (Solga et al., 2005) and lichen (blue triangles) (Anderson 2017) specimens from
herbaria spanning ~ 1850 to 2010. (b) Zoomed-in view showing ice core, moss, and lichen data from 1850 to 2010 (note different x-axis scale). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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increased fertilizer use (Felix and Elliott, 2013) and atmospheric acidity
caused by increased anthropogenic NOx and SOx emissions (Geng et al.,
2014) could have also contributed to this decline. Modeled oceanic
trends have also revealed a decrease in δ15N of fixed N pools over time
due to anthropogenic N sources, which Yang and Gruber (2016) coined
the “15N Haber-Bosch effect”. Though not solely responsible for global N
cycle perturbations, the Haber-Bosch process has had an immense
impact on Nr inputs since its advent in the early 1900s. The “15N Haber-
Bosch effect” can refer to the observed decline in δ15N of total Ndep
induced by anthropogenic N emissions, including both NOx and NHx
emissions from industrial/vehicular and agricultural sources (Yang and
Gruber, 2016).

Globally, historical trends in predominant N emission sources and
deposition chemistry may vary due to differences in development stages
of different countries as well as emission controls and policies. For
instance, there is evidence that moss δ15N has tended to be less negative
in recent decades in China (Du et al., 2022), suggesting that NOx emis-
sions from industrial development and vehicle exhaust are still signifi-
cant in this country. Ndep may still be dominated by traffic-related NOx
(Zhao et al., 2019). However, a shift from dominance of NO3

– to NH4
+ in

Ndep was observed elsewhere with an associated decrease in moss δ15N
(Huang et al., 2021), similar to patterns observed in Europe and the
United States (Fig. 4). Interestingly, they revealed that combustion-
related NH3 sources including vehicle exhaust, coal combustion, and
biomass burning contributed more to the elevation of Ndep-NH4

+ than
volatilization NH3 sources from wastes and fertilizers (Huang et al.,
2021).

8.2.2. Changes in N2-fixation
Plant δ15N has historically been used to estimate the amount of N2-

fixation contributing to individual species as well as ecosystems. The
same approach can also be used to assess changes in N2-fixation asso-
ciated with the increased Ndep presented in Fig. 4. Cyanolichens such as
Lobaria oregana are the dominant source of N input into coastal old-
growth forests of the Pacific Northwest, USA, and rates of N input
may exceed 16 kg N ha− 1 y-1 (Antoine, 2004). The δ15N of herbarium
specimens demonstrate that the N derived from the atmosphere (%
NDFA) is ca. 100 % in the early 1900s but decreased concurrent with
industrialization and expansions of agriculture in this region (Fig. 5).
The exact change in %NDFA has yet to be quantified because samples
were not paired with non-N2-fixing lichens, but results are still infor-
mative and highlight the power of this approach.

9. Concluding Remarks and Future Perspectives

Biomonitors can assess N emission sources and deposition chemistry
at fine scales, ranging from a few meters to a few kilometers, that are
more localized than those available from atmospheric models. They
integrate factors such as elevation, topography, and meteorological
conditions that can cause variation in atmospheric Ndep across the
landscape (Lakatos et al., 2007; Williams et al., 2007). They also inte-
grate N over time, capturing temporal variation in atmospheric Ndep
(Williams et al., 2007). Biomonitors can reflect the N fluxes being
received by an ecosystem taking canopy processing into consideration.
This can be an advantage, as it more accurately reflects the N inputs to a
closed canopy system, but it can also be a disadvantage in that it is more
difficult to ascertain contributions from anthropogenic N emission
sources.

Mosses and lichens are effective biomonitors for assessing Ndep. Their
δ15N reflects N emission sources and deposition chemistry. The suit-
ability of specific biomonitors may depend on a variety of local factors
including geographic distribution and abundance. Future studies should
consider potential species-specific differences in δ15N such as that
observed for lichens (Niepsch et al., 2023). A further consideration for
mosses, noted in Section 6.2, is that diazotroph-associations could
contribute to their N budget, but be difficult to identify during field

collections. Green algal lichens may be easier to target and better reflect
anthropogenic N emission sources.

One of the future challenges of interpreting δ15N in biomonitors is
accounting for variability in δ15N of N pollution sources. Just as emis-
sion control technologies have led to variation in δ15N of NOx emitted
from EGUs and vehicles, advancement of NH3 emission controls in
livestock operations andmanure management practices could also result
in further variability in δ15N-NH3 from agricultural activities⋅ NH3
emissions from vehicles are currently unregulated, but emission control
strategies for this emerging N pollution source may also be developed
and employed in the coming years, with possible impacts on δ15N-NH3
from this source. With advancements in the ability to measure δ15N of
different N pollution sources (Elliott et al., 2019), maintaining an
updated inventory of δ15N for N pollution sources can be achieved and
should be a priority as these values are necessary for source
apportionment.

Additionally, further research is needed on how canopy processes
and the physiology of biomonitor organisms influence the δ15N of bio-
monitors. However, it should be re-emphasized that the δ15N of bio-
monitors is acting as an integrator, reflecting the δ15N of its N source(s)
as well as processes that could alter δ15N (Robinson, 2001; Williams
et al., 2007). The δ15N of biomonitors cannot be utilized as tracers of N
emission sources; as was discussed in this review there are a variety of
transformations and processes that may occur from N being emitted
from a pollution source to then being assimilated into a biomonitor
organism that may influence δ15N. However, δ15N of biomonitors can
still be useful in determining dominant sources of N emissions and forms
of Ndep. Understanding prevailing emission sources and chemistries in
an area is a requisite for effective air quality management and ecological
risk assessment and mitigation. Studies that focus on the N concentra-
tion of biomonitors that provides insight on the level of Ndep loading are
more common than those that measure N concentration and δ15N (Du
et al., 2022; Rai and Gupta, 2022). Further studies investigating the δ15N
of biomonitors, at all levels of spatio-temporal scales, are critical to
further develop our knowledge on past and current patterns of Ndep and
Ndep form, helping to assess major sources of N emissions and strategize
for emission mitigation.
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Santamaría, J.M., Alonso, R., 2017. Quantitative study on nitrogen deposition and
canopy retention in Mediterranean evergreen forests. Environ. Sci. Pollut. Res. 24,
26213–26226. https://doi.org/10.1007/s11356-017-8861-4.

Bargagli, R., Sanchez-Hernandez, J.C., Martella, L., Monaci, F., 1998. Mercury, cadmium
and lead accumulation in Antarctic mosses growing along nutrient and moisture
gradients. Polar Biol. 19, 316–322. https://doi.org/10.1007/s003000050252.
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Lakatos, M., Hartard, B., Máguas, C., 2007. The stable isotopes δ13C and δ18O of lichens
can be used as tracers of microenvironmental carbon and water sources. In:
Dawson, T.E., Siegwolf, R. (Eds.), Stable Isotopes as Indicators of Ecological Change.
Elsevier Academic Press, San Diego, pp. 77–92.

Lee, Y.I., Lim, H.S., Yoon, H.I., 2009. Carbon and nitrogen isotope composition of
vegetation on King George Island, maritime Antarctic. Polar Biol. 32, 1607–1615.
https://doi.org/10.1007/s00300-009-0659-5.

Li, Y., Schichtel, B.A., Walker, J.T., Schwede, D.B., Chen, X., Lehmann, C.M.B.,
Puchalski, M.A., Gay, D.A., Collett, J.L., 2016. Increasing importance of deposition
of reduced nitrogen in the United States. Proc. Natl. Acad. Sci. 113, 5874–5879.
https://doi.org/10.1073/pnas.1525736113.

Li, D., Wang, X., 2008. Nitrogen isotopic signature of soil-released nitric oxide (NO) after
fertilizer application. Atmos. Environ. 42, 4747–4754. https://doi.org/10.1016/j.
atmosenv.2008.01.042.

Lindo, Z., Whiteley, J.A., 2011. Old trees contribute bio-available nitrogen through
canopy bryophytes. Plant Soil 342, 141–148. https://doi.org/10.1007/s11104-010-
0678-6.

Liu, X., Koba, K., Makabe, A., Li, X., Yoh, M., Liu, C., 2013. Ammonium first: natural
mosses prefer atmospheric ammonium but vary utilization of dissolved organic
nitrogen depending on habitat and nitrogen deposition. New Phytol. 199, 407–419.
https://doi.org/10.1111/nph.12284.

Liu, X., Wu, D., Song, X., Dong, Y., Chen, C., Song, W., Liu, C., Koba, K., 2020. A non-
steady state model based on dual nitrogen and oxygen isotopes to constrain moss
nitrate uptake and reduction. J. Geophys. Res. Biogeosciences 125, e2019JG005498.
https://doi.org/10.1029/2019JG005498.

Liu, X.-Y., Xiao, H.-Y., Liu, C.-Q., Li, Y.-Y., Xiao, H.-W., 2008. Tissue N content and 15N
natural abundance in epilithic mosses for indicating atmospheric N deposition in the
Guiyang area, SW China. Appl. Geochem. 23, 2708–2715. https://doi.org/10.1016/
j.apgeochem.2008.06.002.

Liu, X.-Y., Koba, K., Liu, C.-Q., Li, X.-D., Yoh, M., 2012a. Pitfalls and new mechanisms in
moss isotope biomonitoring of atmospheric nitrogen deposition. Environ. Sci.
Technol. 46, 12557–12566. https://doi.org/10.1021/es300779h.

Liu, X.-Y., Koba, K., Yoh, M., Liu, C.-Q., 2012b. Nitrogen and oxygen isotope effects of
tissue nitrate associated with nitrate acquisition and utilisation in the moss Hypnum
plumaeforme. Funct. Plant Biol. 39, 598–608. https://doi.org/10.1071/FP12014.

Manninen, S., 2018. Deriving nitrogen critical levels and loads based on the responses of
acidophytic lichen communities on boreal urban Pinus sylvestris trunks. Sci. Total
Environ. 613–614, 751–762. https://doi.org/10.1016/j.scitotenv.2017.09.150.

Mariotti, A., Germon, J.C., Hubert, P., Kaiser, P., Letolle, R., Tardieux, A., Tardieux, P.,
1981. Experimental determination of nitrogen kinetic isotope fractionation: some
principles; illustration for the denitrification and nitrification processes. Plant Soil
62, 413–430.

Merced, A., Renzaglia, K.S., 2017. Structure, function and evolution of stomata from a
bryological perspective. Bryophyte Divers. Evol. 39, 7–20. https://doi.org/
10.11646/bde.39.1.4.

Millbank, J.W., 1982. The assessment of nitrogen fixation and throughput by lichens. III.
Losses of nitrogenous compounds by Peltigera membranacea, P. polydactyla and
Lobaria pulmonaria in simulated rainfall episodes. New Phytol. 92, 229–234. https://
doi.org/10.1111/j.1469-8137.1982.tb03380.x.
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Munzi, S., Branquinho, C., Cruz, C., Máguas, C., Leith, I., Sheppard, L., Sutton, M., 2016.
Is lichen δ15N an indicator of nitrogen pollution and a surrogate of nitrogen
atmospheric composition? Evidence from manipulative experiments. In: Proceedings

of the 2016 International Nitrogen Initiative Conference, “Solutions to Improve
Nitrogen use Efficiency for the World”, 4–8 December 2016, Melbourne, Australia.

Murray, D.S., Shattuck, M.D., McDowell, W.H., Wymore, A.S., 2022. Nitrogen wet
deposition stoichiometry: the role of organic nitrogen, seasonality, and snow.
Biogeochemistry 160, 301–314. https://doi.org/10.1007/s10533-022-00966-0.
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Ukonmaanaho, L., 2008. Fluxes of dissolved organic and inorganic nitrogen in
relation to stand characteristics and latitude in Scots pine and Norway spruce stands
in Finland. Boreal Environ. Res. 13, 3–21.

NADP, 2023. National Atmospheric Deposition Program (NADP). https://nadp.slh.wisc.
edu/ (accessed 6 June 2023).

Nash, T.H. (Ed.), 1996. Lichen Biology. Cambridge University Press, Cambridge.
Neff, J.C., Holland, E.A., Dentener, F.J., McDowell, W.H., Russell, K.M., 2002. The origin,

composition and rates of organic nitrogen deposition: A missing piece of the nitrogen
cycle? In: Boyer, E.W., Howarth, R.W. (Eds.), The Nitrogen Cycle at Regional to
Global Scales. Springer, Netherlands, Dordrecht, pp. 99–136. https://doi.org/
10.1007/978-94-017-3405-9_3.

Nielsen, T.F., Larsen, J.R., Michelsen, A., Bruun, H.H., 2017. Are herbarium mosses
reliable indicators of historical nitrogen deposition? Environ. Pollut. 231,
1201–1207. https://doi.org/10.1016/j.envpol.2017.04.020.

Niepsch, D., Clarke, L.J., Tzoulas, K., Cavan, G., 2021. Distinguishing atmospheric
nitrogen compounds (nitrate and ammonium) in lichen biomonitoring studies.
Environ. Sci.: Processes Impacts 23, 2021–2036. https://doi.org/10.1039/
D1EM00274K.

Niepsch, D., Clarke, L.J., Newton, J., Tzoulas, K., Cavan, G., 2023. High spatial resolution
assessment of air quality in urban centres using lichen carbon, nitrogen and sulfur
contents and stable-isotope-ratio signatures. Environ. Sci. Pollut. Res. 30,
58731–58754. https://doi.org/10.1007/s11356-023-26652-8.

Palmqvist, K., Dahlman, L., 2006. Responses of the green algal foliose lichen Platismatia
glauca to increased nitrogen supply. New Phytol. 171, 343–356. https://doi.org/
10.1111/j.1469-8137.2006.01754.x.

Pardo, L.H., Fenn, M.E., Goodale, C.L., Geiser, L.H., Driscoll, C.T., Allen, E.B., Baron, J.S.,
Bobbink, R., Bowman, W.D., Clark, C.M., Emmett, B., Gilliam, F.S., Greaver, T.L.,
Hall, S.J., Lilleskov, E.A., Liu, L., Lynch, J.A., Nadelhoffer, K.J., Perakis, S.S., Robin-
Abbott, M.J., Stoddard, J.L., Weathers, K.C., Dennis, R.L., 2011. Effects of nitrogen
deposition and empirical nitrogen critical loads for ecoregions of the United States.
Ecol. Appl. 21, 3049–3082. https://doi.org/10.1890/10-2341.1.

Pearson, J., Wells, D.M., Seller, K.J., Bennett, A., Soares, A., Woodall, J., Ingrouille, M.J.,
2000. Traffic exposure increases natural 15N and heavy metal concentrations in
mosses. New Phytol. 147, 317–326. https://doi.org/10.1046/j.1469-
8137.2000.00702.x.
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