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a b s t r a c t

Reactive nitrogen (Nr) is an important driver of global change, causing alterations in ecosystem biodi-
versity and functionality. Environmental assessments require monitoring the emission and deposition of
both the amount and types of Nr. This is especially important in heterogeneous landscapes, as different
land-cover types emit particular forms of Nr to the atmosphere, which can impact ecosystems distinc-
tively. Such assessments require high spatial resolution maps that also integrate temporal variations, and
can only be feasibly achieved by using ecological indicators. Our aim was to rank land-cover types ac-
cording to the amount and form of emitted atmospheric Nr in a complex landscape with multiple sources
of N. To do so, we measured and mapped nitrogen concentration and isotopic composition in lichen
thalli, which we then related to land-cover data. Results suggested that, at the landscape scale, intensive
agriculture and urban areas were the most important sources of Nr to the atmosphere. Additionally, the
ocean greatly influences Nr in land, by providing air with low Nr concentration and a unique isotopic
composition. These results have important consequences for managing air pollution at the regional level,
as they provide critical information for modeling Nr emission and deposition across regional as well as
continental scales.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Reactive nitrogen (Nr) includes all nitrogen forms capable of
readily reacting and causing a number of cascading effects in the
environment: reduced nitrogen as ammonia and ammonium (NH3
and NH4), oxidized nitrogen oxides (NOx), nitrous oxide (N2O), ni-
trate (NO3

-) and nitrite (NO2
�). Reactive nitrogen is released from

human activities and its levels already exceed those of naturally
fixed N forms. This excess has negative impacts on ecosystem
structure and functionality (Erisman et al., 2007; van den Berg et al.,
by Dr. Hageman Kimberly Jill.
ursos Naturais e Ambiente,
Lisboa, Portugal.
2016). Knowing where excessive Nr is being deposited is important
in order to take appropriate management actions. However, map-
ping Nr deposition is not trivial (Hertel et al., 2012). On the one
hand, Nr has multiple sources that can be diffuse (such as agri-
culture or urban areas) or point sources (such as barns or chim-
neys). These different Nr sources co-occur with other areas that
emit little or no Nr (such as forests) e Nr sinks. On the other hand,
some Nr forms such as atmospheric ammonia (NH3) have a short
dispersion range (albeit large impacts on biological systems; Sutton
et al., 1998; Pinho et al., 2011), generating high spatial heteroge-
neity in Nr deposition (Pinho et al., 2014a). Using monitoring sta-
tions to map Nr deposition is very costly due to the large number of
stations required to capture the spatial heterogeneity of Nr sources.
Conversely, using passive samplers is not practicable, as they need
to be frequently replaced to allow for temporal integration. To
overcome these issues, modeling approaches have provided
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spatially explicit estimations of Nr deposition. Yet, so far these
models have been bounded to mapping very small areas with one
or few sources of Nr at high resolutions or to mapping large regions
at very coarse spatial resolutions (EEA, 2007). Moreover, modeling
Nr deposition requires knowing all sources, which is not feasible in
large regions where multiple sources and sinks coexist, and have
different and unknown relative strengths. This is the case in Eu-
ropean Mediterranean landscapes, where different land-cover
types co-occur at relatively small spatial scales and act as distinct
Nr sources or sinks.

Lichens can be used as ecological indicators of Nr deposition,
providing an excellent tool to overcome the issues of spatial reso-
lution (Ribeiro et al., 2014) and temporal integration stated above.
Lichens are the result of a symbiosis between algae and fungi and
both lichen diversity (Giordani, 2007; Pinho et al., 2004, 2008a,
2008b) and lichen accumulation of pollutants (Augusto et al.,
2010; Branquinho et al., 2008) are indicators of atmospheric
pollution. In particular, lichens can be used as indicators of Nr
concentration (Olsen et al., 2010), as Nr concentration in lichens
reflects the amount of Nr deposition from the atmosphere (Liu
et al., 2008; Pinho et al., 2014b; Zechmeister et al., 2008). In fact,
repeated sampling of a species in a given area with a single Nr
source has shown that lichen Nr concentration (N%) reflects Nr
deposition in that area (Branquinho et al., 2010; Gaio-Oliveira et al.,
2001, 2005).

Yet, multiple sources of Nr are likely to co-occur at larger spatial
scales, and emit distinct forms and amounts of Nr, such as reduced
(NHy) and oxidized (NOx) nitrogen (Boltersdorf and Werner, 2013).
Identifying the possible sources of pollutants, i.e. source-
apportionment, is thus essential for mapping Nr deposition at
large spatial scales without losing resolution. This can be achieved
by analyzing nitrogen isotopic composition (d15N) of the emitted
pollutant, as different Nr forms carry a different isotopic signal, i.e.
more or less depleted in the heavier isotope (15N; Felix and Elliott,
2014; Felix et al., 2014). Source apportionment using stable isotopes
is usually done with mixing models (Phillips and Gregg, 2003).
However, this is a complex approach and becomes impractical
when many different sources are present. This is impractical
because to run such models requires knowing the isotopic
composition of all sources of Nr in the area. However not all sources
are known a priori, and in large areas this can never be achieved. To
overcome this problem, Nr deposition in ecosystems can be used as
a nitrogen deposition mapping tool. Plants have been shown to
respond to different Nr sources by displaying different isotopic
composition (Hellmann et al., 2016); yet, they exhibit a limited
range of isotopic composition values (although larger variations
exist when nitrogen uptake is mainly foliar; see Fogel et al., 2008).
Unlike vascular plants, lichens and bryophytes exibit a large vari-
ation in nitrogen isotopic composition, and for a given area d15N
values are more negative than those for vascular plants (Fogel et al.,
2008). Importantly, N isotopic composition in lichens and bryo-
phites has been shown to be related to surrounding Nr sources. For
instance, d15N values of lichens and bryophytes collected in agri-
cultural areas tend to bemore negative, while those located in areas
without important Nr sources tend to be more positive (Boltersdorf
and Werner, 2013; Varela et al., 2013). Moreover, lichens should
reflect closely the 15N/14N ratio of the atmosphere, even under
rather depleted atmospheric values (~-19‰; Fogel et al., 2008).
However, the characteristic N% and isotopic composition (d15N) of
each land-cover type remain poorly characterized in lichens,
especially in areas with multiple sources. Thus, we confidently as-
sume that the (relative) d15N measured in lichens along an envi-
ronmental gradient of Nr sources reflects the relative composition
of the main Nr sources in that area.

Here we aimed to support the use of Nr emission/deposition
models, by using lichens as ecological indicators to rank land-cover
types according to the amount and form of emitted atmospheric Nr.
To demonstrate the potential of this approach we chose a complex
study area with multiple Nr sources, including industries and
agriculture, for each of which we identified the typical isotopic
signature. This information can be used in Nr emission/deposition
models to account for the form and amount of nitrogen emitted by
each land-cover type, therefore having important implications for
air pollution management at the regional level.

2. Methods

2.1. Study area and sampling design

This study covers a coastal area in southwest Europe of c.
380 km2 (Portugal, Alentejo Litoral region). Climate in this region is
typically Mediterranean, with average annual temperatures
ranging from 15.7 �C to 17.1 �C and a total annual precipitation of c.
600 mm (1950e2000 average) (Hijmans et al., 2005). The area
hosts a population of c. 34 565 inhabitants (INE, 2011) and
important industrial facilities (in Sines) that include petrochemical
industries, an oil refinery, an industrial harbor, a coal-fueled power
plant and an industrial water treatment plant. Apart from the in-
dustrial facilities, there are also three cities and many smaller set-
tlements in a matrix of forested areas (including cork oak
woodlands and pine and eucalyptus plantations) and shrubland.
Agriculture can be found in the remaining areas, including orchards
and small-scale animal farms, but these areas are mainly consti-
tuted by non-irrigated extensive agriculture for grain cultivation
and irrigated high-intensity agriculture for vegetables and rice,
most of which heavily fertilized (Fig. 1).

Sampling was distributed evenly across the study area in 43
sampling points (average distance between points 2300 m,
max ¼ 4900 m, min ¼ 650 m), where in situ thali of Parmotrema
hypoleucinum (Steiner) Hale were collected for analysis. By col-
lecting in-situ lichens we ensured that the samples had been
exposed to Nr deposition for a long period, thus representing a
temporal integration of Nr deposition. We selected P. hypoleucinum
because it can be found abundantly across this region due to its
mild tolerance to a range of disturbances. It is a green algae species
only, thus not know to be able to fix Nr from atmospheric N2. Lichen
samples were collected in a single day on February 7th, 2011. To
ensure that the conditions were adequate for Nr volatilization from
agriculture, we verified weather data of the period prior to the
sampling date (from November 1st, 2010 to February 7th, 2011)
from the nearest official climate monitoring station (IPMA). During
this 99-day period there were 56 days without precipitation, which
ensured both that the soil was wet enough for Nr volatilization, but
also that there were no barriers for Nr dispersion. Also during this
period, there were a total of 65 days with a temperature above
15 �C, which also ensures Nr volatilization from agriculture fields.
One 10 g composite sample was collected from 1 to 5 trees (using
the available tree species e mostly pines and cork oaks). Lichens
were collected from at least 1 m from the ground (to ensure a
prevalent effect of atmospheric conditions, rather than an influence
of the soil) and only from living trees.

Lichen samples were cleaned from debris, dried at room tem-
perature and powdered in a Reitsch MM2000 ball-mill. Stable
isotope ratio analyses were performed at the Stable Isotopes and
Instrumental Analysis Facility (SIIAF), at the Faculdade de Ciências,
Universidade de Lisboa - Portugal. Sample isotopic composition,
d15N, was determined by continuous flow isotope mass spectrom-
etry (CF-IRMS) (Preston and Owens, 1983), on a Sercon Hydra
20e22 (Sercon, UK) stable isotope ratio mass spectrometer,
coupled to a EuroEA (EuroVector, Italy) elemental analyser for



Fig. 1. Sampling points (n ¼ 43) and main cities, urban and industrial areas (label by number, 1 petrochemical industries, 2 oil refinery, 3 industrial harbor, 4 coal power plant, 5
industrial water treatment plant), and land cover adapted from Corine Land Cover (Caetano et al., 2009).
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online sample preparation by Dumas-combustion. Delta calculation
was performed according to d ¼ [(Rsample e Rstandard)/Rstandard],
where R is the 15N/14N ratio. d15NAir values are referred to air. The
(secondary) referencematerials usedwere Sorghum Flour Standard
OAS and Wheat Flour Standard OAS (Elemental Microanalysis, UK)
for nitrogen (with, respectively, d15NAir(Sorghum Flour
OAS)¼ 1.58 ± 0.15‰ and d15NAir(Wheat Flour OAS)¼ 2.85 ± 0.17‰).
These were regularly checked against primary reference materials
IAEA-N1, USGS-35, IAEA-600 and IAEA-CH7 (Coleman and Meier-
Augenstein, 2014). The uncertainty of the isotope ratio analysis
was calculated using values from 6 to 9 replicates of secondary
isotopic reference material interspersed among samples in every
batch analysis, and resulted in �0.1‰. The major mass signals of N
were used to calculate total N abundance using two elemental
composition reference materials, Sorghum Flour Standard OAS and
Wheat Flour Standard OAS (Elemental Microanalysis, UK) with
1.47% N and 1.47% N, respectively.

2.2. Data analysis

The N% and d15N data were firstly interpolated within the study
area for visual interpretation. Interpolation was done using ordi-
nary kriging after manual fitting of a function to the experimental
variogram (Goovaerts, 1997). A single spherical isotropic function
fit well all analyzed variables and thus was used for the
interpolations.

To determine the main sources of Nr in the study area, we
calculated univariate non-parametric correlations (Spearman) be-
tween N% and d15N and the area occupied by surrounding land-
cover types, in order to account for monotonic non-linear re-
lationships. As a first step, all level III classes of Corine Land Cover
were considered (Caetano et al., 2009) (see S. Table 1). We merged
Corine classes by level (considering level I, e.g. all classes belonging
to class “agriculture”) and by their relationship with lichen-
variables (either significantly positive/negative, or non-significant
relationships; Table 1). Further analyses were done on these
merged classes. To calculate the area occupied by surrounding land
cover we considered several buffers around sampling sites, using
circular shapes with radius sizes ranging from 80 to 5120 m (80,
160, 320, 640, 1280, 2560, 5120 m). Larger radii were not used as
they included most of the study area, resulting in meaningless
correlation values. All radius sizes were tested (data not shown).
Since the largest radius (5120 m) resulted in the most significant
correlations between N% and d15N variables and most land-cover
types, it was the only radius size retained for further analyses.

Typical N% and d15N land-cover values were analyzed for the
land-cover types that most influenced Nr variables (according to
the univariate correlations described above). To do so, we subset 5
unique sampling points per selected land-cover variable: that is, we
retrieved the top 5 sampling points with the largest coverage of
each land-cover type (considering the 5120 m radius), while
ensuring that no given point was simultaneously selected for more
than one land-cover type. Considering these points, boxplots of N%
and d15Nwere drawn to show the typical expected values of N% and
d15N for each land-cover type.

Spatial analyses were carried out using ArcGis v.10 (ESRI, 2010)
and GeoMs (CERENA, 2000). Other statistical analyses were per-
formed using CRAN software R (R Core Team, 2013) and Statistica
v.10 (Statsoft, 2012). Significance level a was set at 0.05.

3. Results

Values of N% in lichens ranged from 0.79% to 1.89% and d15N was
always negative, from �6.76‰ to �15.59‰ (see Fig. 2 for summary
statistics). Variogram analysis of N% revealed a strong spatial
structure at short distances with a nugget/total variance ¼ 0.3 and
2000 m range. d15N revealed a stronger spatial structure and at
larger distances, with no nugget effect and a 6000 m range. Inter-
polation of the variables revealed their spatial patterns (Fig. 2).
Higher N% were found to the northeast and southwest of the study
area and lower N% were located mostly near the ocean, except near
Sines's industrial area. Values of d15N were more negative to the



Table 1
Land-cover types merged after a preliminary analysis. All classes of the same Corine level I that presented similar relationship to N% and d15N were merged into a new class.

original Corine class number land-cover class in this work description of the land-cover class

111 to 112 urban mostly low-density urban areas
121 to 142 other artificial mostly industrial areas and roads
212 to 244 intensive agriculture irrigated and fertilized agriculture (rice and vegetable fields), small orchards and farms
211 extensive agriculture non-irrigated agriculture mostly for grain
311 to 324 semi-natural pine plantations (sea-side) and cork oak woodlands (inland) and also some dunes and scrubs
523 ocean open ocean areas
411 to 522 other inland and brackish waters (very uncommon and not considered in the analyses)

Fig. 2. Interpolated maps of N% (in %) and d15N (in ‰) measured in lichens and summary statistics for their observed values.
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northeast of the study area and less negative near the coast, except
to the north of Sines's industrial area.

Univariate correlations showed N% was significantly and posi-
tively correlated to urban areas and intensive agriculture areas, and
negatively so with ocean areas (Table 2). No significant correlations
were found for industrial areas or roads, grouped under the other
artificial class. Values of d15N showed significant positive correla-
tions with extensive agriculture and ocean, and negative correla-
tions with urban, intensive agriculture and semi-natural areas. Both
for N% and d15N, the most significant correlations were found with
areas occupied by intensive agriculture.

The univariate correlation analysis suggested that ocean, urban
and intensive agriculture were the main drivers of Nr deposition,
hence typical values of N% and d15N were plotted for these land-
cover types (Fig. 3). Points under great oceanic influence showed
the lowest N% (median ¼ 0.87%, max ¼ 1.05%, min ¼ 0.79%,
stdev ¼ 0.10) and the least negative d15N (median ¼ �9.43‰,
max ¼ �8.27‰, min ¼ �10.95‰, stdev ¼ 1.10‰). In opposition,
points under more influence from intensive agriculture showed the
highest N% (median ¼ 1.39%, max ¼ 1.61%, min ¼ 1.36%,
stdev ¼ 0.10%) and the more negative d15N values
(median ¼ �13.04‰, max ¼ �11.24‰, min ¼ �15.59‰,
stdev¼ 1.96‰). The points more influenced by urban areas showed
intermediate values of both N% (median ¼ 1.29%, max ¼ 1.46%,



Table 2
Non-parametric correlation coefficients (r) and p-values for the univariate correlations between N% and d15N and the area occupied by each surrounding land-cover type.
Significant correlations are shown in bold (p-value < 0.05). N ¼ 43.

urban other artificial extensive agriculture intensive agriculture semi-natural ocean

N% r 0.31 �0.23 �0.06 0.44 0.25 ¡0.44
p-value 0.046 0.143 0.715 0.003 0.102 0.003

d15N r ¡0.33 0.13 0.34 ¡0.69 ¡0.32 0.43
p-value 0.0302 0.389 0.027 0.000 0.036 0.004

Fig. 3. Typical nitrogen concentration (N%, %) and isotopic composition (d15N, ‰) values for the land-cover types that most influenced Nr deposition. Boxplots were drawn using
values of the 5 samples with the highest land cover of each type, but ensuring that no point was repeated across land-cover types. Land-cover types are sorted by increasing median
d15N. The median, 0.25 and 0.75 percentiles (boxes) and the minimum and maximum (whiskers) are shown.
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min ¼ 0.87, stdev ¼ 0.22%) and d15N (median ¼ �11.24‰,
max ¼ �9.44‰, min ¼ �13.16‰, stdev ¼ 1.37‰).
4. Discussion

Our study has shown that intensive agriculture, urban areas and
the ocean can have important, but distinct, influences on Nr
deposition at the landscape scale, generating spatially heteroge-
neous patterns. While intensive agriculture and urban areas were
associated with higher N% and more negative d15N values, samples
from areas dominated by ocean influence had lower N% and more
positive d15N.

The positive relationship between nitrogen concentration and
surrounding land cover suggested that the most important sources
of Nr deposition in our study area are intensive agriculture and,
albeit less importantly, urban areas. Agricultural activities are
known to be the most important human source of Nr e mostly in
the form of reduced Nr (NHy) (Erisman et al., 2008), but also
oxidized Nr (Felix and Elliott, 2014) e and lichens have been shown
to accumulate nitrogen when growing near agricultural areas
(Boltersdorf and Werner, 2013). Urban areas have also been asso-
ciated with the emission of Nr compounds, both in their reduced
(e.g. from sewage treatment plants; Liu et al., 2008) and oxidized
(NOx, e.g. from industries and vehicles combustions) forms, the
latter being dominant. Yet, in order to distinguish between these
potential Nr sources we considered Nr isotopic composition. Other
authors analyzing isotopic composition of atmospheric nitrogen
showed more negative values of d15N for reduced nitrogen than for
oxidized nitrogen. For example, atmospheric ammonia emitted by
cattle ranged from�56 to �23‰ d15N values (Felix et al., 2013) and
atmospheric ammonia derived from the application of fertilizers
ranged from �48 to �25.6‰ d15N. Correspondingly, d15N values for
lichens collected in Germany from areas with high cattle density
ranged from�10 to�8‰ (Boltersdorf andWerner, 2014). However,
Crittenden et al. (2015) showed completely different values for li-
chens close to a penguin rookery in Antarctica, ranging from �0.9
and þ 9.0‰. Also, d15N values of ammonia emitted by industries
(�15 to þ2‰) or vehicles (�5 to �3‰) generally tend to be higher
than ammonia emitted by agricultural activities (Felix et al., 2013).
On the other hand, d15N values for NOx range from þ5 to þ10‰
(with a maximum of þ15‰) when emitted from traffic (Felix and
Elliott, 2014; Laffray et al., 2010), þ10 to þ25‰ from power plants
(Felix et al., 2012), �8.5 to �29‰ from cattle waste and �26.5
to�30.8‰ from fertilized soil. In our study area, the rather negative
d15N values and high N% observed in lichens collected under the
influence of intensive agriculture (median ¼ 1.39%, and
median ¼ �13.04‰) suggested that the main source of Nr emitted
by human activities, and then captured by lichens, derived from
agriculture in the form of reduced nitrogen, i.e. NHx. The presence
of an area with low d15N values near the industrial area suggested,
by visual interpretation, that some Nr volatized by the industrial
facilities (e.g. the industrial sewage treatment plant) is being
incorporated into lichens (Fig. 2). However, this is likely occurring
at very low amounts, not modifying the nitrogen-concentration
measured in lichens at the regional scale.

We observed a general lack of agreement between the presence
of artificial areas other than urban (“other artificial areas”, including
roads and industrial facilities) and nitrogen concentrations and
d15N values. Since NOx has a much higher dispersion range than
reduced nitrogen (see Fournier et al., 2004), this lack of agreement
may be caused by the deposition of this oxidized nitrogen far from
its sources, possibly outside the sampling area. To test for this, we
would need to assess the relationship between atmospheric NOx
concentration and nitrogen variables in lichens, or to extend our
study to a much larger area. Additionally, fungal cell walls are
predominately negatively charged, which may prevent the
entrance of the negatively charged oxidized nitrogen (NO3

�) and
favor the entrance of the positively charged reduced nitrogen
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(NH4
þ), thusmasking relationships between atmospheric NOx and N

% and d15N values in lichens.
In the study area, the oceanic influence is expected to be rather

strong inland due the prevailing winds from north-north west. In
fact, the spatial pattern of N% in lichens has showed the lowest
values near the coast, supporting the idea that terrestrial ecosys-
tems have a prevailing role in processing Nr (Fowler et al., 2013).
Moreover, more positive d15N values were observed near the coast,
which suggests a very different isotopic signature from that of
inland Nr sources found in other studies (Lin et al., 2016). Ocean
ammonia was shown to have nearly positive d15N values (�10
to �2‰, Felix et al., 2013) or even completely positive if the
analyzed ammonia comes from remote sources (0 toþ6‰, Lin et al.,
2016). We were able to detect this distinct atmospheric Nr isotopic
signal, which has also been shown in vegetation growing under a
strong sea influence. Indeed, lichens in Antarctica that were largely
influenced by the ocean breeze displayed higher d15N values (close
to zero) than those located inland (Il Lee et al., 2009). These results
support our interpretation that ocean provides air with low Nr
concentrations and a different isotopic composition from inland air.
By visual interpretation of the d15N, we estimate that this influence
is more important within the first 3 km of the coast, which is in
agreement with other studies that measured salt deposition in the
same region (Figueira et al., 1999).

Knowing in a regional area which land-cover emits more or less
Nr and its form is important to local air quality plans, because the
amount and form of Nr can have different impacts on ecosystems.
Hence, our results and study approach can be of great use in ana-
lyses that attempt to model nitrogen emission and deposition from
local to regional spatial scales. Models such as FRAME (Fournier
et al., 2004) or EMEP (European Monitoring and Evaluation Pro-
gramme) rely on attributing a value of Nr emissions to each land-
cover type, especially for poorly characterized diffuse sources.
However, not all areas with the same land-cover type emit the
same amounts, e.g. one agriculture area can be more heavily
fertilized than other. Being able to rank the different areas can thus
improve model output accuracy. These results can also be used to
test predictions by these and other types of models, such as mixing
models used to estimate source proportions. While the values
found in lichens may not be directly comparable to the ones pre-
dicted by the models, the relative proportions modeled across
environmental gradients (e.g. regarding more agricultural versus
oceanic sources) should match the relative values found in lichens
across the same environmental gradient. If not, then there is likely a
source not being accounted for in themodel, and that source should
then be added, or further investigated.

5. Conclusion

We used lichens to rank land-cover types according to the
amount and form of emitted atmospheric Nr, in a large region with
multiple Nr sources. We observed that areas dominated by agri-
cultural sources emitted large amounts of Nr with very negative
d15N values, possibly in the form of reduced N. Urban areas were
also a source of Nr with negative d15N values, but to a lesser extent.
The ocean had a large impact on both the amount and form of Nr,
because it was a source of air with low Nr concentrations and more
positive d15N values. Analyzing nitrogen concentration and isotopic
values in lichens can thus provide valuable information on the form
and amount of atmospheric Nr emitted by distinct land-cover
types. This information can be extremely valuable for modeling
atmospheric Nr emission/deposition in large regions and to esti-
mate how each source impacts ecosystems, thus having important
consequences for managing atmospheric pollution at regional
scales.
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