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Abstract

Long-term human interactions with landscape and nature produced a plethora of trends
and patterns of environmental disturbances in time and space. Nitrogen deposition,
closely tracking energy and land use, is known to be among the main pollution drivers,
affecting both freshwater as terrestrial ecosystems. We investigated the geographical5

distribution of nitrogen deposition and the impacts of accumulation on recent soil
carbon to nitrogen ratios over Europe. After the Second Industrial Revolution (1880–
2010), large landscape stretches characterized by different atmospheric deposition
caused either by industrialized areas or by intensive agriculture emerged. Nitrogen
deposition affects in a still recognizable way recent soil C : N ratios despite the10

emission abatement of oxidized and reduced nitrogen during the last two decades.
Given the seemingly disparate land-use history, we focused on ∼10 000 unmanaged
ecosystems, providing evidence for a rapid response of nature to chronic nitrogen
supply by atmospheric deposition.

1 Introduction15

The global cycle of nitrogen (N) is unique and highly sensitive to human activities
(Costanza et al., 2007; Doney et al., 2007; Fowler et al., 2013). Shifts in nitrogen
availability alter carbon cycle and litter decomposition (Vitousek et al., 1997; Reich,
2009), affecting the heterotrophic component of ecosystem respiration. In terrestrial
ecosystems, the atmospheric nitrogen deposition is also a major source of concern20

because it induces soil acidification by decreasing the exchangeable cations pools
(Bowman et al., 2008). Moreover, the nutrient enrichment directly influences the
biodiversity and ecological stoichiometry of vascular plants through the soil (Stevens
et al., 2004; Mulder et al., 2013). Public and political concerns for current agricultural
and environmental policies have emphasized increased species loss related to nitrogen25
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deposition, and the impacts on biodiversity and ecosystem services have caught the
attention of many ecologists (Reis et al., 2012; Sutton et al., 2014).

Given the rapid expansion in Europe of industrial technology and intensive
agriculture during the late XIX Century (Mokyr, 1990), we chose 1880 as the starting
point under the hypothesis that accumulated nitrogen deposition since 1880 might have5

contributed most to the spatial variability of recent soil C : N ratios. We used 19 458
sites in 23 countries from a European Soil Survey (Tóth et al., 2013) to quantify the
effect of atmospheric deposition on soil C : N measurements in 2009 and separately
investigated nitrogen oxides (NOx, sum of NO and NO2), atmospheric ammonia (NH3),
and reactive nitrogen (Nr, defined as the sum of NOx and NH3). NOx is mostly emitted10

from fossil fuel combustion in industry and transport, whereas NH3 reflects the use of
fertilizers, agriculture being the causal agent of such emissions (Dignon and Hameed,
1989; Williams et al., 1992; Vitousek et al., 1997; Doney et al., 2007; Woodward et al.,
2012). More than half of the investigated sites are located in either France (2950 sites),
Spain (2693 sites), Sweden (2254 sites) or Germany (1888 sites).15

Between 1880 and 2010, estimated nitrogen emissions in each country for every
5 years until 1990 and each year afterwards were translated to depositions with the
aid of an atmospheric dispersion model (Sect. 2.1). The relation between long-term
nitrogen deposition and recent soil C : N ratio was tested by exploring whether clusters
of accumulated nitrogen deposition exist and if chemical footprints on soil C : N occur.20

This large-scale comparison was made possible by using consistent data from one
single survey in which all soils were sampled according to the same protocol and
analysed in the same laboratory (Sect. 2.2).
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2 Methods

2.1 Nitrogen deposition

Annual-average deposition time series of oxidized and reduced nitrogen were
computed with the former EMEP Lagrangian atmospheric dispersion model on
a 150km×150km grid covering Europe (Schöpp et al., 2003) and using the 12-years5

average climatology of 1985 to 1996. For the years after 1990, the depositions were
updated with results from the current EMEP Eulerian dispersion model (Simpson et al.,
2012), which computes outputs on a compatible 50km×50km grid (http://emep.int/
mscw). These newer results were also used to adjust the older simulations to ensure
a smooth transition in our deposition time series. Depositions at the C : N measurement10

sites were obtained by bi-linear interpolation from the four nearest grid values.

2.2 Soil data

We collected data from a recent European Soil Survey known as LUCAS (Land
Use/Cover Area frame Survey): ∼ 20 000 points were chosen for this harmonized
sampling with one standardized procedure, resulting in geo-referenced points classified15

according to land-cover types. Soil samples were collected in 2009 from 23 European
countries and all samples, weighing ∼ 11 tons, were sent to one central laboratory
at the JRC (Ispra, Italy) and stored in the European Soil Archive Facility where the
soil C : N was measured (Tóth et al., 2013). We have selected 19 458 locations with
complete categorical site description: 8010 locations were assigned to “croplands”20

(cereal fields, winter farms with annual or permanent crops, orchards, vineyards,
etc.), twelve locations could not be assigned to one specific land use/cover, and the
remaining unmanaged locations (including two organic soil outliers with C : N>200)
were woodlands, shrublands or grasslands (lumped together as “nature”).
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2.3 Cluster analysis

To explore the similarities of the time series from 1880 up to 2010, we used the
TwoStep Clustering method (SPSS, 2001). This method implies a pre-clustering of
cases with a sequential approach and then a model-based hierarchical technique
similar to agglomerative techniques, where the pre-clusters are merged stepwise until5

all locations hierarchically close to each other fall within the same cluster. The numbers
of clusters are determined with a two phase estimator like the Akaike’s Information
Criterion (AIC) and a (ratio of) distance measure in both pre-cluster and cluster steps.
AIC is a relative measure of goodness of fit and is used to compare different hierarchical
solutions with different numbers of clusters: any good hierarchical solution will have10

a reasonably large ratio of AIC changes and the distance ratio measures the current
number of clusters against the previous number of clusters. The TwoStep Clustering
method became rapidly accepted when Chiu et al. (2001) noted that this approach
was able to find the correct number of clusters for ∼ 98 % of the generated data sets.
Running TwoStep Clustering separately for nitrogen oxides, atmospheric ammonia and15

reactive nitrogen, the correct numbers of deposition clusters were determined (please
refer to the Tables S1–S3 in the Supplement).

3 Results and discussion

Clustering enables detecting sites with similar historical paths of nitrogen deposition,
showing how much sites respond to nitrogen supply through atmospheric deposition20

over time. Figure 1 shows the distribution across Europe of hotspots and spatial
aggregations in all forms of nitrogen deposition. The ammonia clusters are distinct
(the high load is more than two-fold the low load) and Deposition Cluster I visualizes an
emerging cocktail of manure and synthetic fertilizers due to intensive agriculture (Fig. 1,
upper left). In contrast, long-term deposition of NOx reflects demographic pressure and25

industrial boundaries and needs three clusters to be fully characterized (Fig. 1, bottom
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left). Also Nr shows a clear distinction between its two clusters, where the high annual
load (averaging ∼ 15.2 kgNha−1, Deposition Cluster VII), covers the former Austro–
Hungarian Empire, Western Germany, Brittany and the Po Valley (Fig. 1, upper right).

Within one century, the average of Nr increased everywhere more than two-fold
between 1880 and 1980. In 2010 the Nr deposition was still much higher than in 1880,5

and only 16 sites (0.082 %) exhibited in 2010 a lower Nr deposition than in 1880, with
the highest increase in southern Europe (up to 8 times the Nr deposition of 1880).
Shortly after World War II, NH3 and NOx started to rise rapidly in Europe (Fig. 2), as
agricultural production surpassed pre-war levels and industrial production recovered
(van Aardenne et al., 2001). The 1980s were tipping points for nitrogen deposition and10

since the 1999 Gothenburg Protocol to Abate Acidification, Eutrophication and Ground-
level Ozone, the deposition of oxidized and reduced nitrogen started to decrease
simultaneously (Fig. 2), with the most pronounced reductions in Eastern Europe (Rafaj
et al., 2014).

Clustering highly increased the discrimination power to establish historical shifts in15

recent soil C : N ratios (Table 1). We used these nitrogen deposition clusters to assess
the spatial distribution of recent soil C : N assuming the existence a long-term footprint
in soil C : N ratios due to atmospheric deposition, although some authors claim that –
at least in forests – effects due to nitrogen deposition are far from causal (Nadelhoffer
et al., 1999; Cools et al., 2014). Our soil C : N ratio in mass units averages 16.1820

(±8.38 SD) and the coefficient of variation is 51.8 % (Fig. 1, bottom right). To investigate
the extent to which atmospheric nitrogen deposition affects terrestrial ecosystems, we
compared geospatial patterns of recent soil C : N ratios with temporal trends in nitrogen
deposition, keeping in mind that time is one-dimensional and directional, whereas
space is two-dimensional and non-directional (White, 2007).25

Overall, a generalized linear model (here as GLM with normal distribution, identity
link) for soil C : N as function of historical depositions showed a temporal increase
in Wald’s χ2 from 1814.9 (in 1905) to 2450.7 (in 2005), suggesting the short-term
supply of nitrogen through atmospheric deposition as primarily responsible for soil C : N

4320

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/4315/2015/bgd-12-4315-2015-print.pdf
http://www.biogeosciences-discuss.net/12/4315/2015/bgd-12-4315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 4315–4330, 2015

Soil C:N response to
recent nitrogen

deposition in Europe

C. Mulder et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(p < 0.0001). We analysed the clusters separately with high vs. low nitrogen loads
as classification variables, and detected a comparable χ2 increase in time. We also
analysed the unmanaged and managed ecosystems separately and detected negative
associations between the soil C : N ratio and the nitrogen deposition clusters (the
Mantel’s asymptotic method exhibits t = −12.23 for 11 434 natural ecosystems but only5

a slight t = −0.59 for 8010 agroecosystems). Given the computational independence of
our matrices, this Mantel analysis assessed that the associations between the nitrogen
deposition during 130 years and the recent soil C : N ratios were much stronger in
natural ecosystems than could result from chance.

Focusing on natural ecosystems, the same type of GLM was performed for the10

recent soil C : N as function of accumulated Nr, assuming that all locations sampled
in 2009 and classified as “nature” were surely unmanaged 5 years before sampling
and most probably even unmanaged 50 years before sampling. For the soil C : N ratios
of the natural ecosystems under chronic pollution there was a significant increase of
explanatory power by reduced time-spans of accumulated Nr deposition (p = 0.00004).15

In these natural ecosystems – all located within Deposition Cluster VI (Fig. 3, upper
panel) – almost half of the variation of the soil C : N ratio is likely to be explained by
chronic nitrogen pollution at the site (R2 = 46.3 %).

Such a conclusion is indirectly supported by the lack of any significant trend in
the other natural ecosystems, all located within Deposition Cluster VII (Fig. 3, lower20

panel), given that their area is associated with intense human activity, high emissions
and soil saturation due to elevated nitrogen loads. Soils C : N of natural sites seem to
be the most sensitive to five-year pulses of atmospheric nitrogen supply, short-term
deposition clearly being the best predictor for recent soil C : N ratios under chronic
nitrogen deposition (R2 = 89.2 %, F = 66.09). Although sudden increases in nitrogen25

availability enhance carbon cycling rates and carbon–nitrogen feedbacks are mostly
related to harvest (Gerber et al., 2010), forests play a major role in the uptake and
storage of carbon (Gerber et al., 2010; Fleischer et al., 2013) and act, like grasslands,
as a sink for anthropogenic CO2 (Pregitzer et al., 2008; Johnson et al., 2013). Hence,
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atmospheric nitrogen deposition affected nature in Europe both directly and through
secondary effects, contributing via N-saturated soils to enhanced leaching of nitrogen
to rivers and finally to the sea (Galloway et al., 2004; Doney et al., 2007; Woodward
et al., 2012).

4 Conclusions5

Spatial clustering reveals long-term effects of atmospheric nitrogen deposition on
the recent soil C : N ratios in Europe. While an inverse correlation between this
anthropogenic input and soil C : N seems to be intuitive, the extent to which this
relationship holds has never been investigated before. Our results show that the
C : N ratio varies more across the soils of natural ecosystems with a history of10

low (chronic) nitrogen pollution and that it remains surprisingly constant elsewhere.
Moreover, despite the investigated deposition of nitrogen since the 1880s, it turns out
that soils supposed to be under low pressure are not only the most affected by nitrogen
accumulation, but also the most responsive to a short-term supply of atmospheric
nitrogen in their recent past.15

Signals from responsive chronic nitrogen pollution became detectable only after
clustering the nitrogen deposition, and we were able to provide novel evidence that
the soil C : N of natural ecosystems is highly-responsive to Nr. We detected where and
why nitrogen supply through atmospheric Nr deposition affects natural ecosystems.
How much anthropogenic nitrogen becomes mediated through soil processes has to be20

addressed in the future, given the long history of land (ab)use in Europe that hampered
until now the detection of robust effects directly attributable to the nitrogen deposition.

We are better equipped than ever before and big data can visualize such
global changes, making forecasting of large-scale data-driven evidence for chemical
footprints possible. Among others, this paper demonstrates that clustering big data25

on broad spatial and temporal scales allows successful exploration of the long-term
relevance of atmospheric nitrogen deposition on measured soil C : N ratios. As the
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soil black box is now in the “front line” (Schmidt et al., 2011), mapping soil and air
compartments together can provide more valuable inputs and contribute to a much
better management and conservation of our environment.

The Supplement related to this article is available online at
doi:10.5194/bgd-12-4315-2015-supplement.5
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Table 1. Soil C : N values clearly differ per nitrogen deposition cluster. The soil C : N ratios are
given as cluster-specific averages (± standard error); Roman numbers (I–VII) as in Fig. 1 and
2. Both the three-factor ANOVA with NH3, NOx, and Nr (= NOx +NH3) and the nested ANOVA
with NH3 (Nr) and NOx (Nr) are significant for their long-term effects on the soil C : N ratios (all
share p < 0.0001).

High Nitrogen Loads Low Nitrogen Loads

NH3 Deposition Clusters I: 13.97 (±0.15) II: 16.43 (±0.06)
NOx Deposition Clusters IV: 14.16 (±0.07) III: 17.89 (±0.09)

V: 12.67 (±0.23)
Nr Deposition Clusters VII: 14.26 (±0.14) VI: 16.51 (±0.07)
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Figure 1. Nitrogen deposition and the recent soil C : N ratios (mass units). Spatial clusters
(clockwards) of NOx, NH3, and Nr (= NOx + NH3) 1880–2010 depositions at the 19 458 sites of
the soil C : N in 2009. The darker the colour of a cluster, the higher the nitrogen load for NH3,
NOx, and Nr. Deposition Cluster IV reveals a high degree of homogeneity in the NOx deposition,
in contrast to the patchiness of Deposition Cluster I (NH3). However, NH3 deposition accounts
the most for the aggregation of Deposition Cluster VII (Nr). Correlations in natural ecosystems
between recent soil C : N ratios and short-term Nr deposition in Fig. 3.
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Figure 2. Temporal cluster vector means (averages and standard errors of the series) of the
depositions of NH3 (upper panel), NOx (middle panel), and Nr (lower panel) across Europe.
The colours and Roman numbers correspond to those used for the clusters in Fig. 1. The
Nr deposition did not increase during the 1940s and started to rise again shortly after the
introduction of the Marshall Plan in Europe. The time series for Deposition Cluster V (NOx),
encompassing 408 sites located in the Po Valley (Italy) subject to local thermic inversion, is the
only trend that suddenly intercepts other trends when the resolution of the dataset increases
from 5 year calculations (1880–1990) to yearly observations (1990–2009).
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Figure 3. Cumulative Nr deposition of the last five years prior to sampling and soil C : N
ratios: negative power functions of soil C : N ratios in nature (measured in 2009) as predicted
by cumulative Nr deposition. Upper panel: 9888 unmanaged sites belonging to the cluster
with low Nr load but chronic exposure to nitrogen (Deposition Cluster VI); lower panel: 1546
unmanaged sites under excessive Nr load (Deposition Cluster VII). This last cluster acts as
a kind of envelope which incorporates sites with low soil C : N ratios. We were not able to
extract a significant deposition effect for managed ecosystems, although long-term inverse
relationships between Nr and soil C : N hold (please refer to the Table S4).
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