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a b s t r a c t

A survey of 153 acid grasslands from the Atlantic biogeographic region of Europe indicates that chronic
nitrogen deposition is changing plant species composition and soil and plant-tissue chemistry. Across the
deposition gradient (2e44 kg N ha�1 yr�1) grass richness as a proportion of total species richness
increased whereas forb richness decreased. Soil C:N ratio increased, but soil extractable nitrate and
ammonium concentrations did not show any relationship with nitrogen deposition. The above-ground
tissue nitrogen contents of three plant species were examined: Agrostis capillaris (grass), Galium saxatile
(forb) and Rhytidiadelphus squarrosus (bryophyte). The tissue nitrogen content of neither vascular plant
species showed any relationship with nitrogen deposition, but there was a weak positive relationship
between R. squarrosus nitrogen content and nitrogen deposition. None of the species showed strong
relationships between above-ground tissue N:P or C:N and nitrogen deposition, indicating that they are
not good indicators of deposition rate.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric nitrogen (N) deposition is a global environmental
problem. Nitrogen oxides are predominantly emitted from the
burning of fossil fuels. Between 1980 and 2003 most of Europe
(excluding Portugal, Spain and Greece) saw a reduction in oxidised
s).
itute, P.O.Box 1072, 3430 BB

All rights reserved.
N emissions of between 20 and 50%. This downward trend is
generally reflected in wet deposition (in rainfall) but not in dry
deposition (as a gas or fine particulate) (Fagerli and Aas, 2008). For
ammonia emissions and deposition the pattern is much more
mixed, with some European countries showing small decreases and
others increase. 90% of ammonia emissions are from agricultural
sources (Erisman et al., 2008) and consequently can vary greatly
within a small area. Nevertheless, total deposition of N remains
high in many parts of Europe and critical loads (thresholds above
which there is risk of damage to sensitive components of the
ecosystem) are already exceeded inmany countries (Galloway et al.,
2008), representing a threat to biodiversity and ecosystem services
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Fig. 1. Map of the 153 acid grasslands surveyed in the Atlantic biogeographic zone of
Europe.
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(Mace et al., 2005). Indeed, N deposition is forecast to be, together
with land use and climate change, in the top three drivers of change
in global biodiversity by the year 2100 (Sala et al., 2000).

Nitrogen deposition has a number of different potential impacts
on semi-natural ecosystems. At high air concentrations NH3 and
NH4

þ are phytotoxic, causing leaf damage and growth reduction (e.g.
Pearson and Stewart, 1993; Sheppard and Leith, 2002). Concen-
trations of ammonia high enough to cause direct toxicity are quite
rare in Europe and generally only occur in the immediate vicinity of
point sources. However, at lower levels, the effects of N deposition
on vegetation can still be observed, including soil-mediated effects
of eutrophication and acidification, and increased susceptibility to
secondary stress (Bobbink et al., 2010).

In many semi-natural terrestrial ecosystems N is the limiting
nutrient, so the addition of N has the potential to increase primary
productivity. This can lead to increased plant competition for other
resources, such as light and phosphorus, shifting the plant community
towards one dominated by more competitive species (e.g. Bobbink
et al., 1998; Clark et al., 2007; Hautier et al., 2009). Grasses are
generally considered to be the more productive component of grass-
lands and are frequently thought to increase in response to eutrophi-
cation, shading out stress-tolerant components of the sward (e.g.
Hautier et al., 2009). This results in changes in species composition
and the balance of functional groups. The increase in plant litter from
the enhanced productivity of vegetation can increaseN turnover.More
decomposable species are often favoured and tissue quality increases
leading to an increase in N mineralisation rates (Aerts and Chapin,
2000). Other effects of N deposition include an increased suscepti-
bility to insect herbivory, such as the increased frequencyand intensity
of attacks on Calluna vulgaris from the heather beetle (Lochmaea
suturalis) (e.g. Brunsting and Heil, 1985). Increased attacks from insect
herbivores are thought to be related to elevated concentrations of N in
plant tissues and decreased concentrations of carbon (C) -based
defensive compounds (Throop and Lerdau, 2004). Indeed, many
studies have reported changes in plant-tissue chemistry related to N
deposition (e.g. Pitcairn et al., 1998; Gidman et al., 2006). N deposition
also leads to an increased incidence of drought and frost stress (e.g.
Carroll et al., 1999), which, due to species differences in susceptibility,
can alter plant species composition.

Deposition of acids in precipitation, oxidation of dry-deposited
compounds, loss of basic cations through ion exchange, plant
uptake, and nitrification of ammonium, result in a reduction of soil
pH either directly or indirectly related to N deposition (Bobbink
et al., 2010). Increased soil acidity can have a number of poten-
tial consequences including increased solubility of potentially
toxic metals, changes to nutrient cycling, reducing or changing the
populations of soil microbes and fauna, and changing plant species
composition and richness (Johnston et al., 1986; Falkengren-
Grerup, 1995; Stevens et al., 2004, 2009a). The potential for
N deposition to impact plant species composition, soil chemistry
and plant-tissue chemistry has been clearly demonstrated in
numerous N addition experiments in a range of habitats (e.g.
Phoenix et al., 2003; Pilkington et al., 2005; Berger et al., 2009).
However, there have been far fewer investigations on whether
these changes are actually occurring at a regional scale. There have
been several studies in Great Britain demonstrating changes in
plant species richness and composition (e.g. Stevens et al., 2004;
Maskell et al., 2010) and soil chemistry (e.g. Stevens et al., 2006;
Stevens et al., 2009a) across an N deposition gradient but, until
now, none that investigate correlations between N deposition and
soil chemistry and plant-tissue chemistry in acid grasslands at
a European scale.

Here we report data from a study that gathered data on species
composition, soil chemistry and plant-tissue chemistry from 153
acid grasslands in 13 different countries within the Atlantic
biogeographic zone of Europe. This was used to test the hypotheses
that 1) the proportion of species richness accounted for by forbs
will decrease whilst the proportion of species richness accounted
for by grasses will increase; 2) Al:Ca ratio and soil nitrogen (avail-
able nitrate, ammonium and total N) will increase and C:N ratio will
decrease with increasing N deposition and 3) the nitrogen
concentration of plant tissues will increase with increasing N
deposition. Richness of functional groups as a proportion of total
species richness was used to assess relative changes in composition
and to determine whether the proportion of richness made up by
the functional groups is changing rather than changes observed
being a function of changing richness. The results of this study will
demonstrate impacts of ambient levels of N deposition over a large-
scale spatial gradient providing evidence for European policy and,
in particular, the development of critical loads for nitrogen.
2. Methods

153 acid grasslands belonging to the Violion caninae association (Schwickerath,
1944) were surveyed within the Atlantic biogeographic zone of Europe (Fig. 1). This
community is typically dominated by grasses including Agrostis capillaris and Festuca
ovina or rubrawith forbs such as Galium saxatile and Potentilla erecta and bryophytes
including Rhytidiadelphus squarrosus occurring at a high constancy. Soils are variable
in texture and of acidic pH (approximately pH 3.5e6). This community is found
throughout the Atlantic biogeographic region of Europe. The grasslands were
selected to cover the range of atmospheric N deposition in Europe (N deposition at
sites ranged from 2 to 44 kg N ha�1 yr�1). None of the grasslands surveyed were
fertilised and all were managed by grazing or cutting. Areas within the grassland
that belonged to other plant communities or were strongly affected by animals,
tracks and paths, or were in the rain shadows of trees or hedges were excluded from
the survey. Surveys were conducted between May and September in 2002/3 and
2007. At each site, five randomly located 2 � 2 m quadrats were surveyed within
a 1 ha area. Within each quadrat all vascular plants and bryophytes were identified
to a species level. A description of the site was made including latitude, longitude,
aspect, slope, patch size of the habitat fromwhich the sample was taken, soil depth,
management intensity (estimated based on vegetation height and number of
grazing animals on a scale of one to three from intensive to extensive) and dominant
species in adjacent vegetation communities.

Soil samples were collected from each quadrat. Topsoil samples were taken at
a depth of 0e10 cm below the litter layer. Samples were taken from two opposing
corners of the quadrat using a trowel and bulked to give one sample per quadrat.
Subsoil samples were taken at a depth of 20e30 cm deep or, where soils were
shallower than 20 cm, as deep as possible. Subsoil samples were taken from the
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centre of the quadrat using a 5 cm diameter soil auger. All soil samples were bagged
and kept cool during transit.

Plant-tissue samples were collected from within the vicinity of the quadrats.
Approximately two grams (dry weight) of above-ground material were collected for
three species: Agrostis capillaris L. (bent grass), Galium saxatile L. (lady’s bedstraw)
and the moss Rhytidiadelphus squarrosus (Hedw.) Warnst at all sites where the
species occurred. These species were selected as they are both common and
abundant throughout the geographical area investigated in this project. Only living
material was collected. Samples were washed in deionised water.

In the laboratory, soil samples were air dried, roots and stones removed and
remaining soil ground to<2mmprior to analysis using a pestle andmortar. For total
carbon (C) and N analysis, soils were ground to a fine powder. Plant samples were
oven dried for three days at 55 �C and then ground to <2 mm.

Nitrate, ammonium, dissolved calcium (Ca) and aluminium (Al) concentrations
were analysed using two different methods. Samples collected in 2002 and 2003
were leached with 1 M KCl and the resulting nitrate and ammonium analysed using
an ion chromatograph. Other samples were shaken with 0.4 M NaCl and analysed
using an auto-analyser. For all samples metal concentrations were determined using
an ICP-MS. A comparison between the two methodologies was made to ensure they
were compatible. Total C and N content of the soil and plant material was analysed
using a CN element analyser. Plant-tissue phosphorus (P) concentration was
determined using a dry ashing extraction method (Chapman and Pratt, 1985; Ryan
et al., 2001) followed by a Barton colour complex (MAFF, 1986). Absorbance was
determined using a colorimeter at a wavelength of 410 nm. Soil pH was determined
using a pH probe in a 1:5 slurry of soil and deionised water.

Meteorological data for all the sites were obtained from the European Space
AgencyMonitoring Agriculturewith Remote Sensing (MARS) unit (MARS, 2009). Ten
year averages (1996e2006) were calculated for each site for mean annual potential
transpiration, mean minimum daily temperature, mean maximum daily tempera-
ture and mean annual rainfall. Radiation index (based on latitude, aspect and slope)
was calculated according to Oke (1987). The European gradient gives a greater range
of N deposition compared to the UK alone but also covers a broader range of climatic
conditions including sites that were wetter, drier, warmer and cooler than found in
the UK alone.

For each site, total N, reduced N, oxidised N and sulphur (S) deposition datawere
modelled using the best available deposition model. National models were used for
Germany (Gauger et al., 2002), the Netherlands (Van Jaarsveld, 2004; Asman and
van Jaarsveld, 2002; Van Jaarsveld, 1995) and the United Kingdom (NEGTAP, 2001;
Smith et al., 2000). For all other countries the EMEP-based IDEM model (Pieterse
et al., 2007) was used. For all of the models, deposition was calculated as a three-
year average (2000e2003) to provide a robust estimate of longer-term N inputs.
Acid deposition was calculated from the molar equivalents of reactive N and S
(NO3

� þ NH4
þ þ SO4

2�, mmolc m�2 y�1).
Linear regression and linear mixed-effects models were conducted using R

(R Core Development Team, 2007; package nlme). All variables were checked for
normality and corrected if necessary and strongly inter-correlated independent
variables (r > 0.6) were removed from the models. Linear mixed-effects models
(dependent variables topsoil pH, Al, nitrate and ammonium concentrations, total
soil C, total soil N, soil C:N and plant-tissue N concentration for Agrostis capillaris,
Galium saxatile and Rhytidiadelphus squarrosus) used the following predictors: lati-
tude, longitude, altitude, aspect, inclination, mean maximum daily temperature,
meanminimum daily temperature, mean annual rainfall, radiation index, vegetation
height, management intensity, total N deposition and S deposition, and country as
a random variable. For plant-tissue variables soil topsoil pH, Al, nitrate and
ammonium concentrations, total C, total N, C:N were included as predictors.
Minimum adequate models were selected manually by deleting variables until only
significant variables remained. For plant composition data, the five replicate quad-
rats at each site were added together to give a list of species per site. Within func-
tional group richness for grasses, forbs and bryophytes was calculated as
a proportion of total species richness. Species richness for each functional group is
presented in Stevens et al. (2010a).

3. Results

3.1. Nitrogen deposition

Total inorganic N deposition ranged from 2 to 44 kg N ha�1 yr�1.
Oxidised N deposition ranged from 1.2 to 18.3 kg N ha�1 yr�1 and
reduced deposition ranged from 1.2 to 28.7. Oxidised and reduced
deposition was highly correlated with total N deposition (oxidised:
r ¼ 0.85; reduced: r ¼ 0.96) and each other (r ¼ 0.69).

3.2. Functional group composition

Results for total species richness are presented in Stevens et al.
(2010). Species richness of grasses (mean of five 2 � 2 m quadrats)
ranged from 2.2 to 8.4 species. Grass richness as a proportion of
total species richness shows a significant positive relationship with
N deposition (r2¼ 0.21, p< 0.001) (Fig. 2a). Breaking this down into
reduced and oxidised N shows that both have very similar rela-
tionships with grass richness (reduced N: r2 ¼ 0.18, p < 0.001,
oxidised N: r2 ¼ 0.16, p < 0.001). Species richness of forbs (mean of
five 2� 2mquadrats) ranged from0.2 to 14.4 species. Forb richness
as a proportion of total species richness shows a significant nega-
tive relationship with N deposition (r2 ¼ 0.13, p < 0.001) (Fig. 2b).
As with grass richness, both reduced and oxidised N have very
similar negative relationships with forb richness (reduced
N: r2 ¼ 0.12, p < 0.001, oxidised N: r2 ¼ 0.10, p < 0.001). Species
richness of bryophytes (mean of five 2� 2m quadrats) ranged from
0 to 8 species. Bryophyte richness as a proportion of total species
richness shows a weak but significant positive relationship with N
deposition (r2 ¼ 0.06, p < 0.001) (Fig. 2c). Reduced and oxidised N
also shows similar positive results when analysed against the
proportion of bryophytes (reduced N: r2 ¼ 0.06, p < 0.01, oxidised
N: r2 ¼ 0.02, p < 0.05).

3.3. Soil chemistry

Both topsoil and subsoil pH show a significant negative rela-
tionship with total inorganic N deposition (topsoil: r2 ¼ 0.20,
p < 0.001, subsoil N r2 ¼ 0.20, p < 0.001). Both topsoil and subsoil
pH show stronger negative relationships with oxidised N deposi-
tion than reduced N deposition (Topsoil: reduced N r2 ¼ 0.14,
p < 0.001, oxidised N r2 ¼ 0.25, p < 0.001; subsoil:reduced N
r2 ¼ 0.13, p < 0.001, oxidised N r2 ¼ 0.24, p < 0.001). However, the
close correlation between oxidised and reduced deposition mean
that this should be interpreted with care. When total acid deposi-
tion is used instead of total inorganic N deposition, the relationship
is slightly improved (topsoil r2 ¼ 0.25, p < 0.001, subsoil r2 ¼ 0.22,
p < 0.001). The minimum adequate linear mixed-effects model for
topsoil pH showed significant effects of N deposition (parameter
value �0.149, p < 0.01), latitude (parameter value 0.412, p < 0.001)
and inclination (parameter value �0.006, p < 0.01).

Aluminium concentration (ln transformed for normality) in the
topsoil is negatively correlated with topsoil pH (r2 ¼ 0.35,
p < 0.001). There is a weak but significant positive relationship
between aluminium concentration and N deposition (r2 ¼ 0.07,
p < 0.001). The positive relationship between Al concentration and
acid deposition is slightly stronger than with N deposition
(r2 ¼ 0.11, p < 0.001). The minimum adequate linear mixed-effects
model showed significant effects of N deposition (parameter value
0.01, p < 0.05), altitude (parameter value 0.14, p < 0.001) and
rainfall (parameter value 0.0003, p < 0.05). Aluminium: calcium
ratio (Al:Ca) (ln transformed for normality) shows a weak but
significant positive relationship with N deposition (r2 ¼ 0.05,
p< 0.01). There is no improvement in the relationship by using acid
deposition rather than N deposition (data not shown).

Topsoil nitrate concentration (ln transformed for normality)
shows no significant relationship with N deposition (p ¼ 0.92). The
minimum adequate linear mixed-effects model showed a significant
relationshipwith latitude (parameter value0.339, p< 0.001), altitude
(parameter value 0.447, p < 0.05), inclination (parameter
value �0.046, p < 0.01) and rainfall (parameter value �0.001,
p < 0.05).

Topsoil ammonium concentration (ln transformed for
normality) shows a weak but significant positive relationship with
N deposition (r2 ¼ 0.03, p < 0.05) but this relationship is mainly
driven by a few high points. The minimum adequate linear mixed-
effects model showed significant effects of N deposition (parameter
value 0.043, p < 0.001), altitude (parameter value 0.287, p < 0.001)
and rainfall (parameter value 0.001, p < 0.05).
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Fig. 2. Within functional group richness as a proportion of species richness for a) grasses, b) forbs and c) bryophytes against total inorganic N deposition for 153 acid grasslands in
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Total N content of the soil shows a weak but significant negative
relationship with N deposition (r2 ¼ 0.04, p < 0.05) but, again, this
relationship is mainly driven by high results from a few sites. This is
confirmed by N deposition not being included in the minimum
adequate linear mixed-effects model, significant effects were iden-
tified for longitude (parameter value �0.023, p < 0.001), latitude
(parameter value 0.035, p < 0.001) and altitude (parameter value
0.110, p < 0.001). There is no significant relationship between soil C
content and N deposition (p ¼ 0.06). The minimum adequate linear
mixed-effects model showed significant effects of longitude
(parameter value�0.310, p< 0.001), latitude (parameter value 0.645,
p< 0.001), altitude (parameter value1.926, p< 0.001) and vegetation
height (parameter value�0.155, p< 0.05). However, C:N ratio shows
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Fig. 3. Topsoil C:N ratio against a) total inorganic N deposition and b) pH for 153 acid gras
Fig. 2.
a significant positive relationship with N deposition (r2 ¼ 0.15,
p < 0.001) (Fig. 3a). There is a clear significant negative relationship
between C:N ratio and pH (r2 ¼ 0.29, p < 0.001) (Fig. 3b).

3.4. Plant-tissue chemistry

A. capillaris was collected from a total of 148 sites. There is no
significant relationship between N deposition and A. capillaris tissue N
content (p¼ 0.87) (Fig. 4a), C:N ratio (p¼ 0.66) or N:P ratio (p¼ 0.29).
For tissue N content the minimum adequate linear mixed-effects
model showed significant effects of latitude (parameter value�0.482,
p < 0.001), soil pH (parameter value �1.608, p < 0.05), S deposition
(parameter value 0.172, p < 0.05), management intensity (parameter
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value 1.159, p < 0.01) and soil nitrate concentration (parameter value
0.413, p < 0.01). G. saxatile was collected from 115 sites, being most
commonly absent from sites in France. There is no significant rela-
tionship between N deposition and G. saxatile tissue N content
(p ¼ 0.42) (Fig. 4b) or C:N ratio (p ¼ 0.32). N:P ratio has a weak but
significant positive relationshipwithNdeposition (r2¼ 0.04,p< 0.05).
R. squarrosus was collected from a 148 sites. For tissue N content the
minimum adequate linear mixed-effects model showed significant
effects of soil carbon (parameter value �0.167, p < 0.001), soil
ammonium concentration (parameter value 0.726, p< 0.001) and soil
nitrate concentration (parameter value 1.267, p < 0.001). There is
aweak but significant positive relationship between N deposition and
R. squarrosus tissue N content (r2 ¼ 0.10, p < 0.001) (Fig. 4c). There is
also aweakbut significant negative relationship betweenNdeposition
and R. squarrosus C:N (r2¼ 0.08, p< 0.001) but not N:P (p¼ 0.20). For
tissue N content the minimum adequate linear mixed-effects model
showed significant effects of N deposition (parameter value 0.086,
p < 0.001), longitude (parameter value 0.167, p < 0.001), and
management intensity (parameter value 0.584, p < 0.05).

4. Discussion

4.1. Functional group composition

There are clear relationships in the plant species composition
data that show that the proportion of grass richness in the sward
increases with increasing N deposition, whereas the proportion of
forb richness decreases steeply. Species richness of forbs showed
a significant reduction with increasing N deposition (Stevens et al.,
2010a). A similar trend was observed in the earlier UK survey
(Stevens et al., 2004) and other surveys (e.g. Stevens et al., 2009b;
Duprè et al., 2010) as well as in N addition experiments (e.g.
Mountford et al., 1993; Wilson et al., 1995). Although N deposition
impacts are usually attributed primarily to eutrophication and the
alteration of competitive interactions (e.g. Hautier et al., 2009),
evidence from the UK now suggests that these grasslands may be
responding primarily to acidification and its impacts on soil
chemistry (Stevens et al., 2010b). In this acid grassland community
competition for light may not be as important as in some other
communities (e.g. prairie grasslands, Wedin and Tilman, 1993) in
determining the response to N deposition. Although there is likely
to be some effect of eutrophication, the continual removal of plant
material through grazing and/or cutting may prevent competition
for light and nutrients from being a strong determinant of
community composition. An increase in the proportion of grasses in
this community may simply reflect that many of the grasses found
are very generalist species (e.g. Agrostis capillaris, Festuca ovina) or
acid specialists (e.g. Deschampsia flexuosa, Molinia caerulea) that
benefit from a reduction in forb cover. The strong relationship
between forb richness and N deposition identified in the survey
(Stevens et al., 2010a) indicates that this is the strongest driver of
the changes in the proportional changes in richness.

The slight increase in bryophytes as a proportion of species
number is a surprising trend, although this relationship is very
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weak and may be a consequence of the decline in forb richness.
However, if the increase in bryophytes as a proportion of total
species richness is a genuine trend, this would support the theory
that competition for light is less important because in a short sward
where competition for light was intense, we would expect an
impoverished bryophyte flora (Peintinger and Bergamini, 2006)
and that bryophytes would form a small proportion of total rich-
ness. Total species richness of bryophytes declines slightly with
increasing N deposition but this is also not a strong trend (Stevens
et al., 2010a).

For all of the functional groups, the proportion of richness shows
weaker relationships with the oxidised and reduced components of
N deposition considered when they are separately. However, in all
cases the relationships between oxidised N deposition or reduced N
deposition and the proportion of species richness are similar. This
may be because they are correlated or because changes in species
composition are slow reflecting chronic deposition over many
years. The effects of recent changes in the ratio of reduced to oxi-
dised N in deposition may not yet be apparent in the vegetation
community. Although oxidised N and reduced N tend to have
different sources (oxidised from burning fossil fuels and reduced
from agricultural emissions) they are correlated within this data
set. This makes it difficult to separate their effects through statis-
tical means.
4.2. Soil chemistry

Stevens et al. (2004, 2006) reported a clear relationship between
N deposition and soil pH and consequent mobilisation of metals
within the soil (Stevens et al., 2009a) in the UK sites and, although
the relationship is still apparent in this larger European data set, it
is not as strong as in the UK alone (r2 ¼ 0.39, Stevens et al., 2006,
2010a). The relationship between N deposition and soil pH found
here supports evidence from other, smaller-scale surveys (e.g. Skiba
et al., 1989) and long-term monitoring studies (e.g. Blake et al.,
1999) that have demonstrated evidence for widespread soil acidi-
fication related to N deposition or acid deposition in weakly buff-
ered soils.

It is possible that the wide range of soil types and underlying
geology encompassed in the mainland European sites, together
with a greater range in grassland-management techniques meant
that trends in soil pH and aluminium concentration are not as clear
in the large-scale European transect compared to the UK survey.
Some of this variation is removed by looking at the Al:Ca ratio in the
topsoil, but this only shows a weak relationship with N deposition.
The availability of reactive aluminium in the soil is clearly related to
pH despite variations in soil type. This is consistent with the known
solubility of aluminium from experimental acidification of soils
(Ulrich, 1991; Tyler and Olsson, 2001).

The slightly stronger relationship between soil pH or metal
concentrations and total acid deposition (rather than N deposition
alone) indicates that soil acidification in Europe is still related to
either current or previous S deposition. However, because N and S
deposition are somewhat correlated it is difficult to determine their
relative contributions. This is also true when considering the rela-
tive contributions of the oxidised and reduced components of N
deposition, in this case, relationships do appear to be stronger with
oxidised deposition thanwith reduced. The relationship between N
deposition and soil pH has implications for the species composition
of the grasslands, which are reflected in the importance of soil pH
as a driver of species richness (Stevens et al., 2010a). Reduction in
pH and consequent mobilisation of metals could be changing the
species composition from species typical of intermediate pH to
acid-resistant species, especially considering that this habitat is
already at the lower end of pH tolerance for most of the species
typical of grasslands.

Given the variation in soil types and site conditions it is not
surprising to see a lack of clear relationships between N deposition
and soil nitrate and ammonium concentrations. In addition to soil
variability, both nitrate and ammonium are readily utilised by
plants and microbial communities, and nitrate is relatively mobile
in the soil. Mixed-effects models showed that for both nitrate and
ammonium concentration, climatic variables and altitude are
important variables. Given that microbial processing of N is sensi-
tive to climatic and seasonal variation and the direct impact these
have on the amount of readily available N, this relationship is not
surprising (Morecroft et al., 1992). A significant positive relation-
ship between N deposition and soil ammonium concentration was
observed for the UK alone (r2 ¼ 0.34; Stevens et al., 2006) adding
further support to the hypothesis that increased variability in the
soils, climate and site conditions in this larger study prevent trends
being readily identified.

Although there is a relationship between total soil N and N
deposition this is weak, and once one outlying point was removed
the relationship was no longer significant. Given that leaching
losses of N from these grasslands are likely to be quite low (Phoenix
et al., 2003) it is possible that yet again soil variability, and
particularly variation in soil organic matter content, is masking any
changes in soil total N. The soil N results from the European survey
are in agreement with results from the UK alone (r2 ¼ 0.08, Stevens
et al., 2006) although the relationship is stronger in the European
survey. Interestingly, C:N ratio increases with increasing N depo-
sition (Fig. 3). This means that rather than N increasing relative to
the amount of C asmight be expected through the addition of N, C is
actually increasing relative to N. Increased soil C in response to N
deposition has been reported in several studies in different habitats
(e.g. Knorr et al., 2005; de Vries et al., 2009). Increases in soil C
relative to soil N are possibly related to increased productivity
leading to increased litter and/or changes in the decomposition rate
of litter. Measurement of standing biomass, soil organic matter
dynamics and litter decomposition would confirm whether this is
the case in the acid grassland system investigated in this study. All
of the grasslands in this survey were managed for agriculture either
by cutting or grazing. This continual removal of plantmaterial make
it less likely that changes in productivity will impact the ecosystem.
Another possible explanation is reduced soil respiration leading to
C accumulation in the soil as has been observed in forest ecosys-
tems (e.g. Mo et al., 2007; Bowden et al., 2004; Burton et al., 2004).
The clear relationship with soil pH suggests that the effect is related
to acidification impacting on soil processes.

4.3. Plant-tissue chemistry

Many experimental studies have demonstrated relationships
between N addition and plant-tissue N content (e.g. Carroll et al.,
2003; Gordon et al., 2001; Leith et al., 1999,) but these are not
reflected in this gradient study. It is possible that short-term N
additions in experimental applications are not fully representative of
chronic N deposition leading to a different response from plants or
background variation in N availability may be masking this trend
across natural gradients. It is clear from the plant-tissue chemistry
results that responses are species-specificwhichmayalso account for
some of the different results observed. For A. capillaris there were no
significant relationships between N deposition and any of the tissue-
nutrient content measurements (N, C:N and N:P). R. squarrosus
showed slightly different results, with a significant relationships
observed between tissue N content and C:N ratio with N deposition,
but not for N:P ratio. In the UK alone the relationship between N
deposition and tissue N was not observed (Stevens et al., 2006).
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Results are generally in good agreement with Stevens et al. (2006). R.
squarrosus showed slightly different results, with a significant rela-
tionships observed between tissue N content and C:N ratio with N
deposition but this relationship is very weak and is unlikely to be
ecologically relevant. In the UK alone the relationship between N
deposition and tissue N was not observed (Stevens et al., 2006). This
suggests that although this was the strongest of the relationships
between tissue chemistry and N deposition recorded in this study, it
is not necessarily suitable for application as an indicator of N depo-
sition at a national scale. This conclusion is supported by an intensive
investigation of experimental N additions to a similar grassland
community who also found no relationship between N deposition
and R. squarrosus tissue N content (Arroniz-Crespo et al., 2008).

There are a number of potential reasons that strong relation-
ships between tissue-nutrient concentrations and N deposition are
not observed in this study. In this gradient study, there are many
different variables with the potential to affect tissue N content,
including climatic and management variations. The mixed-effects
models show that some of these variables are significantly related
to tissue N content. In a controlled experimental situation these
may be less apparent. The lack of relationship between N deposi-
tion and plant-nutrient concentrations may also relate to the
microbial processing of N in the soil resulting in different amounts
and forms of N being available to plants compared to that which is
deposited. The microbial processing of N varies on a small spatial
and temporal scale and is affected by a range of factors including
temperature, soil moisture, soil pH and soil carbon content as well
as N input (e.g. Riaz et al., 2008). Furthermore, the plants investi-
gated in this study may be using the additional N deposited from
the atmosphere for increased growth, as supported by optimal
partitioning theory, which suggests that plants equalize nutrient
exchange ratios in order to maximize the efficiency of resource use
(Bloom et al., 1985). The collection of productivity data would
confirm whether this is the case. An alternative possibility is that
these plants may be showing a very plastic response to N deposi-
tion, with tissue nutrients changing in response to very short-term
changes in N deposition levels (Dise and Gundersen, 2004). If this is
the case, small-scale spatial and temporal variations in deposition,
which are not accounted for in using a larger scale modelled N
deposition data, may have a role to play in the variability of the
results observed. Seasonal variation in resource allocation may also
play a role in the lack of relationships between tissue-nutrient
concentrations and N deposition. Relationships between tissue N
content and N deposition may not be apparent in above-ground
tissues year-round and there may be seasonal variability in tissue N
concentration which has not been eliminated in this study. An
alternative indicator to tissue-nutrient concentrations may be the
use of metabolic fingerprints or enzymes such as phosphomono-
esterase which have generated some interesting results from initial
studies (Arroniz-Crespo et al., 2008; Gidman et al., 2006; Hogan
et al., 2010).

5. Conclusion

Species composition of acid grasslands in Europe shows clear
relationships with N deposition. The proportion of species richness
that is made up of forb species is negatively associated with N
deposition whilst the proportion of grasses increases.

Soil chemistry results show no relationships between N depo-
sition and soil N (extractable nitrate, ammonium and total N), but
relationships between N deposition and soil pH and Al concentra-
tion can be observed. Soil C:N shows a positive relationship with N
deposition. This result has important implications for carbon
storage but further research is needed to determine themechanism
causing this increase.
The results of this survey demonstrate that tissue N concen-
trations of the three species investigated are not suitable for use as
indicators of N deposition. Some species may be more suitable, but
before they are recommended for use as an indicator of N deposi-
tion, their response to chronic N deposition should be investigated
outside of controlled experimental situations.

These results clearly show a correlation between atmospheric N
deposition and species composition and soil chemistry of European
grasslands at ambient levels of N deposition suggesting that
deposition levels need to be reduced to protect these grasslands.
The results show that changes occur at all levels of deposition found
within the region including impacts on vegetation community and
soil below the critical load for N deposition for this habitat. This
would suggest that achieving no damage to sensitive acid grass-
lands from N deposition is not a realistic goal and policy makers
should instead aim to minimise impacts on acid grasslands. The
results also show that even at high deposition impacts continue to
occur suggesting that further N additions to areas where the critical
load is currently exceeded could cause further damage.
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