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Anthropogenic nitrogen deposition over the past half century 
has had a detrimental impact on temperate ecosystems in Europe 
and North America, resulting in soil acidification and a reduction 
in plant biodiversity'’̂ . During the acidification process, 
soils release base cations, such as calcium and magnesium, 
neutraUzing the increase in acidity. Once these base cations 
have been depleted, aluminium is released from the soils, often 
reaching toxic levels. Here, we present results from a nitrogen 
deposition experiment that suggests that a long legacy of acid 
deposition in the Western Tatra Mountains of Slovakia has 
pushed soils to a new threshold of acidification usually associated 
with acid mine drainage soils. We show that increases in nitrogen 
deposition in the region result in a depletion of both base cations 
and soluble aluminium, and an increase in extractable iron 
concentrations. In conjunction with this, we observe a nitrogen- 
deposition-induced reduction in the biomass of vascular plants, 
associated with a decrease in shoot calcium and magnesium 
concentrations. We suggest that this site, and potentially others 
in central Europe, have reached a new and potentially more 
toxic level of soil acidification in which aluminium release is 
superseded by iron release into soil water.

Acid precipitation has resulted in environm ental degradation 
of surface waters, forests and grasslands in  central and northern  
Europe and eastern N orth America during the past five decades'"^. 
Legislation regulating the emissions o f sulphur oxides in  Europe 
and eastern N orth  America in the 1990s lowered rates o f sulphuric 
acid deposition in  these regions^. Elowever, the contribution of 
anthropogenic nitrogen (N) deposition to acid precipitation and 
environm ental degradation continues to be a concern. N  deposition 
rates are above critical loads in m any industrially developed 
countries'*. The potential for detrim ental im pacts o f N  deposition is 
particularly high in cold m ountainous regions, as ecosystems with 
short growing seasons, shallow soils and steep terrain have lower 
capacities to sequester N  (refs 5,6).

D uring acidification, soils undergo a transition through 
different ranges of buffering associated w ith the weathering and 
liberation of different elements^ (Fig. 1). M ost tem perate-zone 
soils are buffered by base cations, which are replaced by Al''^ at 
pEl ranges below pEl 4.5. Acid deposition has shifted forest and 
grassland soils in  parts o f Europe and N orth America into the 
Al'’̂  buffering range*^*". Associated changes in forest health due 
to loss o f nu trien t cations and increases in soluble Al''^ include
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foliar injury and increased susceptibility to tem perature stress"’*̂ . 
M though hypothesized by Ulrich*", the stage beyond M , towards 
Fe buffering of soils, has no t been described in association with 
atm ospheric deposition, and is know n prim arily from  acid mine 
drainage soils'*.

To evaluate the effect o f elevated anthropogenic N  deposition 
at a site w ith a long legacy of high acid deposition, we 
carried ou t a N deposition simulation experim ent in  an alpine 
ecosystem near M ount Salatin, in the Tatra N ational Park 
o f Slovakia. A tm ospheric deposition in the Tatra M ountains 
increased substantially during rapid industrialization in Poland, 
East Germany and Czechoslovakia in the m iddle o f the twentieth 
century'". M axim um  rates o f wet deposition in the neighbouring 
Eligh Tatra M ountains were at least 15 -20k g N h a ^ 'y r^ ' and 
2 0 -2 5 k g S h a“ 'y r “ ',  w ith estim ated total N  inputs o f 960kgha“ ' 
and total S inputs o f 1,100 kg h a^ ' between 1850 and 2000 (ref. 15). 
D eposition rates decreased regionally by about 30-40%  after 
1990. D eposition rates at our study site in the Western Tatra 
M ountains are higher than at the Eligh Tatra M ountains, and are 
now estim ated at 1 2 k g N h a “ 'y r “ * and 11 k g S h a ^ 'y r“ ',  based on 
periodic bulk deposition m easurem ents made at the research site 
and com parison w ith long-term  m easurem ents in the Eligh and 
Low Tatra m ountains (unpublished data o f Tatra N ational Park).
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Figure 2 Soil and plant responses to simulated N deposition In the Western Tatra Mountains, a, Soil-extractable AP+ (open squares) and Fe^+ (triangles), b, Soil pM. 

c, Above-ground biomass of vascular plants, d, Shoot Ca (triangles) and Mg (diamonds) concentrations, e, Shoot AI (triangles) and Fe (squares) concentrations. Lines 

represent signltlcant least-squares linear regression tits, w ith goodness ot tit and Pvalues reported above the lines. Error bars Indicate ± 1  s .e .m ., w ith n =  5 plots 

per treatment.

Three levels o f N  inpu t (20, 60 and IS O k g N h a^ 'y r^ ') , 
one phosphorus (P) treatm ent (S O k g P h a^ 'y r“ ')  and a control 
treatm ent (am bient deposition, about 1 2 k g N h a ^ 'y r^ ')  were 
applied to experim ental plots. The levels o f N input were selected 
to obtain a response function of soils and vegetation to increasing 
N  deposition rates, rather than to represent future deposition 
scenarios per se. Tlowever, the rates o f N fertilization we used (20 
and 60 k g h a^ ' y r^ ' treatm ents) are w ithin the range of projections 
for N deposition into 2030 for this region^. The P treatm ent was 
included to evaluate w hether p rim ary  production  was P lim ited 
at the site. After three years o f treatm ent application, N -treated 
and control soils were collected and analysed for water-extractable 
plT (pTIhjo) and BaClj-extractable cation concentrations. Above­
ground plan t production was estim ated in aU treatm ents by 
clipping the current year’s biom ass in  subplots w ithin each 
experim ental plot (see the M ethods section for further details).

Soil plT values m easured in the study plots at the initiation 
o f the experim ent (3.55 ±  0 .0 5 s.e .m .) were in the range of 
the m ost acidihed soils reported for Europe'^. Consistent with 
the low plT values of these soils, extractable cation pools were 
dom inated by Al^+ in all treatm ent plots, w ith Fe^+, Ca^+ and K+ 
contributing lesser am ounts to the total pool o f cations (Fig. 2a, 
Table 1). Tlowever, extractable Al^+ decreased w ith increasing 
inputs o f inorganic N (Fig. 2a). This result differs from  m ost 
experim ental studies o f N  deposition, which show that soil- 
extractable Al^+ increases w ith increasing soil acidihcation or 
inorganic N inputs*^'"’'*. Decreases in organic AI com pounds, 
im portan t com ponents o f the buffering system, have also been 
noted in  forest soils in  response to acid deposition'*. The decrease 
in  Al*+ we observed indicates leaching losses exceeded Al*+ inputs 
from  rock weathering w ith simulated increases in N  deposition. 
In contrast to the response of Al*+, extractable Fe*+ increased
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Table 1 Concentrations of oxtractablo cations tfom soils In experimental plots at 
Mount Salab'n (Western Tatra Mountains, Slovakia). Tbo plots wore subjected to 
simulated N deposition (20,60, and 150 kg~' ba~' yr~') and a control (ambient) 
troabnont Values are m o a n s ± s .o .m .,  n =  5 plots per treatment All cations 
dodlnod significantly with Increasing N Input (Ca: r  ̂=  0 .33 , f  <  0.01;
K: f 2 = 0 .3 1 ,  f> =  0.01;M g: /  ̂=  0 .22 , f> < 0.05;M n: /2 = 0 .2 4 ,  f> < 0 .0 5 ) ,a s  
determined using least-squares linear regression.

Cation Treatment (Kg N ha^' y r ^ ')

Control 20 60 150
(Concentration (mg kg^'))

Ca^+ 1 58 .7 A 1 4 .0 1 0 9 .6 ± 1 3 .3 9 9 .6 ± 1 2 .0 86.1 ± 1 3 .2
K+ 164.1 ± 1 0 .8 1 1 7 .9 ± 1 0 .0 9 9 .8 ± 4 .7 1 0 2 .3 ± 1 1 .9
Mg^+ 5 6 .6 ± 4 .6 4 0 .9 ± 5 .0 4 1 .9 ± 4 .0 3 6 .4 ± 5 .1
Mp2+ 7 .3 ± 0 .9 5.1 ± 0 .5 5 .4 ± 0 .6 4 .4 ± 0 .6

w ith increasing N inputs (Fig. 2a). At soil pH  values less than  3.2, 
soluble Fe^+ is liberated from  granitic parent material faster than 
Al^+(ref. 19). Taken together, the responses of extractable Al^+ and 
Fe^+ to sim ulated N  deposition indicate soils at our study site are at 
a threshold between Al^+ and Fe^+ dom inated buffering o f the soil. 
This previously hypothesized threshold'^ has no t been observed 
experimentally in  a held setting.

Base cation concentrations and pHnio of the study soils 
decreased w ith increasing inputs o f inorganic N (Table 1, Fig. 2b). 
Extractable Mg^+, Ca^+, K+ and decreased signihcantly with 
increasing N inputs, lowering their availability as nutrients and 
decreasing their potential contribution to soil buffering capacity.

A bove-ground plan t biomass decreased w ith increasing inputs 
o f inorganic N in  the study plots (Fig. 2c), a m arked contrast from 
m ost tem perate and Arctic ecosystems, where N  limits prim ary 
production^". This result is consistent w ith a decrease in prim ary 
production associated w ith chronic N deposition, which was 
hypothesized for forest ecosystems by Aber e t aU'-. Multiple decades 
o f elevated anthropogenic N  deposition may have alleviated 
any pre-existing N  lim itation of production, and simultaneously 
exacerbated p lan t P lim itation through higher P occlusion with 
increasing soil acidihcation. Indeed, p lant biomass increased at 
our study site in response to the P additions (1 5 5 ±  15 (s.e .m .) g) 
relative to the control treatm ents (110-F 9 (s .e .m .) g, P  <  0.05), 
indicating a P lim itation o f prim ary production.

Although acidihcation o f soils and related increases in soluble 
Al"+ and Fe"+ result in loss o f plant-available P, due to occlusion 
in  insoluble minerals, decreasing P availability in the N addition 
plots did no t contribute to the decrease in  biom ass production 
at our study site. The estim ated pool o f plant-available P did no t 
change in the N addition treatm ents (data no t shown), and the 
com bined pool o f extractable Al"+ and Fe"+ which could complex 
w ith available P did no t change w ith the N  addition treatm ents, as 
increases in Fe"+ offset decreases in Al"+.

We believe the loss o f base cations essential to p lan t growth, 
in  com bination w ith toxicity o f Al"+ and Fe"+, contributed to 
the decrease in p lant biom ass we observed w ith increasing N 
inputs. Although other studies using similar treatm ent application 
procedures, b u t lower concentrations o f N, have shown a 
stim ulation of p lant growth, it is possible that the concentrations 
o f N  we applied to the plants m ay also have contributed to 
the inhibition o f growth on the short-term  before dilution 
by precipitation.

Soil-extractable base cations decreased by 46% for Ca^+, 37% 
for Mg^+ and 38% for K+ at the highest inpu t o f inorganic N. 
Shoot concentrations o f M g and Ca decreased in  association with 
the changes in soil pools o f these nutrients (Fig. 2d). Loss o f cations.

in particular Ca^+, has been im plicated in  the declining health of 
forests w ith acid deposition^^, and has been linked to increased 
susceptibility to other stresses (for example, low tem perature, 
drought and herbivory).

Soluble Al"+ and Fe"+ are both  toxic to plants in the 
concentrations found in the soils at our study site^", and increases 
in soil pools o f soluble Fe"+ may have contributed to the lower 
p lant growth. A lum inium  inhibits roo t growth in  plants, and may 
interfere w ith uptake of Ca^+ (ref. 24). Although the combined 
pool o f Fe"+ and Al"+ did no t increase w ith increasing N inputs, 
the presence of Al"+ has been shown to enhance the detrim ental 
effects o f Fe"+ on plant growth^". Shoot Fe concentrations did no t 
increase w ith increasing N (Fig. 2e), although tissue concentrations 
o f both  Fe and AI were in the range considered to be toxic to plant 
function^". The occurrence of Fe toxicity in plants is relatively rare, 
occurring prim arily in association w ith the microbial generation of 
Fe^+ in  waterlogged soils^" and in acid m ine drainage sites. To the 
best o f our knowledge, the potential for Fe"+-related inhibition of 
p lant growth in  soils affected by anthropogenic acid deposition has 
no t been previously described.

Although rates o f acid deposition have decreased throughout 
Europe owing to stricter regulations^", the m ulti-decadal legacy 
o f elevated N inputs continues to have a negative environm ental 
im pact. Some soils rem ain sensitive to inputs o f acidic elements 
because of the leaching losses o f base cations and slow rates 
o f replacem ent from  weathering"’̂ .̂ In particular, high-elevation 
sites w ith acidic granitic parent m aterial are highly sensitive to 
continued inputs of N  deposition". Recovery from  N saturation and 
acidification of soils in these sensitive sites m ay require decades'*. 
Rates o f N  deposition still exceed critical loads in parts o f Europe^".

M ountain ecosystems provide clean water, forage for livestock, 
wildlife habitat, tim ber and recreation^". M aintaining the integrity 
o f these ecosystem services depends on soil functions tha t are 
sensitive to chronic acid deposition. O ur findings strongly suggest 
that N  deposition at current levels in parts o f central Europe 
will compromise the capacity of some m ountain  ecosystems to 
provide these services, particularly where soils are at or beyond the 
transition of stages o f soil buffering states. M obilization of Fe"+ in 
soils already characterized by high concentrations o f soluble Al"+, 
along w ith continued losses o f base cations, will lead to lower plant 
production and continued acidification of already heavily im pacted 
soils. Rates o f N  deposition in regions such as the Tatra M ountains 
have declined over the past few decades, b u t are expected to increase 
over the next four decades'". O ur results suggest tha t the cumulative 
effects o f recent high N deposition inputs has enhanced their 
sensitivity to continued inputs o f N  and brought regions such as 
the Western Tatra M ountains dangerously close to toxic conditions.

METHODS_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

SITE DESCRIPTION

T he exp er im en t w as carried ou t in  an a lp ine grassland o n  a ridge exten d in g  
w estw ard from  th e su m m it o f  M o u n t Salatin in  the w estern edge o f  the 
W estern Tatra M ou n ta in s, Tatra N ation a l Park, Slovakia. V egetation  at th e site is 
d om in ated  by gram inoid  species, in clu d in g  O reochloa d isticha , Festuca su p in a  
and  A grostis  rupestris , w ith  low er cover o f  forb and  shrub species. S oils at the 
site are h u m ic ferrugin ous p odzo ls, derived  from  b io tite  gran od iorite  parent 
m aterial. T he so il organic m atter con ten t in  th e top  15 cm  is 12 .5  ±  1.5%  
(s .e.m ., n  =  10) an d  the so il C:N ratio is 17.1 ± 0 .2 5  (s .e.m ., n  =  10). Average 
annual p recip itation  at the site is approxim ately 1,500 m m , and  annual average 
tem perature is —1.3°, based  o n  fou r years o f  m icroclim ate m easu rem en ts at the  
site an d  com p arison s w ith  lon g-term  clim ate records in  the H igh  Tatras.

METHOD DETAILS
Five replicate 2 x 2 m  p lots per treatm ent w ere arrayed in  a b lock ed  design, 
w ith  o n e  p lo t o f  each treatm ent in  hve b locks. Treatm ents o f  20 , 60 and
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1 5 0 k g N h a “  ̂yr“  ̂ and  5 0 k g P h a “ ^yr“  ̂ w ere applied  b y  spraying so lu tion s  
o f  NH4NO3 or K H 2 P O 4  o n to  th e p lo ts in  three equal ap plications d urin g the 
grow in g season  (late May, late June and  late July or early A ugust), starting in  
M ay 2002. C ontrol treatm ents con sisted  on ly  o f  water. Each p lo t received 31 o f  
w ater w ith  each ap plication . T he treatm ent so lu tion  w as further d ilu ted  by the 
soil so lu tion; m easu rem en ts o f  so il so lu tion  in organ ic N  con centration s w ere 
tw o  or m ore orders o f  m agn itu de low er than  th e treatm ent so lu tion  applied  
to  th e p lots. A fter three years o f  treatm ent, ab ove-grou n d  b iom ass w as clipped  
in  three 0 .0 4 m^ subplots w ith in  each larger exp erim en tal p lot, to  estim ate  
ab ove-grou n d  prim ary p rod u ction  responses to the treatm ents. T h e b iom ass  
w as oven  dried  to  con stant m ass at 70 °C  for 48 h, and  th en  w eigh ed  to the  
nearest 0 .01  g. T he tissue w as th en  grou n d  in  a Tecator m ill, acid -d igested  and  
analysed for cation  con centration s u sin g  an  ARE 3410 in d u ctively  cou p led  
plasm a em ission  spectrop h otom eter (T h erm o E lectron).

Soils w ere co llected  after three years o f  treatm ent for p H  and  cation  
m easurem ents. Two 2 -cm -d iam eter  by 15-cm -d ep th  cores w ere collected  from  
each p lo t and  com p osited  in to  a single sam ple. T he so ils w ere passed through  
a 2 m m  sieve to  rem ove rocks an d  coarse p lant m aterial. S oil p H  values w ere 
m easured  on  a so il/d e ion ized  w ater paste (1:1) u sin g  a T h erm o O rion  M od el 
620  p H  m eter (T h erm o E lectron). T he soils w ere extracted in  0 .1  m o l l“ ^BaCl2 , 
an d  exchangeable ca tions analysed u sin g  an ARE 3410 in d u ctively  cou p led  
plasm a em ission  spectrop h otom eter (T h erm o E lectron).

T he effects o f  the N  treatm ents on  the response variables (so il cations  
an d  pH , foliar b iom ass and  Ca, M g, AI and  Fe con centration s) w ere evaluated  
u sin g  least-squares linear regression . T he d ifference in  ab ove-grou n d  b iom ass  
p rod u ction  b etw een  con tro l an d  P treatm ents w as analysed u sin g  analysis o f  
variance. A ll data m et th e assu m p tion s o f  the tests.
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