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EXECUTIVE SUMMARY 

Nitrogen (N) and sulphur (S) emissions increased dramatically during the second half 
of the 20th century causing excess deposition of N and S in natural and semi-natural 
ecosystems. Both excess N and S deposition have a wide array of detrimental effects 
in forest ecosystems and their biodiversity. Unlike N emissions, which remain at a 
level which is too high, S emissions have been abated successfully in Europe through 
internationally ratified protocols (UNECE/CLRTAP) and related measures. 

In the Austrian forest ecosystems, critical loads – the threshold for long term deposi-
tion – for deteriorating effects (eutrophication) of N are exceeded particularly in areas 
with elevated precipitation and thus high deposition. Deposition of S decreased sub-
stantially during the last 30 years so that N deposition is to date the predominant 
agent for acidification. Against this background, the UNECE-ICP Integrated Moni-
toring (IM) site „Zöbelboden” can serve as a reference for current N and S effects 
in montane, calcareous forest ecosystems. Within a catchment of 90 ha, air pollutants, 
climate and a wide array of bioindicators are measured in the long term across eco-
system compartments. The N deposition at the ICP IM site is as much as twice the 
critical load of deteriorating eutrophication effects in temperate deciduous forests. 
On the other hand, S deposition has decreased substantially in the area. In this report, 
we focus specifically on the combined effect of eutrophication and acidification through 
airborne N and the release from acidification through airborne S between 1992 and 
2005. We analyse long-term observational data on soil chemical characteristics and 
bioindicators: forest floor vegetation, bryophytes, lichens, and birds. In addition, bio-
diversity and its changes are assessed across these organisms. 

The soils responded to the long-term trends in the deposition of airborne pollutants. 
Excess N deposition caused soil eutrophication and the decrease of S deposition 
resulted in a significant, but soil-specific, recovery from acidification. 

The detected trends of soil properties were not unambiguously reflected in changes 
of forest floor vegetation. Though nitrophilous species increased in abundance, the 
overall change of the species composition of forest floor vegetation is only weak. 
However, the weak response predominates under intermediate site conditions, which 
may mask significant changes on oligotrophic sites. As a likely long-term consequence, 
oligotrophic species will probably disappear from the regional species pool due to 
the erosion of oligotrophic sites. 

Terrestrial and epiphytic bryophyte species remained rather stable in their overall 
abundance. The observed changes, which are restricted to single species, can only 
to some extent be attributed to effects of airborne N and S pollution. The bryophyte 
communities as a whole however did not show directional changes attributable to the 
observed amounts of N deposition and the decrease of S deposition. However, the 
spatial distribution of bryophyte communities is related to different deposition regimes 
of airborne N and S, which indicates long-term chronic effects. 

Long-term airborne N and S deposition had a significant impact on epiphytic lichens. 
The overall abundance of epiphytic lichens and those of sensitive species decreased. 
Some sensitive species even became extinct. Since some new species colonised 
at the permanent plots this did not lead to an overall decrease of lichen diversity. 
Lichen communities show a deteriorating development in response to air pollution and 
are becoming increasingly dissimilar from communities typical of clean air conditions. 
The impact from airborne pollution increased continuously from 1993 to 2005. Cur-
rently, all plots are affected. The plots indicating low impact decreased and those 

5 



Effects of nitrogen and sulphur deposition on forests and forest biodiversity – Executive summary 

indicating medium and strong impact increased. Though acid deposition through S 
decreased, epiphytic lichens did not recover. Additionally, lichens show clear signs 
of eutrophication due to excess N deposition. 

The relatively short-term data on changes in the abundance and distribution of birds 
does not allow clear conclusions about effect related trends. 

In general, biodiversity declined from the beginning of the 1990s until the year 2005. 
With only one exception – epiphytic lichens – this trend is consistent for species 
numbers of the entire study area, and for mean species numbers at the scale of 
permanent plots. Biodiversity is controlled by a range of interlinked factors with air 
pollution as a significantly negative contributor. Tree layer diversity is one of the main 
factors controlling the diversity of the entire forest ecosystems. Linkages also exist 
between different trophic levels, such as the tree and forest floor diversity, which 
favours the coexistence of a high diversity of bird species. Though long-term trends 
of cross-taxon biodiversity were observed, these trends should be interpreted with 
caution due to their low significance. Compared with the pronounced variability of 
diversity between permanent plots, the overall temporal trends are rather weak. 
What needs thus to be further observed in future is if the decline of biodiversity 
continues and to which extent air pollution can be made responsible. 

The present study stresses the importance of the simultaneous measurement of all 
these influences together with a wide array of bioindicators. The application of single 
indicators may lead to wrong conclusions about ecosystem changes. Though many 
of the above factors were dynamic and thus co-influenced the behaviour of bioindi-
cators, we were able to identify the single effect of airborne N and S deposition. It can 
be concluded from these results, and from other studies, that continuous eutrophi-
cation takes place in large parts of the Northern Limestone Alps in Austria where 
airborne pollution levels are elevated. If N emission is not abated efficiently biodi-
versity loss and effects on ecosystem functions is a likely future scenario. Even with 
the prospect of an eventual reduction of N emissions, ecosystem changes will still 
occur due to the time-lag inherent in recovery processes. The missing recovery from 
acidification of some bioindicators in response to the decreased levels of airborne 
S pollution exemplifies the time-lags which can be expected. 

Notwithstanding the urgency of the eutrophication issue for biodiversity, programmes 
for the assessment of measures to reduce emissions at the European and the na-
tional level in response to the CBD 2010 target – the halt of biodiversity loss by 
2010 – have just been started. The initiative ”Streamlining European 2010 Biodiversity 
Indicators” (SEBI2010) is making an important step towards linking Pan-European’s 
clean air (UNECE) and biodiversity policy. An efficient implementation of European 
initiatives at the national scale would be achieved through the Austrian biodiversity 
monitoring scheme (MOBI). A national-scale assessment of the effects of N deposition 
in natural and semi-natural ecosystems would be a first step towards setting up tar-
geted abatement measures. 
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KURZFASSUNG 

Emissionen von Stickstoff- und Schwefelverbindungen haben in der zweiten Hälfte 
des 20. Jahrhunderts drastisch zugenommen. Dies führte zu überhöhten Einträgen 
in natürliche und naturnahe Ökosysteme. Beide Stoffe zeigen eine Reihe von schäd-
lichen Wirkungen auf Ökosysteme und die biologische Vielfalt. Auf Basis internati-
onal ratifizierter Protokolle (UNECE/CLRTAP) konnten Schwefelemissionen in Europa 
erfolgreich reduziert werden. Im Gegensatz dazu sind Stickstoffemissionen immer 
noch zu hoch. 

In den österreichischen Wäldern werden die ”Critical Loads“ (kritische, langfristige 
Stoffeinträge mit schädlicher Wirkung) in Bezug auf Nährstoffanreicherung durch 
Stickstoff vor allem in Regionen mit hohen Niederschlagsmengen überschritten. 
Saure Einträge durch Schwefel haben in den letzten 30 Jahren stark abgenommen, 
so dass heute vor allem Stickstoffdeposition zur Versauerung beiträgt. In Anbetracht 
dieser Situation dient der UNECE-ICP Integrated Monitoring Standort „Zöbelboden” 
als Referenzsystem für montane Karbonatwälder. Im 90 ha umfassenden Untersu-
chungsgebiet werden Luftschadstoffe, Klima und eine Reihe von Bioindikatoren 
über lange Zeiträume gemessen. Die Auswertungen zeigen, dass Critical Loads für 
Stickstoffeinträge um bis zum Doppelten überschritten werden. Saure Einträge durch 
Schwefel haben stark abgenommen. Der vorliegende Report bewertet die Effekte 
von Nährstoffanreicherung und Versauerung durch Stickstoffeinträge bei gleichzeitiger 
Abnahme saurer Einträge durch Schwefel im Zeitabschnitt von 1992 bis 2005. Dazu 
werden Langzeitdatenreihen zum Bodenchemismus und Bioindikatoren wie Wald-
bodenvegetation, Moose, Flechten und Vögel herangezogen. Zusätzlich wird die 
Vielfalt der verschiedenen Organismengruppen und ihr zeitlicher Trend bewertet. 

Die Böden des Untersuchungsgebietes zeigen eindeutige Veränderungen aufgrund 
von Luftschadstoffeinträgen. Die überhöhten Stickstoffeinträge führen zu Nährstoff-
anreicherung, die verringerten Schwefeleinträge zu einer gewissen bodenspezifischen 
Erholung von der vorhergehenden Versauerung. 

Die Änderungen des Bodenchemismus spiegeln sich nur undeutlich in den Ände-
rungen der Waldbodenvegetation wider. Obwohl Stickstoffzeiger zunahmen, kann in 
der Artenzusammensetzung der Waldbodenvegetation nur eine schwache Reaktion 
nachgewiesen werden. Der schwache Trend betrifft vor allem die, in Bezug auf ihre 
Nährstoffverhältnisse, durchschnittlichen Standorte. Die Bodenvegetation auf nähr-
stoffarmen Standorten reagiert hingegen stärker. Es erscheint daher wahrscheinlich, 
dass die Arten der nährstoffarmen Standorte langfristig gefährdet sind. 

Die Häufigkeit der verschiedenen Moosarten ist eher stabil. Nennenswerte Ände-
rungen betreffen nur einige wenige Arten und dürfen nur teilweise den Effekten von 
Stickstoff- und Schwefeleinträgen zugewiesen werden. Die zeitlichen, in den meisten 
Fällen ungerichteten, Änderungen der Artenkombinationen sind natürliche Popula-
tionsschwankungen. Allerdings hängt die Ausprägung der Moosgesellschaften sehr 
wohl von der Eintragsmenge von Stickstoff und Schwefel ab. Hier scheint es sich 
um einen langfristigen, zum größten Teil bereits abgelaufenen Effekt von Luftschad-
stoffen zu handeln. 

Stickstoff- und Schwefeleinträge üben einen starken negativen Einfluss auf die epi-
phytische Flechtenvegetation aus. Die Häufigkeit von Flechten nimmt insgesamt ab, 
wobei sensible Arten stärker abnehmen und einige wenige völlig aussterben. Die 
Vielfalt an Flechten nimmt jedoch statistisch nicht ab, da neue Arten hinzukommen. 
Auch die Flechtengesellschaften verändern sich klar durch Luftschadstoffe und sind 
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immer weniger mit typischen Flechtengesellschaften von Reinluftgebieten vergleich-
bar. Die Stärke der Immissionswirkung nimmt von 1993 bis 2005 zu. Heute sind alle 
Dauerbeobachtungsflächen negativ beeinflusst, nur mehr wenige schwach belastet 
und die Schadklassen mit mittlerer und starker Einwirkung zunehmend. Die nach-
lassenden sauren Schwefeleinträge führen somit zu keiner Erholung der epiphytischen 
Flechten. Flechten zeigen darüber hinaus eindeutige Schädigungen durch Nährstoff-
anreicherung aufgrund von Stickstoffeinträgen. 

Die relativ kurze Datenreihe zur Häufigkeit und Verteilung von Vögeln erlaubt noch 
keine Schlussfolgerungen zu wirkungsbezogenen Trends. 

Die Vielfalt der untersuchten Indikatorarten nimmt seit dem Beginn der 90er Jahre 
bis 2005 stetig ab. Dieser Trend ist mit der Ausnahme von epiphytischen Flechten 
in der gesamten Artenzahl des Untersuchungsgebietes und der Diversität pro Dauer-
fläche abgebildet. Einträge von Stickstoff und Schwefel haben negative Folgen für 
die biologische Vielfalt. Sie sind aber nur ein Glied in der komplexen Wirkungskette 
bestimmender Faktoren der biologischen Vielfalt. Die Vielfalt der Baumschicht be-
stimmt zu einem hohen Maß die Vielfalt der Wälder. Zudem sind trophische Ebenen 
miteinander verknüpft, so dass beispielsweise die Vielfalt der Vegetation jene der 
Vögel mitbestimmt. Da der Trend im Vergleich zur natürlichen Variabilität im Ge-
samtgebiet schwach ist, lassen nur längere Datenzeitreihen gesicherte Schlussfol-
gerungen zu den wirkungsspezifischen Effekten von Luftschadstoffen auf die bio-
logische Vielfalt im Gebiet zu. 

Die vorliegende Ökosystemstudie verdeutlicht die Wichtigkeit der simultanen Mes-
sungen der bestimmenden Wirkungsfaktoren und einer Reihe von Bioindikatoren. 
Unter Verwendung nur einzelner Indikatoren könnten leicht falsche Schlussfolge-
rungen zu Ökosystemveränderungen gezogen werden. Obwohl viele Faktoren einer 
zeitlichen Änderung unterliegen, können die singulären Effekte von Stickstoff- und 
Schwefeleinträgen in das Waldökosystem des ICP-Integrated Monitoring Standorts 
„Zöbelboden“ nachgewiesen werden. Auf Basis unserer Ergebnisse und vieler an-
derer Studien kann angenommen werden, dass die Waldökosysteme der Nördlichen 
Kalkalpen Österreichs durch die andauernden überhöhten Einträge einer Nährstoff-
anreicherung ausgesetzt sind. Werden die hohen Stickstoffemissionen nicht erfolg-
reich reduziert, ist mit einem Verlust an biologischer Vielfalt und Auswirkungen auf 
die Ökosystemfunktionen zu rechnen. Aufgrund der typisch langen Reaktionszeiten 
werden auch bei einer Reduktion von Stickstoffeinträgen Ökosystemverbesserungen 
erst verzögert eintreten. 

Ungeachtet der Dringlichkeit des Problems von Stickstoffeinträgen für die biologische 
Vielfalt haben politische Initiativen zur Bewertung von Emissionreduktionsmaßnahmen 
gerade erst begonnen. Die wesentliche umweltpolitische Grundlage dafür ist das 
„2010 Ziel zur signifikanten Reduktion des Verlustes biologischer Vielfalt der CBD 
(UN Convention on Biological Diveristy)“. Das Pan-Europäische Programm “Stream-
lining European 2010 Bio-diversity Indicators” (SEBI2010) versucht durch die Ent-
wicklung von passenden Indikatoren die internationalen umweltpolitischen Werk-
zeuge der Luftreinhaltung mit jenen zum Schutz der biologischen Vielfalt zu koppeln. 
In Österreich könnten diese Initiativen vor allem durch ein Österreichisches Biodi-
versitätsmonitoring umgesetzt werden. Eine Bewertung von Effekten überhöhter 
Stickstoffeinträge in die natürlichen und naturnahen Ökosysteme in Österreich ist ein 
erster Schritt für zielgerichtete umweltpolitische Maßnahmen. 
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EXECUTIVE SUMMARY FOR POLICY MAKERS 

Relevant political initiatives 

A recent UN study on global biodiversity and the services it provides to human society 
(MEA 2003) highlights that most of these services are declining, both in the EU and 
globally. The study also states that this decline could be reversed with substantial 
changes in policy and practice. The policy framework of air pollution and its impact 
on biodiversity rests upon two major pillars, the Convention on Biodiversity (CBD) 
and the Convention of Long-Range Transboundary Air Pollution (CLRTAP). 

European air 
pollution policy 

Europe’s air pollution policy, particularly with regard to N and S emissions, is based 
on the UNECE CLRTAP (www.unece.org/env/lrtap) of 1979. Emission ceilings for 
SO2, NOx, NH3 were set by the 1999 Gothenburg Protocol to abate acidification, 
eutrophication and ground-level ozone. With regard to N and S Critical Loads for 
detrimental effects for natural and semi-natural ecosystems were defined. Once the 
protocol is fully implemented, Europe’s S emissions should be cut by at least 63%, 
its NOx emissions by 41%, and its ammonia emissions by 17% compared to 1990. 
According to the Austrian legislation, critical levels of N and S are set by the Air 
Quality Protection Act (IG-L; Federal Legal Gazette I 115/1997). Furthermore, the 
EU Directive on National Emission Ceilings sets national limits of emission of acidi-
fying substances which were transposed into Austrian legislation in 2003 (Federal 
Act on National Emission Ceilings (EG-L; Federal Legal Gazette I No 34/2003)). 

European 
biodiversity policy 

In the international arena, the EU’s focus has been on strengthening the Convention 
on Biological Diversity (CBD). At the EU level biodiversity objectives are integrated 
in a wide range of environmental and sector policies. An EC Biodiversity Strategy 
was adopted in 1998 and related Action Plans in 2001. In 2006 a Road Map was 
adopted by the member states of the EU to halt the loss of biodiversity by 2010. 
One target specifies measures to reduce pollutant pressures on terrestrial and fresh-
water biodiversity by 2010. Most member states have also developed, or are de-
veloping, strategy plans. In Austria a strategy plan for the implementation of the CBD 
was developed in 1998 (www.biodiv.at/chm). The EU has made significant commit-
ments with regard to the international target – the 2010 target – to reduce biodiver-
sity loss. EU heads of state or government agreed in 2001 ”to halt the decline of 
biodiversity by 2010” and to „restore habitats and natural systems” (http://eur-lex. 
europa.eu/LexUriServ/site/en/com/2006/com2006_0216en01.pdf). The Austrian 
strategies plan is now being updated with reference to the 2010 target. 

 

 

Trends of Sulphur and Nitrogen deposition  

Successful 
reduction of 
Sulphure emissions 
in response to 
political measures 

Emissions of SO2 were successfully reduced in Europe (EMEP 2006). S levels are 
continuously decreasing and first signals of a recovery from acidification of soils have 
been observed (FORSIUS et al. 2001, SLIGGERS & KAKEBEEKE 2004, BFH 2006, 
KLEEMOLA & FORSIUS 2006). In Austria, emission reductions of S and deposition in 
forest ecosystems follow this decreasing trend. By the year 2004, a reduction of 61% 
compared to 1990 was achieved. (www.umweltbundesamt.at/umweltschutz/luft). 
Acid deposition could be reduced to below critical loads for almost all forests in 
Austria (SMIDT & OBERSTEINER, submitted). 
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Emission of 
Nitrogen is far 

beyond the  
political targets 

Emission reductions of total N are far from reaching the targets set by the CLRTAP 
(EMEP 2006). On the contrary, N emissions and thus deposition in natural and semi-
natural ecosystems remain too high (FORSIUS et al. 2001, SLIGGERS & KAKEBEEKE 
2004, BFH 2005, KLEEMOLA & FORSIUS 2006). In Austria, current NOx emissions are 
above those in the year 1990 (7% in 2004) with traffic as the main source 
(www.umweltbundesamt.at/umweltschutz/luft). NH3 emissions from agriculture 
were reduced in Austria so that current emissions almost meet the targets (7% re-
duction in the period 1990-2004, www.umweltbundesamt.at/umweltschutz/luft). 
The situation regarding the exceedance of critical loads for eutrophication effects in 
Austria is controversial. Although standard critical load modelling shows excee-
dances for 97% of the Austrian forest area (UMWELTBUNDESAMT 2005), deposition 
measurements at ICP forest level II plots show that exceedances are limited to only 
a few sites (SMIDT & OBERSTEINER submitted). The main reason for such divergent 
results is that the way deposition paths of airborne pollutants in forests are considered 
for measurements is different from that of modelling. This points to a need for stan-
dardization. Nevertheless, ICP forest level II sites from the Northern Limestone Alps 
also show elevated measured N deposition, which is in line with the data from the 
ICP IM site Zöbelboden. 

 

 

Effects of Nitrogen and Sulphur on biodiversity 

Effects of excess N 
on ecosystems are 

far more problematic 
than S to date 

Owing to the current trends of emissions, effects of excess N on ecosystems are far 
more problematic than S effects. Numerous examples underpin the negative impact 
excess N depositions have on biodiversity. The global assessment study, the Mil-
lennium Ecosystem Assessment, which was launched by the UN, states that eu-
trophication through N deposition will be one of the three major threats for biodiversity 
besides land use and climate change (MEA 2005). Notwithstanding the urgency of 
the eutrophication problem, programmes for the assessment of measures taken at the 
European and the national level in response to the 2010 target have just been started. 
The initiative ”Streamlining European 2010 Bio-diversity Indicators” (SEBI2010), 
which was initiated by the European Environment Agency (EEA), UNEP, and the 
European Centre for Nature Conservation as well as experts from a wide range of 
institutes are developing policy-relevant indicators for the needs of the 2010 target 
(http://biodiversity-chm.eea.europa.eu/information/indicator/F1090245995). 
One of a series of headline indicators is nitrogen deposition. Exceedance of critical 
loads for eutrophication effects in sensitive ecosystems will be used and calcula-
tions should be done through the ICP Mapping and Modelling activities of the 
CLRTAP. With its implementation, there would be a much better link between Euro-
pean’s clean air and biodiversity policies than there has been so far. The Austrian 
biodiversity monitoring initiative (MOBI) also suggests N deposition as a pressure 
indicator (http://umwelt.lebensministerium.at/article/articleview/48562/1/6914/). 

No clear picture 
about the impact of 

excess N on 
biodiversity is 

available for Europe 

Though a series of initiatives exists, no clear picture about the impact of excess N on 
biodiversity is currently available, neither for Europe nor at the national scale. Some 
information is provided by the International Cooperation Programmes (ICP) of the 
CLRTAP (e.g. from ICP forest BFH 2006). Assessments of long-term ICP forest data 
at the national scale were done for example in Italy (FERRETTI et al. 2006) and 
Germany (AUGUSTIN et al. 2005). Long-term deposition trends in forest ecosystems 
(ICP forest level II) throughout Austria were analysed recently by (SMIDT & 
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OBERSTEINER, submitted) but an analysis of the effect of airborne pollution on biodi-
versity is still lacking. This is due to the fact that long-term monitoring data suitable 
for assessing changes is very scarce. 

The results from 
the ICP IM site 
Zöbelboden 
provides a reference 
for montane 
calcareous forests 

The ICP IM site Zöbelboden is a reference site for montane calcareous forests of the 
Northern Limestone Alps. Here, deposition above the site specific critical load caused 
clear signs of eutrophication and the decrease of S deposition has led to some, but 
not at strong, recovery from acidification. N emissions have to be lowered substan-
tially in order to combat biodiversity loss in the Northern Limestone Alps of Austria. 
The present study also shows the complex relationships between N and S deposition 
which are specific to site conditions. This should be taken into account when devel-
oping indicators. The different indicators exhibit fast (e.g. chemical soil conditions), 
slow (e.g. forest floor vegetation) and controversial (e.g. soil pH) changes depending 
on soil and forest type. The trends of diversity can be different when different taxa 
and/or indices are taken into account. In addition, change of diversity is scale de-
pendent. Regional scale diversity may still decline even though the change in the 
mean plot diversity is insignificant. When establishing monitoring schemes, several 
bioindicators should be used and the focus should not only be the plot scale but 
also larger areas and regions. 

11 





Effects of nitrogen and sulphur deposition on forests and forest biodiversity – Introduction 

1 INTRODUCTION 

Airborne Nitrogen 
and Sulphur have 
detrimental effects 
in ecosystems 
 
 
 
 
Nitrogen deposition 
is a major threat for 
biodiversity 

Nitrogen (N) and sulphur (S) emissions have increased dramatically during the second 
half of the 20th century causing excess deposition of N and S in natural and semi-
natural ecosystems (BOUWMAN et al. 2002, ERISMAN et al. 2002, GALLOWAY et al. 
2004). Both excess N and S deposition have a wide array of detrimental effects in 
ecosystems. Chronic N excess disrupts the nutrient balance in soils, increases the 
susceptibility to parasite attacks, increases the emissions of nitrogenous greenhouse 
gases from the soil, and elevates nitrate loss to groundwater (FENN et al. 1998, 
FLÜCKIGER & BRAUN 1998, ERISMAN & DEVRIES 2000, ABER et al. 2001, HERMAN et al. 
2001). Significant changes of soils, lichen, bryophyte and vascular plant species 
composition in response to chronic N deposition were found in many ecosystems 
(BOBBINK et al. 2003). N excess has a negative impact on biological diversity and, as 
N emissions are predicted to increase globally during the decades to come, will be 
a major threat for biodiversity in future (BOUWMAN et al. 2002, MEA 2005; SUDING et al. 
2005, PHOENIX et al. 2006). Increased S deposition, causing soil acidification, was 
recognised as a major environmental problem in the 1970s (BOUWMAN et al. 2002). 
As for N, detrimental effects on living organisms were found in freshwater and terres-
trial ecosystems (VANDOBBEN et al. 1999, ASHENDEN 2002, LEGGE & KRUPA 2002, 
PAGE et al. 2004). Unlike N emissions, S emissions were successfully abated in 
Europe through internationally ratified protocols (UN-ECE/CLRTAP) and related 
measures. S levels have thus been decreasing continuously over the last 25 years 
(FORSIUS et al. 2001, SLIGGERS & KAKEBEEKE 2004, BFH 2005, BFH 2006, EMEP 
2006, KLEEMOLA & FORSIUS 2006, ROGORA et al. 2006). How ecosystems may re-
cover from acidification is largely unknown (BEIER et al. 2003). 

The Austrian 
UNECE Integrated 
Monitoring site 
Zöbelboden 

In Austria the intensive ecosystem monitoring site „Zöbelboden” was established in 
1992 as part of the UNECE International Co-operative Programme „Integrated Monitor-
ing of Air Pollution Effects on Ecosystems” (ICP-IM) (www.umweltbundesamt.at/im). 
The site also forms part of the Austrian Long-term Ecosystem Research Network 
(LTER-Austria). Within a catchment of 90 ha the EMEP standard set of air pollutants, 
climate, a wide array of bioindicators and other parameters are measured in the 
long term across ecosystem compartments. The estimated total deposition at the 
Austrian ICP-IM site – including wet, cloud, fog and dry deposition – ranged between 
28–43 kg N*ha-1*yr-1 and 10–18 kg SO4-S*ha-1*yr-1 in the years between 1999 and 
2002 for different forest types (KALINA & ZAMBO 2003). The N deposition is thus as 
much as twice the critical load – the threshold for long term deposition – of deterio-
rating eutrophication effects in temperate deciduous forests (BOBBINK et al. 2003). 
Following broader trends of emission reduction, S deposition has decreased sub-
stantially in the area over the last decade. Though acid deposition is less harmful in 
calcareous soils, topsoil acidification can still occur. 

Objectives of the 
report 

In Austria’s forest ecosystems, critical loads for deteriorating effects (eutrophica-
tion) of N are exceeded particularly in areas with elevated precipitation. The current 
levels of airborne S are thought to be negligible for acidification but high levels of N 
acids play an important role (UMWELTBUNDESAMT 2005, SMIDT & OBERSTEINER 
submitted). Against this background, the ICP-IM site „Zöbelboden” serves as a refer-
ence for current N and S effects in montane, calcareous forest ecosystems. In this 
report, we focus specifically on the combined effect of eutrophication and acidification 
through airborne N and the release from acidification through airborne S between 
1992 and 2005. We analyse long-term observational data on soil chemical charac-
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teristics and a wide array of bioindicators: forest floor vegetation, bryophytes, lichens, 
and birds. In addition, biodiversity and temporal biodiversity changes are assessed 
for all of these organisms. 

Overview of the 
report 

The present report is a synthesis of individual publications focused on each bioin-
dicator which have been published already or are in preparation. The report starts 
with an executive summary (page 5 and 7) and a separate summary for policy makers 
(page 9). An introduction is then given in the UNECE ICP Integrated Monitoring pro-
gramme, an area description and an overview of the data in chapter 2 and 3. This is 
followed by the results of the long-term measurement of airborne N and S deposition 
at the ICP-IM site „Zöbelboden”. Other environmental and anthropogenic determinants 
of the forest ecosystems are shortly described in chapter 4. Chapter 5 is the core of 
the report with results of the changes found in the soils’ chemical characteristics, bio-
indicators and biodiversity. Each section provides a short overview of the method, 
the main results and conclusions. Chapter 7 is integrating the individual results and 
states on the possible future scenario. Details of the applied methods are given in 
chapter 9 in the Appendix. 

14 



Effects of nitrogen and sulphur deposition on forests and forest biodiversity – UNECE ICP-Integrated Monitoring 

2 UNECE ICP-INTEGRATED MONITORING 

The aims of 
integrated 
ecosystem 
monitoring 

The integrated monitoring of ecosystems refers to the simultaneous measurement 
of physical, chemical and biological properties of an ecosystem over time and across 
compartments at the same location. The Integrated Monitoring programme (ICP IM; 
www.environment.fi/default.asp?node=6318&lan=EN) forms part of the effects 
monitoring strategy under the Long-range Transboundary Air Pollution Convention 
(LRTAP) of the United Nation’s Economic Commission for Europe (UNECE; 
www.unece.org/env/lrtap). 

The goal was originally to determine and predict the state and change of terrestrial 
ecosystems – ideally small, 10–1000 ha catchments – in a long-term perspective 
with respect to the impact of air pollutants, especially N and S. This was to provide a 
basis for decisions on emission control and an assessment of the ecological impact 
of such control within the LRTAP convention. Owing to its multi-disciplinary setting, 
the full implementation of ICP IM will allow for determination of the ecological effects 
of tropospheric ozone, heavy metals and persistent organic substances. In addition, 
it contributes to meeting international data requirements for examining the ecosys-
tem impacts of climatic change, changes in biodiversity and depletion of strato-
spheric ozone. 

Long-term data 
from Integrated 
Monitoring 

ICP IM data are currently being submitted from about 50 sites in 17 European coun-
tries, the Russian Federation, and Canada. Additional data reported earlier are avail-
able from sites which have either been suspended or taken out of the ICP IM net-
work, and are used for regional monitoring. Taken together, the ICP IM sites provide 
a source of information allowing for comparisons of complex and multiple effects of 
environmental changes in ecosystems and across biogeographic regions. 
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Figure 1: UNECE ICP Integrated Monitoring sites in Europe, the Russian Federation, and Canada by the year 2006. 
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3 THE AUSTRIAN IM SITE 

3.1 Study area description 

The Austrian UNECE ICP Integrated Monitoring site (www.umweltbundesamt.at/im) 
has a size of 90 ha and is situated in the northern part of the national park “Northern 
Limestone Alps“ (N 47°50’30“, E 14°26’30“) (Figure 2). The altitude ranges from 
550 m to 956 m a.s.l. The main type of rock is Norian dolomite (Hauptdolomit) which 
is partly overlayed by limestone (Plattenkalk). The catchment area is divided into a 
very steep (30–70°) slope from 550–850 m a.s.l. and an almost flat plateau (850–
956 m a.s.l.) on the top of the mountain. 

Soil types On the slope, Lithic and Rendzic Leptosol (= rendsina) predominates with an average 
mineral soil depth of 12 cm. The plateau is characterised by relictic loams, particularly 
Dystric Planosol (= pseudogley) with an average soil depth of 32 cm. In some loca-
tions at the plateau Gleyic Planosol can be found. At intermediate positions Chromic 
Cambisol (= brown earth) occurs with an average soil depth of 22 cm. Mull and moder 
humus predominates but mor humus can also be found. 

Climate The long-term average annual temperature is 6.7° C. The coldest monthly tempera-
ture at 900 m a.s.l. is –0.9° C (January), the highest is 15.5° C (August). Annual rain-
fall ranges from 1500 to 1800 mm. Monthly precipitation ranges from 100 mm (Octo-
ber) to 230 mm (July). Snowfall occurs between October and May with an average 
duration of snow cover of about 4 months, although this is very variable. 

The slope is mainly covered by mixed mountain forest with beech (Fagus sylvatica) 
as the dominant species, Norway spruce (Picea abies), maple (Acer pseudoplatanus) 
and ash (Fraxinus excelsior) (Adenostylo glabrae-Fagetum sensu WILLNER 2002), 
whereas Picea abies predominates on the plateau following plantation after a clear 
cut around the year 1910. The potential natural vegetation of the plateau is a mixed 
Fagus-Abies-Picea-forest (Cardamino trifoliae-Fagetum sensu WILLNER 2002). 
From the start of the project in 1992 onwards forest management has been restricted 
to single tree harvesting in case of bark beetle infestation. Wind throw is frequent in 
the area with single tree events and events affecting larger areas. 

Major forest types 
and forest 
management 

 

17 



Effects of nitrogen and sulphur deposition on forests and forest biodiversity – The Austrian IM site 

 

Figure 2: The Austrian UNECE ICP Integrated Monitoring site Zöbelboden. The location of 
the main meteorological measurements, the two intensive plots, and the 
distribution of all permanent plots for the monitoring of bioindicators are shown. 

 

 

3.2 Spatio-temporal data 

Meteorology, 
air chemistry, 

airborne deposition, 
bioindicator net 

Meteorological and air chemistry measurement is located at a clearing area on the 
plateau (895 m a.s.l.). Additional meteorological data is acquired at a 46 m high 
tower reaching above the canopy for the measurement of mesoclimatic conditions 
(902 m a.s.l.). Two intensive plots for forest stand deposition measurement, soil, and 
soil water chemistry were set up, one being representative of the slope and the other 
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one of the plateau (Figure 2). Permanent plots of the different bioindicators are dis-
tributed across the entire study area. In total 64 main permanent plots are located 
in a 100 m grid (Figure 2). It is designed in such a way that disturbance by sampling 
is minimal. Soil cores were sampled, a forest stand inventory was carried out, and 
forest floor vegetation was recorded according to Figure 3. Fenced and control plots 
for measuring large herbivore impact (by roe deer, red deer, chamois) on tree estab-
lishment are set up at 10 main plots. Additional plots for forest floor vegetation are 
located in the centre of each 100 m grid. Terrestrial and epiphytic bryophytes, epi-
phytic lichens, and birds are monitored through plots distributed irregularly according 
to specific needs like e.g. host trees for lichen monitoring (chapter 8). 

 

 
Figure 3: Design of the main plots for monitoring soils, forest stands, and forest floor 

vegetation. Small dark and open circles depict points that are permanently marked 
(metal poles) and geodetically surveyed (20 cm coordinate accuracy). Fenced 
and control plots for measuring herbivore impact are set up only on 10 main plots. 
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The first records of permanent plots were acquired in the years 1992/1993. A full 
repetition took place in the years 2004/2005. Herbivore impact and the bird inventory 
started in the 1995 and 1997 respectively. The observation period ranges between 
8 and 13 years for the soil chemical characteristics and the different bioindicators. 
Herbivore impact, bryophyte, and lichen plots were recorded once again in-between 
(Table 1). 

 

Table 1: Overview of long-term data of the Austrian ICP IM site which was used for the 
present study. Years of survey are given as dark shaded boxes. 

1991–1999 2000–2005 
year of survey 

1 2 3 4 5 6 7 8 9 0 1 2 3 4 5

forest inventory                

large herbivore pressure                

soil                

forest floor vegetation                

terrestrial and epiphytic bryophytes                

epiphytic lichens                

birds                

Long-term 
bioindicator 

observations 
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4 NITROGEN AND SULPHUR DEPOSITION 

4.1 Measurements and models 

Measurements of 
airborne Nitrogen 
and Sulphur 
deposition 

Direct measurement of airborne deposition is carried out according to the methodo-
logical standards of the ICP IM programme. We used data on bulk deposition from 
a clearance area (895 m a.s.l.), throughfall deposition (= below canopy) in two inten-
sively surveyed forest stands and on modelled total deposition (including dry, fog and 
cloud deposition) in order to describe the situation with reference to airborne depo-
sition of N and S in the study area. Non-forest bulk deposition in the clearance area 
and throughfall bulk deposition in the two intensive plots was measured using funnel-
type bulk precipitation samplers. The two intensively surveyed forest stands are lo-
cated on the plateau (intensive plot I, 895 m a.s.l.) and the slope (intensive plot II, 
880 m a.s.l., Figure 2). They represent two contrasting forest stands which are typical 
of the study area: the mixed beech-maple-spruce forests are characteristic of the 
slope and the spruce-dominated forests are characteristic of the plateau. 

 

Figure 4: Paths of deposition of airborne pollution in the clearance area and forests of the 
ICP IM site Zöbelboden. As an example, the annual range of N deposition (in 
kg/ha/y) in different forest types is given. The estimates are derived from in situ 
measurements from the year 1995 to 2004 and modelling. 
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Modelling total 
deposition 

The total deposition of S and N was estimated for the time period 1999-2002 by us-
ing measured wet only deposition of the clearance area, modelled occult deposition 
(CDM-Cloud Deposition Model after (LOVETT 1984, 1994)) and dry deposition (DDM-
Dry Deposition Model after (BALDOCCHI et al. 1987) and (MEYERS et al. 1991)) with 
an active cloud water sampling technique (string collector NESA1) (KALINA & 
ZAMBO 2003). The estimation of total deposition was performed for 21 forest stands 
with forest inventory data on tree species, stem diameter, tree height, and canopy 
height. For an extrapolation of the results of the 21 forest stands to the entire study 
area, a forest biotope map from the year 2000 with data on tree species abundance 
for each polygon was used. The polygons were overlaid with the 21 forest stands 
and classified into four gross forest structural types for which the estimated total depo-
sition had been established (Figure 8). These were henceforth referred to as “depo-
sition clusters” (see also ZECHMEISTER et al. 2006). 

 

 

4.2 Spatial distribution and temporal trends 

Nitrogen deposition Deposition measurements of nitrogen (N) in the clearance area (895 m a.s.l.) show 
annual average values of 16.5 ± 2.7 kg N-total*ha-1*yr-1 (7.5 ± 2.6 kg NH4-N*ha-1*yr-1 
and 6.9 ± 1.0 kg NO3-N*ha-1*yr-1) in the period from 1995 to 2004 (Figure 5). Through-
fall N deposition for intensive plot I was 20.9 ± 2.6 kg N*ha-1*yr-1 and for intensive 
plot II 14.8 ± 2.4 kg N*ha-1*yr-1 (Figure 6). Throughfall deposition of N-total slightly 
increased from 1995 to 2004. When modelled occult and dry deposition is taken 
into account, the different forest stands of the study area are exposed to N deposition 
ranging between 28 and 43 kg N-total*ha-1*yr-1 (KALINA & ZAMBO 2003, see also 
HERMAN & SMIDT 1995). The substantial share of occult and dry deposition (45 to 
59% of total N) is characteristic of mountain forests with frequent fog and cloud 
events (LOVETT 1984, 1994, WESELY & HICKS 2002). The empirical critical loads for 
deteriorating effects of excess N are between 10 to 20 kg N*ha-1*yr-1 for the observed 
forest types (BOBBINK et al. 2003). Depending on whether the measured or the 
modelled deposition is considered, N deposition in the study area is within the range 
of critical loads or critical loads are exceeded by up to an order of magnitude. 

Sulphur (S) deposition shows annual average values of 6.2 ± 1.5 kg SO4-S*ha-1*yr-1 
in the clearance area in the period from 1995 to 2004 (Figure 5). Average SO4-S 
deposition was 7.1 ± 2.0 kg*ha-1*yr-1 for intensive-plot I and 4.0 ± 1.5 kg*ha-1*yr-1 
for intensive-plot II (Figure 7). Taking occult and dry deposition into account the 
forests of the study area are exposed to SO4-S deposition ranging between 10 to 
18 kg*ha-1*yr-1. The share of occult and dry deposition is 40 to 67% of the total S 
deposition (KALINA & ZAMBO 2003). S deposition decreased like in many other parts 
of Europe so that acidification is becoming less of a problem and recovery from 
acidification can be expected (BOUWMAN et al. 2002) (Figure 5, Figure 7). 

Sulphur deposition 
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Figure 5: Non-forest bulk deposition of N-total, NH4-N, NO3-N, and SO4-S measured in the 
clearance area (895 m a.s.l.) between 1995 and 2004. 

 

Amounts of 
deposition in 
different forest 
stands 

There is a significant difference between intensive-plot I and II with respect to the 
deposition amount of N-total and SO4-S (P < 0.001 and P = 0.005; two-sided paired 
t-test). This difference can be explained by the stand structure and tree species com-
position of the two plots (KALINA & ZAMBO 2003). Intensive plot I, which is character-
istic of spruce-dominated forests of the plateau, is exposed to significantly higher 
deposition than the mixed deciduous forests represented by Intensive plot II. Conifers 
like spruce are well known receptors of high amounts of particularly fog, cloud and 
dry deposition (LOVETT 1984, 1994). The plateau is thus exposed to higher amounts 
of deposition than the slopes (see Figure 8 with the plateau in the southern and 
eastern part of the study area). The snow regimes in the slope area (less snow due 
to wind in the upslope areas) and at the plateau (snow accumulation in flat areas) 
may additionally influence the differences in deposition. 

Total deposition of S and N was estimated for different forest types which receive 
increasing deposition amounts (KALINA & ZAMBO 2003, Figure 8): 

 low deposition (cluster 1): deciduous tree species dominate, a mixture of mostly 
beech, maple, ash, and spruce to a minor extent 

 intermediate deposition (cluster 2): deciduous tree species, a mixture of mostly 
beech, maple, and ash 

 high deposition (cluster 3): deciduous tree species and spruce (equal share of 
spruce with beech, maple, and ash) 

 very high deposition (cluster 4): mono-dominant spruce forests. 
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Figure 6: Throughfall bulk deposition of N-total in intensive plots I and II between  
1996 and 2004. 

 

 
  

0,0 

2,0 

4,0 

6,0 

8,0 

10,0 

12,0 

14,0 

1994 1996 1998 2000 2002 2004 2006

kg
/h

a/
yr

 

intensive plot I intensive plot II 

Figure 7: Throughfall bulk deposition of SO4-S in intensive plots I and II between  
1996 and 2004. 
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Figure 8: Spatial distribution of the total deposition of airborne N and S at the ICP IM site 
Zöbelboden as indicated by deposition clusters. Total deposition takes modelled 
occult and dry deposition into account. Low deposition (depo cluster 1), 
intermediate deposition (depo cluster 2), high deposition (depo cluster 3), very 
high deposition (cluster 4). The bold lines depict forest roads and the dashed 
lines permanent and temporary creeks. 

 

 

4.3 Confounding environmental and human factors 

Below we give an overview of a series of factors potentially confounded with the ef-
fects of N and S deposition. Their temporal development is described and they are 
discussed with reference to impacts on soils and bioindicators. 

 

4.3.1 Climate 

The long term average annual temperature is 6.7° C. The coldest monthly tempera-
ture (895 m a.s.l.) is –0.9° C (January), the highest is 15.5° C (August). Annual rain-
fall ranges from 1500 to 1800 mm. Monthly precipitation ranges from 100 mm (Octo-
ber) to 230 mm (July) (Table 2). At altitudes of 900 m a.s.l. snowfall occurs between 
October and May with an average duration of snow cover of about 4 months. 
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Table 2: Climatic characteristic of the IM site Zöbelboden derived from long-term data 

precipitation 1650 mm/year (long-term average) 

temperature + 6.7° C (long-term average) 

vegetation period approx. 190 days/year (>5° C) 

 

No climatic 
trends in the 

observation period 

Neither the mean nor the minimal and maximal daily day and night temperatures 
show an increasing or decreasing trend between 1992 and 2005. Year to year variation 
is however considerable (Figure 9). In particular precipitation varied substantially. 
Drought years like 2003 are beyond the average variation (Figure 10). The annual 
vegetation period (days/year with > 5° C) ranged between 156 and 246 days be-
tween 1992 and 2005 showing substantial year to year variations but no obvious 
increase or decrease. 

 

 

°C
 

Figure 9: Mean daily temperature of the IM site Zöbelboden (895 m a.s.l.) and from 
Schoberstein (1285 m a.s.l.), a nearby meteorological station at comparable 
elevation with data prior to 2001. A trend (running mean with 365 days) is shown 
by the bold line (dashed lines indicate data from IM site Zöbelboden). 
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Figure 10: Daily precipitation of the IM site Zöbelboden (895 m a.s.l.) and from Schoberstein 
(1285 m a.s.l.), a nearby meteorological station at comparable elevation with data 
prior to 1995. A trend (running sum with 30 days) is shown by the bold line 
(dashed lines indicate data from IM site Zöbelboden). 

 

In summary, the climatic parameters have not change significantly during the period 
of observation. A significant effect of climate warming on temporal trends of the bio-
indicators observed might thus not have occurred. However, trends from nearby 
meteorological stations (e.g. Großraming, 379 m a.s.l.) indicate a continuous decade-
long temperature increase. The forest ecosystems of the study area might thus re-
spond to this long-term climate trend which is not captured by the meteorological 
measurements of the study area. In addition, extreme events occurred like the drought 
year 2003, which might have had an effect on the observation of bioindicators in the 
years 2004 and 2005. Nevertheless, the findings of (LEXER et al. 2001) indicate that 
particularly the montane forests of Austria – like those of the study area – are well 
buffered against contemporary climate changes. Taking all arguments into account, 
we do not expect a major influence of climate changes on the temporal development 
of the bioindicators at the IM site „Zöbelboden” during the observation period, with 
the exception of triggering effects of extreme climatic events. 

 

4.3.2 Large herbivores 

Ungulate herbivores can have profound effects on tree recruitment by twig browsing 
and bark peeling (WEISBERG & BUGMANN 2003). The following ungulates can be 
found in the area: roe deer (Capreolus capreolus), red deer (Cervus elaphus), and 
chamois (Rupicapra rupicapra). Since 2001 roe deer has been increasing, red deer 
decreasing and the numbers of chamois have varied substantially from year to year 
with no clear trend. In total, 10 fenced and their control plots were used to analyse 
changes in forest damage according to (REIMOSER et al. 1999) (see Figure 2 and 
Figure 3 for sampling details). Twig browsing predominantly occurs in winter and is 
most intensive on Sorbus aria and least on Picea abies. The plateau areas are 
more prone to twig browsing than the slope. Bark peeling decreased in the slope 
area and increased at the plateau. Overall herbivore damage increased from the 
mid-1990s until 2004 (REIMOSER & REIMOSER 2005). 

Trends in the 
abundance and 
impact of ungulate 
herbivores 
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Though there was an increasing impact of herbivores on tree establishment, no major 
indirect effect is to be expected during the relatively short observation period. A direct 
impact of ungulates on the composition of forest herbs and grasses was not inves-
tigated. 

 

4.3.3 Forest and management 

In the 19th century the demand for wood for the prosperous iron industry of the region 
was exceptional. The area of the „Reichraminger Hintergebirge”, where the ICP IM 
site „Zöbelboden” is located, was extensively logged. Natural forests remained only 
in less accessible areas. The forests at the plateau of „Zöbelboden” were clear cut 
around the year 1910. Currently a plantation forest with spruce predominates on the 
plateau. Spruce was also planted on smaller clear cuts in the following decades. By 
contrast, the rather steep slopes largely remained untouched so that we find close 
to natural mixed deciduous forests with beech, maple, ash, spruce, larch and fir. 

Intensive historical 
tree harvest 

With the establishment of the national park, the „Nationalpark Kalkalpen” in the year 
1997, forest management was restricted to single tree harvest in case of bark beetle 
attacks. The old forest road currently serves as the main access to the area. 

The main impact of forest management on the area is thus historical. Young spruce 
plantations still exist but are excluded from permanent plot sampling. Older plantations, 
where permanent plots exist, are already mixed with deciduous trees (see chapter 
4.3.4 for more details). 

Intensive harvest in the past led to nutritional deficiencies in many central European 
forests and recovery processes might still be ongoing (e.g. HERMAN et al. 2001). In 
fact, the nutritional status of forest trees, as indicated by the needle chemistry of spruce 
in Austria, is low, particularly with regard to N (STEFAN & FÜRST 1998). 

 

4.3.4 Forest tree layer changes 

4.3.4.1 Forest floor light condition 

Measurement of 
below canopy 

radiation 

Changes of the tree canopy through growth, senescence, windthrow or bark beetle 
infestation, but also tree harvest directly influence the light conditions in the forest and 
the diversity of the entire forest stand. In order to directly measure forest floor light 
conditions, hemispherical photographs were taken at a height of 1 m in the year 2005 
at all main 10*10 m permanent plot (Figure 2, Figure 3). Total below canopy radiation 
(in W/m²) was calculated for the vegetation period (March to October) for each pho-
tograph using the software “Gap Light Analyzer” Version 2.0 (GLA 2.0, FRAZER et 
al. 1999). Since no hemispherical photographs were available for the year 1992 a 
multiple least square regression model was calibrated linking below canopy radiation 
with above canopy radiation (taken from the GLA calculations) and forest inventory 
parameters from the year 2005 (R² = 0.69, F-Test p-value < 0.001). 

No temporal change 
of the below canopy 

light conditions 

No significant temporal changes of the forest floor light conditions were found, neither 
on the plateau nor the slope (p > 0.272, two-sided t-test on below canopy radiation 
measures) (Figure 11). This was surprising as the slope was affected by a net de-
crease of tree individuals due to wind throw and senescence (Figure 12) and bark 
beetle attacks were frequent in the last years in the area. Apparently, closure of the 
canopy by the remaining tree individuals counterbalanced the net loss of tree indi-
viduals so that the light conditions, on average, were stable. 
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Figure 11: Box-and-whisker plot of the change of below canopy radiation (in W/m²) from 
1992 to 2004 at the plateau and the slope (n = 62). Positive values indicate 
increasing and negative values indicate a decreasing radiation. 

 

4.3.4.2 Tree species effect on soils 

Tree layer changes were investigated through forest inventories in the year 1992 and 
2005 on 64 10 m diameter circles in a 100 m regular grid (Figure 2, Figure 3). The 
method includes parameters about forest stands and single trees and followed the 
Austrian standards for forest inventories (SCHIELER & HAUK 2001). 

Tree species composition indirectly affects forest floor vegetation via its influence on 
humus characteristics. Litter quality and the rates of airborne N and S deposition 
exert a combined effect on humus decomposition (KNORR et al. 2005). In particular 
the contribution of spruce is important in the area due to its known acidifying effect 
retarding humus decomposition and N mineralization (REHFUSS 1990). 

The share of spruce, which was planted on clear cuts, decreased in the entire area 
during the last 13 years. The number of beech trees increased at the plateau but 
decreased on the slope (Figure 12). Humus decomposition and thus N mineralization 
should thus have been ameliorated on the plateau. On the slope, no major changes 
are to be expected since the relative shares of beech and spruce remained more or 
less the same. 

Spruce decreased 
and beech increased 
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Figure 12: Comparison of the proportions of tree species between 1992 and 2005 at the 
plateau (P) and the slope (S). Units are total counts in 36 (plateau) and 27 (slope) 
forest inventory circles with 10 m diameter. Only living trees with a breast height 
diameter ≥ 10 cm were taken into account. 

 

4.3.4.3 Tree layer diversity 

Tree layer diversity 
indices derived from 
forest inventory data 

Tree layer diversity, which is the number of tree species but also the horizontal and 
vertical canopy structure, determines much of total forest diversity. Heterogeneous 
tree layers create more diverse niches for plants and animals through their influence 
on light conditions, soil formation, the provision of forage, nesting opportunities and so 
on (NEUMANN & STARLINGER 2001). Trees as habitats for epiphytic organisms are the 
source of vivid population dynamics, thereby controlling diversity (ZECHMEISTER et al. 
2006). We used three different diversity indices in order to reveal changes in the tree 
layer. The indices were calculated using the forest inventory data of 1992 and 2005. 
The integrated stand diversity index (JAEHNE & DOHRENBUSCH 1997) combines meas-
ures for the variation of species composition, tree stem diameter, tree distance and 
crown dimension. Forests stand are significantly more diverse in 2005 they were in 
1992 (Table 3). The diversity of the vertical distribution of coverage within a forest 
stand – vertical evenness (NEUMANN & STARLINGER 2001) – is significantly increasing. 
Horizontal patchiness of trees, using the aggregation index according to (CLARK & 
EVANS 1954) did not change. The change of tree layer diversity is thus due to vertical 
structuring. 
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Table 3: Temporal trends of forest tree layer diversity indices derived from 64 forest 
inventory plots recorded in the years 1992 and 2005. Indices are given as mean 
and standard deviation; p-values were derived using a paired t-test. 

diversity index 1992 2005 time trend p-value 

vertical evenness 
(NEUMANN & STARLINGER 2001) 0.49 ± 0.20 0.45 ± 0.21 + 0.04 0.034 

aggregation index  
(CLARK & EVANS 1954) 1.15 ± 0.25 1.16 ± 0.33 – 0.02 0.489 

stand diversity index 
(JAEHNE & DOHRENBUSCH 1997) 2.95 ± 4.81 2.65 ± 1.52 + 0.30 0.001 
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5 EFFECTS ON SOILS AND BIOINDICATORS 

5.1 Soil changes 

Soil sampling 
and chemical 
soil analyses 

In 1992 and 2004 soil samples were collected at the 64 main permanent plot positions 
(Figure 2). At each location 3 soil samples were taken from 5 horizons and pooled 
(Figure 3). The humus layer and the mineral soil horizon from 0–10 cm was analysed 
for this study. At each sampling position the soil type was determined according to 
(NESTROY et al. 2000) and grouped into 3 gross soil types referred to as Leptosol 
(Rendsina), Cambisol (calcareous brown earth), and Planosol (Pseudogley) there-
after. The pooled soil samples were analysed for pH value, total organic and inorganic 
carbon (TOC, TIC), total nitrogen (Ntot), and total sulphur (S) content. C/N ratios were 
built with TOC and Ntot and C/S ratios with TOC and S respectively. For further details 
on sampling and chemical analysis see details in chapter 9.1.1. 

 

5.1.1 Results 

Soil chemical 
characteristics are 
mainly determined 

by soil type 

The chemical characteristics of the soils in the area are mainly determined by the 
occurrence of relict loams, which are responsible for the development of Leptosol in 
the absence of loams and Cambisol or Planosol in the presence of loams. The humus 
layer of Leptosol shows highest Ntot, TOC and pH values, whereas Planosol shows 
the lowest. In this regard Cambisol takes an intermediate position. Base saturation 
is very high for all soil types (99%, unpublished data) and stems mostly from Ca and 
Mg ions. The mean C/N ratio of the humus layer is 34 in the year 1992 and 29 in the 
year 2004. It is lowest for Leptosol and Cambisol and highest for Planosol (Table 4). 

 

Table 4: Chemical soil characteristics of the three main soil types and changes from 1992 to 
2004. 

  pH C/N C/S 

  1992 2004 1992 2004 1992 2004 

Leptosol 5.3 ± 0.5 6.0 ± 0.4 32.8 ± 5.5 28.7 ± 6.1 221.9 ± 167.5 290.5 ± 84.3 

Cambisol 5.1 ± 0.5 5.1 ± 0.7 32.7 ± 4.7 29.7 ± 4.3 388.4 ± 281.4 308.4 ± 56.5 

Planosol 4.8 ± 0.6 4.5 ± 0.9 37.0 ± 6.8 30.3 ± 5.1 237.5 ± 89.7 310.8 ± 60.3 

overall1) + 0.2, p = 0.015 – 4.3, p < 0.001 + 16.6, p = 0.009 H
um

us
 la

ye
r 

(n
 =

 5
9)

 

C
ha

ng
e 

soil types2) p < 0.001 p = 0.285 p = 0.055 

Leptosol 6.6 ± 0.3 6.9 ± 0.2 13.9 ± 2.4 15.3 ± 1.6 57.2 ± 14 125.7 ± 25.1 

Cambisol 6.2 ± 0.8 6.4 ± 0.7 15.6 ± 3.9 16.1 ± 1.7 57.3 ± 18.3 135.3 ± 25 

Planosol 5.3 ± 1.2 4.9 ± 1.0 16.5 ± 4.5 16.1 ± 1.9 48.2 ± 15 150.8 ± 15.5 

overall1) + 0.1, p = 0.092 + 2.2, p = 0.156 + 79.4, p < 0.001 

M
in

er
al

 s
oi

l 0
-1

0 
cm

 
de

pt
h 

(n
 =

 5
6)

 

C
ha

ng
e 

soil type2) p = 0.008 p = 0.349 p = 0.004 
1) Overall temporal changes were tested using a two-sided paired t-test. 
2) Differences of changes between soil types were tested with ANOVA using the F-statistic. Values 

represent mean ± std.dev. 

Significant changes with p-value < 0.05 are given in bold letters. 
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Soil pH value 
increased 

Between 1992 and 2004 the pH value increased overall by 0.2 in the humus layer 
and by 0.1 in the mineral soil from 0–10 cm. These changes were significantly dif-
ferent between soil types with highest increases for Leptosol (+ 0.7 for the humus 
layer) and a slight decrease for Planosol (Table 1). C/S ratio increased significantly 
in the humus layer (on average + 16.6) and in the organic soil (on average + 79.4). 
These changes were significantly different between soil types. The degree of change 
of the C/S ratio increases from Leptosol to Cambisol to Planosol. 

The C/N ratio narrowed significantly (on average – 4.2) in the humus layer but re-
mained stable in the mineral soil with no difference between soil types (Table 4, 
Figure 13, and Figure 14). 

 

 

Soil C/N ratio 
narrowed 

Figure 13: Box-and-whisker plots of changes in pH-value, C/N, and C/S ratio in the humus 
layer from the years 1992 and 2004 (n = 59). 
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Figure 14: Box-and-whisker plots of changes in pH-value, C/N, and C/S ratio in the mineral 
soil from 0 to 10 cm from the years 1992 and 2004 (n = 59). 

 

Taking the overall trend, soil pH values increased in the study area, which is in line 
with broad scale trend data (FORSIUS et al. 2001). This can be related to the decrease 
in S deposition which led to significantly increasing C/S ratios in the humus layer as 
well as the mineral soil (Figure 13, Figure 14). The magnitude and the direction of this 
trend differ between the soil types (Table 4). Leptosol and Cambisol exhibited a clear 
increase with Leptosol showing highest pH-increase. This is in line with the pro-
nounced decrease of S deposition (Figure 7). Planosol on the other hand showed a 
decreasing pH value although the C/S ratios increased. In this case excess deposition 
of nitrous acids might be responsible for continuing acidification. Planosol occurs 
predominantly on the plateau where relatively high deposition occurs due to a high 
proportion of conifers (chapter 4). There, deposition of acids has apparently overruled 
the amelioration of acidification through increased litter quality, which can be expected 
given the relative decrease of the proportion of spruce (chapter 4.3.4.2). 

The C/N ratio in the humus layer narrowed significantly (Table 4, Figure 13). Nar-
rowing C/N ratios indicate enhanced N mineralisation and are used as robust indi-
cators of excess deposition of airborne N (MACDONALD et al. 2002, FALKENGREN-
GRERUP & DIEKMANN 2003, AUGUSTIN et al. 2005). Notably, both the soil C (TOC) 
and N pool (Ntot) decreased. Chronic N deposition might thus have stimulated the 
decomposer activity, thereby lowering the C and N storage of the soil, but less for 
the N than for the C pool. Additional factors exist which might have influenced N dy-
namics. First, canopy opening and enhanced light penetration may additionally stimu-
late N mineralisation. Though this might be important for single plots, the light condi-
tions were on average stable during the observation period (chapter 4.3.4.1). Sec-
ond, the nutritional status of the soils may still be undergoing a continuous recovery 
from the clear cut which occurred on the plateau in the beginning of the 20th century. 

Less Sulphur 
deposition caused 
recovery from soil 

acidification 

Excess Nitrogen 
deposition caused 
soil eutrophication 
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5.1.2 Conclusion 

The soils show a significant recovery from acidification which is due to a decrease 
of S deposition to the forest soils. The recovery process is limited to Leptosol and 
Cambisol, both of which are predominant on the slopes of the study area. Planosol, 
the dominant soil type at the plateau, exhibited further acidification. The long-term 
excess N deposition caused soil eutrophication. C/N ratios narrowed significantly in 
all soil types. 

 

 

5.2 Forest floor vegetation 

Rectangular 10*10 m permanent plots are positioned in a regular 100 m grid (with 
plots at each corner and in the centre) (Figure 2, Figure 3). For the present study 
we used only plots with at least 10% coverage of trees higher than 1.3 m in 1993 (in 
total 124). All vascular plant species present on each plot were recorded and a cover-
abundance value estimated. The first recording took place in 1993, a repetition in the 
year 2005. In order to detect trends in species abundance and species composition 
we used Marginal Models for square contingency tables and Multidimensional Scaling. 
A potential causal relationship with air pollution of N and S was sought by using Ellen-
berg indicator scores (see 9.1.2 for more details). 

 

5.2.1 Results 

Overall, the abundance of forest floor plant species slightly increased. Whereas 13% 
of the plant species significantly decreased in abundance, 15% increased. The cor-
relation between these abundance changes with species-specific Ellenberg indicator 
scores (ELLENBERG et al. 1992) showed a significant positive correlation with the N 
value (nutrient availability), whereas no correlation was found for L (light), M (mois-
ture) and R (soil reaction) value (Table 5). This result is in line with many other studies 
stating that airborne N deposition favours species which are characterised by an 
enhanced N demand (BOBBINK et al. 2003). 

 

Table 5: Correlation between abundance changes of plant species and their Ellenberg 
indicator scores. The β of Marginal Models, which indicates the degree and 
direction of abundance change, of 109 plant species was used. We used Kendall’s 
rank correlation with exact p-values for ordinal data (significant values with p-value 
< 0.05 are given in bold). Positive correlation coefficients indicate positive 
correlation with Ellenberg scores and vice versa. 

Ellenberg indicator Kendall’s Tau p-value 

N + 0.14 0.026 

R – 0.01 0.845 

L – 0.04 0.512 

M – 0.004 0.953 

Nitrophilic 
forest floor plants 
increased 

Analysis of long-
term trends of 
the forest floor 
vegetation 

Overall soil 
chemical changes 
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Trends in forest 
floor species 

composition differ 
between soil types 

 
 
 
 
 

Erosion of the 
infertile forest floor 

communities  

The changes in species composition from 1993 to 2005 are illustrated in Figure 16. 
Since species composition is largely determined by soil characteristics, plots group 
according to their soil type. On the right side base-rich, dry sites (Leposol) and on 
the left side increasingly moist, acidic sites prevail (Planosol) (Figure 16). There is an 
obvious and also significant change in species composition between 1993 and 2005. 
This change, moreover, is different for different soil types (overall change and group 
change has p < 0.001 using MANOVA). An analysis of Ellenberg indicator values for 
species composition does not reveal a clear relationship with N and S deposition 
and the observed soil changes (see 5.1). However, the convergence of the plots from 
the margins to the centre indicates an erosion at the infertile ends of the floristic 
gradient: at the base-rich, dry and at the acid, moist sites. Overall, forest floor vege-
tation is thus homogenising which is indicated by the shrinkage of compositional 
variation between 1993 and 2005 (Figure 15) (HÜLBER et al. submitted). Such a dif-
ferential effect seems to be typical of forest floor vegetation (DIEKMANN & DUPRÉ 
1997). Recently (GILLIAM 2006) hypothesised that the resulting homogenisation, which 
is caused by a decrease in the spatial diversity of N availability, is a major driver of 
biodiversity losses in forests. 

 

 

Figure 15: Temporal changes in species composition on 124 permanent plots of the Austrian 
Integrated Monitoring site from 1993 to 2005. The spacing of the plots indicates 
species compositional similarity. Filled symbols represent plot position in 2005, 
open symbols the position in 1993. Triangles represent Leptosol, circles Planosol 
and squares Cambisol. The graph shows the first and the second axis of the three-
dimensional ordination space derived from non-metric Multidimensional Scaling 
(nMDS-space). 
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5.2.2 Conclusion 

Overall changes 
of the forest floor 
vegetation 

Chronic N and S depositions have differential effects on forest floor vegetation. Weak 
responses under intermediate site conditions may mask significant changes on oligo-
troph sites where species composition shifts towards the species composition of in-
termediate sites. As a likely long-term consequence, oligotrophic species will probably 
disappear from the regional species pool due to the erosion of oligotrophic sites. N 
deposition is thus a threat to biodiversity even in areas where N supply is favourable 
at the majority of sites. Compared to the trends found in other forests, the overall 
impact of airborne N and S deposition is weak so far. This is due to the predominance 
of soils characterised by rather favourable nutrient conditions and thus low sensitivity 
to eutrophication and by a high buffer capacity against acidification. 

 

 

5.3 Bryophytes 

Analysis of long-
term trends of 
terrestrial and 
epiphytic 
bryophytes 

In total, 20 epiphytic and 14 terrestrial monitoring plots were recorded in the study 
area (Figure 2). The epiphytic plots were established on different tree species accord-
ing to the ICP IM Manual sub-programme EP ‘trunk epiphytes’ (ICP IM Manual, 2004). 
This method was originally developed for lichens, and adapted to be used for bryo-
phytes in several countries. The first recording took place in 1993, with repetitions 
in the years 1998 and 2004/2005. The terrestrial plots with a size of 50*50 cm were 
established in the year 1992. The total cover of each bryophyte species was recorded. 
The repetitions took place in the years 1993, 1998 and 2004/2005. In order to detect 
trends in the abundance of single species we used Wilcoxon Matched Pairs test. 
Temporal trends in species composition of the permanent plots were analysed using 
Multidimensional Scaling (see chapter 9.1.2.2 for more details). 

 

5.3.1 Results 

In total, at least 55 species were found on all the permanent plots during one obser-
vation year. 33 of these were found on epiphytic and 33 on terrestrial plots. 11 species 
occurred on both types of plots. With the exception of a few dominants, coverage was 
low for most of the species and the turnover rate high over the observed period. When 
looking at all the permanent plots, only six terrestrial (18.2%) and eight epiphytic 
species (24.2%) covered more than 5% of the plot area. Hypnum cupressiforme was 
the only species covering more than 5% on both types of permanent plots. 

The epiphytic plots exhibited an overall increase in bryophyte cover over the obser-
vation period, associated with a significant reduction of empty bark (Wilcoxon Matched 
Pairs test, p = 0.035) and a constant but not significant reduction of lichen coverage. 
For the terrestrial plots, the area covered by single bryophyte species differed ex-
tremely between plots during one observation, and also between the repeated ob-
servations of a plot. 

Few bryophyte 
species increased 
or decreased 
directionally 

Temporal changes of the observed species were inhomogeneous between the two 
periods (1992 to 1998 and 1998 to 2004/2005) and only very few species showed a 
constant directional trend over the entire observation period. On the epiphytic plots, 
significant increases of coverage were found for Hypnum cupressiforme (Wilcoxon 
Matched Pairs test, p = 0.009) for the entire observation period from 1992 to 2004. 
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Leucodon sciuroides did not increase from the year 1992 to 1998 but increased sig-
nificantly from 1998 to 2004 (Wilcoxon Matched Pairs test, p = 0.027). On the terres-
trial plots, only a single species (Dicranodontium denudatum) showed a significant 
decrease (Wilcoxon Matched Pairs test, p = 0.043) during the entire observation period 
(ZECHMEISTER et al. 2006). 

No directional trend 
of the bryophyte 

species composition 

In contrast to significant temporal trends in the abundance of single bryophyte species, 
no such trends were found for species composition of the permanent plots. In fact, 
there was no significant difference in species composition found between the years 
of observation, neither for the epiphytic nor the terrestrial plots. Some plots showed 
clear trends in a single direction, on others there were trends in the opposite direction. 
Several plots showed no discernible trends within the periods of investigation, which 
are illustrated by a zigzag line (Figure 16). Directional trends of some plots were thus 
counterbalanced by an overall pronounced variance. 

 

 

Figure 16: Temporal changes in species composition of 14 terrestrial bryophyte plots (Non-
metric Multidimensional Scaling (nMDS), axes 1 and 2). Distances between plots 
represent similarity of the species composition. The size of the circles represents 
the amount of N and S deposition (deposition clusters 1–4) on each terrestrial plot. 
The direction and size of the arrows represent the temporal development of each 
plot from the first (1993) to the last (2005) observation. 

 

Bryophyte species 
composition 

correlates with the 
amount of airborne 

Nitrogen and 
Sulphur deposition 

Notwithstanding the ambiguity of the temporal trends of bryophyte species composition 
at the permanent plots, some comparable patterns of airborne pollution and changes 
in overall species composition could be found. First, the peak in N deposition in the 
year 2000 (Figure 5) could be related to a relatively big change in species composition, 
which is reflected by elongated arrows in Figure 16. Eutrophication through N seems 
to be responsible for this change (ZECHMEISTER et al. 2006). Secondly, the species 
composition correlates with the deposition cluster representing different amounts of 
total N and S deposition (Table 6). 
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Table 6: Correlation between the bryophyte species composition (multidimensional nMDS 
space with 3 axes) of the epiphytic and terrestrial plots and the deposition amount 
of N and S (“deposition cluster”). Values represent Kendall´s tau correlation 
coefficient between nMDS axis scores and the deposition cluster. Significant 
correlations are given in bold letters (*p-values < 0.05, ** < 0.01). 

deposition cluster 
nMDS axis 

epiphytic plots terrestrial plots 

1 0.012 0.283* 

2 – 0.328** 0.256* 

3 0.002 0.218 

 

 

5.3.2 Conclusion 

Overall changes 
of terrestrial 
and epiphytic 
bryophytes 

During the 14 year period of observation most bryophyte species remained stable 
in their overall abundance in the area. The observed changes can only to some extent 
be attributed to effects of airborne N and S pollution. A few bryophytes responded to 
N deposition levels in the observed period by an increment in their population cov-
erage. Accordingly, the changes in only a few other species point to a recovery from 
acidification owing to a decrease in S deposition. The bryophyte communities as a 
whole did however not show directional changes attributable to the observed amounts 
of N deposition and the decrease of S deposition. Thus, the substantial exceedance 
of critical loads for eutrophication effects did not lead to acute injuries. If at all, such 
injuries tended to be chronic injuries on single bryophyte species and recovery 
processes from former acidification seem to be slow. Overall, this resulted in a spatial 
distribution of bryophyte communities which was at least to some extent related to 
different deposition regimes of airborne N and S. 

 

 

5.4 Lichens 

Analysis of long-
term trends of 
epiphytic lichens 

Epiphytic lichens were first recorded in the year 1993. Records are set up on maple 
(Acer pseudoplatanus), beech, (Fagus sylvatica), ash (Fraxinus excelsior), larch (Larix 
deciduas) und spruce (Picea abies). Two repetitions took place in the years 1999 
and 2005. Tree selection was done so that an even distribution of tree species was 
achieved. From a total of 70 plots which were recorded in the year 1993, a subset of 
49 remained in 2005. All plots were recorded according to four methods, three of 
which were used here. In order to detect trends in species abundance and species 
composition Marginal Models for square contingency tables and Multidimensional 
Scaling were used (see details in chapter 9.1.4). 
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5.4.1 Results 

Lichen abundance 
decreased in 

response to airborne 
Nitrogen and 

Sulphur deposition 

Epiphytic lichen cover per permanent plot decreased slightly from 1993 to 1999 (p-
value = 0.094, Wilcoxon rank sum test), and significantly between 1999 and 2005 
(p-value = 0.039, Wilcoxon rank sum test). This negative trend occurred particularly 
on conifers and in the lower and the upper parts of the study area. This decrease of 
abundance did not lead a simultaneous decrease of the epiphytic lichen diversity. 
On the contrary, diversity even increased (Table 8). A number of species, which show 
a significant decrease of abundance using Marginal Models, or even total extinction, 
are sensitive to eutrophication (e.g. Hypogymnia physodes) and acidification (e.g. 
Bryoria sp., Usnea sp.). 

Lichen communities 
are continuously 

deteriorating 

The temporal trends in the composition of the species show some differences be-
tween the host tree species. Though significant directional trends were found for the 
plots on conifers such trends were only weak on deciduous trees (Figure 17, Table 7). 
The epiphytic lichen communities were already impacted by airborne pollution during 
the first recording in 1993 and exhibited a continuing long-term deterioration without 
any recovery following the decrease in S deposition. This is in contrast to other areas 
in Europe where such a recovery was observed (e.g. GILBERT 1992). To date only 
rudimental communities with regard to species diversity and abundance can be found 
in the study area. 

 

 

A B

Figure 17: Temporal changes in lichen species composition on 49 permanent plots of the Austrian Integrated Monitoring site 
from 1993 to 2005 (recording method according to WITTMANN et al. 1989). A) plots on conifers; B) plots on 
deciduous trees. The spacing of the plots indicates species compositional similarity. Arrows start at the position 
of each plot in the year 1993 and end in 2005. The graph is spread between the first and the second axis of 
the three-dimensional ordination space derived from a non-metric Multidimensional Scaling (nMDS-space). 
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Table 7: Temporal trends of epiphytic lichen species composition on conifers and deciduous 
trees using the axis scores of 3-dimensional non-metric Multidimensional scaling 
with MANOVA. Calculations were done for three different recording methods (see 
chapter 9.1.4.1). Significant trends with p-value < 0.05 are given in bold. 

p-value 
method observation period 

conifers deciduous 

WITTMANN et al. (1989) 1993-1999 0.192 0.380 

WITTMANN et al. (1989) 1993-2005 0.031 0.249 

WITTMANN et al. (1989) 1999-2005 0.298 0.361 

VDI-Richtlinie 3799 (1995) 1999-2005 0.153 0.637 

TÜRK & ZIEGELBERGER (1982) 1999-2005 0.033 0.085 
 

Low air pollution 
impact classes 
decreased and 
higher impact 
increased 

The overall effect of airborne N and S deposition is reflected in the air pollution im-
pact classes, which takes into account not only changes in species abundance but 
also injuries to individuals. From the beginning of the observation in the year 1993 low 
impact classes decreased whereas high impact classes increased (Figure 18). The 
trend between 1993 and 1999 was more pronounced than between 1999 and 2005. 
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Figure 18: Distribution and temporal trend of air pollution impact according to the 
classification of (TÜRK & ZIELGELBERGER 1982) in the study area. Records 
according to (WITTMAN 1989) were used and only those plots which were 
recorded in all observation years. 

 

The combined impact of airborne N and S deposition on lichens shows a diverse dis-
tribution within the study area. Most impacts were found in the lower and the upper 
parts. Frequent fogs in periods of temperature inversion and enhanced deposition of 
pollutants in the upper, exposed parts are probably responsible for this pattern. 

41 



Effects of nitrogen and sulphur deposition on forests and forest biodiversity – Effects on soils and bioindicators 

5.4.2 Conclusion 

Overall changes of 
epiphytic lichens 

Long-term airborne N and S deposition had a significant impact on epiphytic lichens. 
The overall abundance of epiphytic lichens and that of sensitive species decreased. 
Some sensitive species even became extinct. Due to the colonisation on the perma-
nent plots by other species this did not lead to an overall decrease of lichen diversity. 
Lichen communities show a deteriorating development in response to air pollution and 
are becoming increasingly dissimilar from communities typical of clean air conditions. 
The impact of airborne pollution increased continuously from 1993 to 2005. Currently 
all plots are affected. The plots indicating low impact decreased while those indicating 
medium and strong impact increased. Though acid deposition through S decreased, 
epiphytic lichens did not recover. Lichens show clear signs of eutrophication due to 
excess N deposition. 

 

 

5.5 Birds 

Analysis of bird data A total of 64 circles of 100 m in diameter and distributed over the study area were 
recorded three times a year during the breeding period (Figure 2). At each visit, 
birds were recorded during a time span of 5 minutes mainly via acoustic detection 
(LANDMANN et al. 1990). The first record was in the year 1997 and a repetition took 
place in 2005. Analyses were done separately for 7 gross forest types (see chapter 
9.1.5 for more details). 

 

5.5.1 Results 

The changes in the frequency of bird species were different between forest types. 
However, the abundance and composition of birds did not change substantially from 
1997 to 2005. Observed changes were attributable to natural variations of bird popu-
lations and to structural changes of forest stands. Closure of forest canopies by tree 
growth, changing shares of dead wood, and gap formation affected the diversity and 
abundance of specific species groups like hole-breeder, trunk-climber, and carnivores. 
With respect to airborne N and S deposition, only hypothetical cause-effect relation-
ships can be established (see chapter 6). No trends related to broad scale climate 
changes were detected (HOCHRATHNER 2006). 

 

5.5.2 Conclusion 

The short-term bird 
data does not allow 

conclusions on 
temporal trends 

In general, birds are robust indicators for environmental changes. A particular advan-
tage is that a substantial amount of long-term data exists for many countries in Europe 
and beyond (DVORAK & WICHMANN 2003). The relatively short-term data available 
for the study area does not allow for clear conclusions on effect related trends. Hy-
potheses on the likely future fate of bird diversity, which is tightly linked to other eco-
system properties, can be found in chapter 6. In future, with longer-term data available, 
broad scale and regional scale trends can be compared which will allow for a causal 
interpretation of trends. 
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6 EFFECTS ON BIODIVERSITY 

Analysis of the 
distribution and 
trends of biodiversity 

The temporal trends of diversity of each taxonomic group are assessed with regard 
to the total number of species in the study area (PSN) and at the plot-scale (SN), and 
the Shannon diversity of plots (SH). The latter index takes the relative abundance of 
species into account. Apart from evaluating the temporal trend of each taxonomic 
group, an analysis is performed to detect the factors controlling diversity. Variables 
which account for site (habitat) condition, site (habitat) heterogeneity, and tree layer 
diversity are taken into account. The potential effect of air pollution is analysed through 
the inclusion of the pH-value and the C/N ratio of the soils for forest floor vegetation 
and the air quality class for lichens (see chapter 5.1 and 5.4 for more details). 

 

 

6.1 Results 

Overall decline 
of the diversity of 
forest biota 

Averaged over all organisms, diversity has declined from the beginning of the 1990s 
until 2004/2005. PSN decreased for all but epiphytic lichens. SH, which indicates 
the heterogeneity of species frequency, also shows predominantly decreasing trends. 
Epiphytic lichens in general are an exception to this trend. The lichen species number 
increased in the entire study area and at the plot scale. This is a trend which was 
also found in other areas (HAUCK & RUNGE 2002). Only a few diversity trends are 
statistically significant. This is due to the rather high inter-plot variability compared 
to predominantly weak intra-plot temporal changes (Table 8). 
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Table 8: Time trends of species number for the entire study area (PSN, sum of species of all 
plots), species number per plot (SN, mean and standard deviation), and Shannon 
diversity per plots (SH, mean and standard deviation) for forest floor vegetation, 
epiphytic bryophytes, terrestrial bryophytes, epiphytic lichens, and birds. The arrow 
indicates increasing or decreasing trends from the first until the last observation year. 

Taxonomic 
group 

Biodiversity 
index 1992/1993 1997/1999 2004/2005 trend p-value5)

PSN1), 2) 195 – 181 ↓ – 

SN 31 ± 10.0 – 30.4 ± 8.0 ↓ 0.100 
forest floor 
vegetation 
(n = 124) SH 2.30 ± 9.93 – 2.39 ± 8.07 ↑ 0.014 

PSN1) 16 17 15 ↓ – 

SN 4.4 ± 2.0 4.1 ± 2.5 3.8 ± 2.4 ↓ 0.373 
epiphytic 
bryophytes 
(n = 11) SH 1.09 ± 0.57 0.98 ± 0.62 0.87 ± 0.57 ↓ 0.302 

PSN1) 53 66 45 ↓ – 

SN 2.9 ± 2.0 4.1 ± 3.1 2.6 ± 2.4 ↓ 0.373 
terrestrial 
bryophytes 
(n = 9) SH 0.43 ± 0.55 0.52 ± 0.65 0.43 ± 0.51 → – 

PSN1), 3) (40) 65 69 ↑ – 

SN4) (4.4 ± 2) 6.0 ± 3.1 6.7 ± 3.4 ↑ 0.014 
epiphytic 
lichens 
(n = 80) SH4) (0.58 ± 0.43) 0.88 ± 0.51 0.86 ± 0.54 ↓ 0.484 

PSN1) – 50 48 ↓ – 
birds 
(n = 55) SN – 14.4 ± 4.9 13.1 ± 3.4 ↓ 0.015 

 SH – 2.48 ± 4.91 2.23 ± 3.4 ↓ < 0.001 
1) only plots which were recorded in all observation years were used; 
2) only plots with tree cover > 10% and only herb layers with a height < 60 cm were taken into account; 
3) represents pooled species numbers derived from different (up to 4) methods (see chapter 9.1.4); 
4) in the years 1992/1993 only one method was applied so that these values were not used for further 

analyses; 
5) significance of the temporal changes were tested using one-sided paired Wilcoxon rank sum test for SN 

and one-sided paired t-test for SH (only the difference between first and last observation year was tested) 
 

Habitat condition 
and heterogeneity 

controls forest 
biodiversity 

Habitat condition, habitat heterogeneity, and air quality explains between 30.9% and 
64.6% of the variation of SN for lichens, forest floor vegetation and birds. SH is ex-
plained by 30.8% up to 79.7%. Each taxon is controlled by both mean habitat con-
dition, like altitude or radiation, and habitat heterogeneity, like the variation in soil 
depths of the permanent plots. Significant effects on forest biodiversity are exerted 
through the forest tree layer and described by tree layer diversity indices (Figure 19). 
In general, diverse tree layers hold more subordinate species and more heteroge-
neously distributed species frequencies than less diverse tree layers. Interestingly, 
diversity decreased over time although tree layer diversity increased (Table 3). 

The diversity at one trophic level is linked to the diversity at other trophic levels. An 
example is epiphytic lichen diversity, which is not only controlled by tree species iden-
tity but also by tree layer diversity (Figure 19). Another example is the interaction of 
vegetation with birds. The diversity of birds increases with increasing tree layer and 
forest undergrowth diversity (Figure 19). 
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Figure 19: Relative importance of factors controlling the diversity (species number) of epiphytic 
lichens, forest floor vegetation, and birds. Importance is indicated by explained 
deviance deduced from generalised additive models of each organism group with 
the species number as response and the given factors (see chapter 9.1.6.1) as 
predictors. The percentage of explained deviance is calculated by dropping the 
respective variable from the full GAM. The shape of bars represents groups of 
variables indicating site/habitat condition effect, site/habitat heterogeneity effect, 
and air pollution effects through N and S deposition. 

45 



Effects of nitrogen and sulphur deposition on forests and forest biodiversity – Effects on biodiversity 

Airborne pollution 
through Nitrogen 

and Sulphur is 
codetermining the 
diversity of forest 

organism 

In addition to habitat condition and diversity, air pollution with S and N directly or indi-
rectly controls species diversity. Air quality is the second most important determinant 
for epiphytic lichen diversity. However, the temporal development of lichen diversity 
indicates that diversity can increase in the presence of serious air pollution, at least 
within the time frame of the present study. Forest undergrowth diversity is, among 
other factors, controlled by chemical soil characteristics (Figure 19). The number of 
forest floor species increases with increasing soil pH-value and C/N ratios (Figure 20) 
and these soil characteristics are influenced by air pollution (see chapter 5.1). Soil 
recovery from acidification due to a decrease in S deposition (leading to increasing 
pH-value) and eutrophication following excess N deposition (leading to decreasing 
C/N ratio) exert contrasting effects on forest floor diversity with a potentially increas-
ing effect of the first and a decreasing effect of the latter. Air pollution effects on con-
sumers, like birds, are highly oblique, depending on a range of other ecosystem prop-
erties which are in turn influenced by air pollution (e.g. forest undergrowth diversity). 

 

Figure 20: Contours of forest floor species number per plot (SN) in relation to soil C/N ratio 
and pH-value derived from a generalised additive model. Species number is 
increasing from the dark to the light shaded areas. All other predictor variables of 
the model (see Figure 19) are set to the mean value. Soil C/N ratio and pH-value 
are measured as the mean values of the humus layer and the mineral horizon of 
the first 10 cm of the soil core. 
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6.2 Conclusion 

Interpreting the 
trends of forest 
diversity 

In general, biodiversity declined from the beginning of the 1990s until the year 2005. 
With only one exception – epiphytic lichens – this trend is consistent for the species 
numbers of the entire study area, and for the mean species numbers at the scale of 
permanent plots. The decreasing diversity trend is less consistent at the plot scale – at 
least when an abundance based diversity index (Shannon) is taken into account – 
than for the entire study area. 

Biodiversity is controlled by a range of interlinked factors with air pollution as a sig-
nificant contributor. Tree layer diversity is one of the main factors controlling the di-
versity of the entire forest ecosystems. Linkages also exist between different trophic 
levels, such as tree and forest floor diversity, which favours the coexistence of a large 
variety of bird species. 

Though long-term trends of cross-taxon biodiversity were observed, these trends 
should be interpreted with caution due to their low significance. Compared with the 
pronounced variability of diversity between permanent plots, the overall temporal 
trends are rather weak. It remains thus to be seen if the decline of biodiversity will 
continue and to which extent air pollution can be made responsible. 
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7 SYNTHESIS AND FUTURE SCENARIOS 

Owing to the extensive canopy of forests, airborne pollutant levels are elevated com-
pared to non-forest vegetation. Moreover, deposition substantially increases in moun-
tain forests, particularly due to high levels of cloud and fog deposition (LOVETT 1984, 
1994). Forests are thus particularly vulnerable to emissions of N and S. Detrimental 
effects on the vitality of forests and other natural and semi-natural ecosystems due 
to the excess deposition of both substances have been observed (FENN et al. 
1998, FLÜCKIGER & BRAUN 1998, ERISMAN & DEVRIES 2000, ABER et al. 2001, 
VANDOBBEN et al. 1999, ASHENDEN 2002, LEGGE & KRUPA 2002, PAGE et al. 2004). 
With increasing evidence from experimental results and observations of monitoring 
data in the last two decades, the negative impact of N and S emissions on biodiver-
sity has become an issue (BOUWMAN et al. 2002, MEA 2005, SUDING et al. 2005, 
GILLIAM 2006, PHOENIX et al. 2006). 

Soils and 
bioindicators 
responded to 

airborne pollution 
at the ICP IM site 

Zöbelboden 

Both S and N deposition influenced the forest ecosystems of the ICP IM site Zöbel-
boden in Austria. In accordance with the nitrogen saturation hypothesis, soils show 
increased N mineralization in response to excess N deposition which is indicated by 
lower C/N ratios. The abundance of nitrophilic forest floor species bryophytes and 
lichens increased. Sensitive epiphytic lichen species decreased in abundance. The 
composition of bryophyte communities is currently co-determined by the amount of 
airborne N and S deposition in the forest stands. Soils, with some exceptions, recov-
ered from acidification due to a significant decrease of S deposition in the last decade. 
So far, forest floor vegetation did not respond unambiguously to the increase of soil pH. 
Some bryophyte species increased in abundance in response to lower acid deposi-
tion. Lichens, on the other hand, are still highly impacted by acid deposition. 

The observed decline 
of biodiversity is to 
some extent due to 

excess Nitrogen 
deposition  

Though long-term trends of cross-taxon biodiversity were observed, these trends 
should be interpreted with caution due to their low significance and because of the 
existence of organism groups whose diversity increased. In addition, it has to be taken 
into account that the biodiversity of forests is largely determined by below-ground or-
ganisms. Usually, soil biota exceeds plant diversity by some orders of magnitude and 
controls a series of important ecosystem processes (BARDGETS 2005, ZECHMEISTER-
BOLTENSTERN et al. 2005). Nevertheless, airborne N and S deposition can clearly 
be made responsible for the decline of single species of some organism groups. 

Forest ecosystems 
and forest diversity 

depends on a 
multitude of 

simultaneously 
changing factors 

Forests exhibit characteristic spatial and temporal dynamics – among others gap 
formation and closure – which determine the degree and the patterns of biodiversity 
and ecosystem processes (LINDENMAYER & FRANKLIN 2002). In order to facilitate an 
interpretation of the effects of N and S, a range of environmental and human fac-
tors which control forest dynamics have to be taken into account. Site conditions 
have a prominent role with regard to N fluxes (ZECHMEISTER-BOLTENSTERN et al. 
2005), thus predetermining the availability of nutrients for plants. Also, the amount 
of acidification depends strongly on the parent material, among many other factors 
(REHFUSS 1990). Also climate changes may enter into potential conflict with the effects 
of airborne N and S deposition and any action of forest management interferes with 
natural forest dynamics. An illustrative example of interlinked the manifold factors con-
trolling forest ecosystems was given by (DE VRIES et al. 2006). They showed that the 
carbon sequestered by European forests in last decades was clearly controlled by 
a combined influence of forest management, climate change and N deposition. A 
substantial share of forest biodiversity is controlled by trees and tree canopy archi-
tecture (NEUMANN & STARLINGER 2001). Any change in the tree layer – be it by 
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management or natural – thus indirectly affects forest biodiversity (EWALD 2002). 
Herbivore pressure, often controlled by hunting practices, also has an impact on forest 
dynamics through its effect on tree recruitment and growth (WEISBERG & BUGMANN 
2003). 

With continuous 
Nitrogen emission 
biodiversity loss 
in the Northern 
Limestone Alps of 
Austria is a likely 
scenario 

The present study exemplifies the importance of the simultaneous measurement of 
all these influences and a wide array of bioindicators. Though many of the above 
factors have been dynamic and thus co-influenced the behaviour of bioindicators, we 
have been able to identify the single effect of airborne N and S deposition. It can be 
assumed from these results and from critical load mapping (UMWELTBUNDESAMT 
2005) as well as from deposition measurements at ICP forest level II plots (SMIDT & 
OBERSTEINER submitted) that continuous eutrophication is taking place in large 
parts of the Northern Limestone Alps in Austria where airborne pollutant levels are 
elevated. If N emissions are not abated efficiently, biodiversity loss and effects on 
ecosystem functions will be a likely scenario in future. Even in the presence of an 
eventual reduction of N emission, ecosystem changes will still occur due to the time-
lag inherent in recovery processes. The slow recovery from acidification shows that 
time-lags are to be expected. The net decrease of acid deposition through S during 
the last 30 years caused an increase in the soil’s pH value and bryophytes responded 
slightly. However, forest floor vegetation remains rather inert while epiphytic lichens 
are continuously affected by acid deposition. 
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9 APPENDIX 

9.1 Methodological details 

9.1.1 Soil 

9.1.1.1 Sampling 

In 1992 and 2004 soil samples were collected at every main permanent plot position, 
making up 64 samples. At each location three soil cores were taken and pooled 
(Figure 3). The humus layer was sampled with a 30 by 30 cm frame. Mineral soil ho-
rizons taken at sequential depths of 0–5 cm, 5–10 cm, 10–20 cm, 20–30 cm and 
30–50 cm were sampled with a 7 cm diameter soil core borer. Only the humus layer 
and the first two horizons of the mineral soil were used for the analyses. For each 
position the soil type was determined according to (NESTROY et al. 2000) and 
grouped into three soil classes (Leptosol, Cambisol, Planosol) referred to as soil type 
thereafter. 

 

9.1.1.2 Chemical analyses 

The three soil samples per plot were pooled and prepared following ÖNORM L 1060. 
Water content was measured as the mass loss at 105° C of the air dried fine earth. 
Soil pH was measured in CaCl2 solution (ÖNORM L 1083). The pH values of the 
two mineral horizons (0–5 and 5–10 cm) were averaged. Total organic carbon (TOC) 
was calculated as the difference between total carbon (TC) and total inorganic car-
bon (TIC). TC was detected colourimetrically (ON EN 13137, ÖNORM L 1080) and 
TIC was quantified gasvolumetrically (ON EN 13137, ÖNORM L 1084). Total Nitro-
gen (Ntot) was quantified with potentiometric titration (ÖNORM L 1082). Relative 
amounts of TOC and Ntot were corrected for the water content of the fine earth. S 
was analysed differently. In 1992 S was determined colourimetrically; in 2004 S was 
pulped in HClO4 and determined using ICP-OES Perkin-Elmer Optima 3000 DV 
(ÖNORM EN ISO 11885). TOC, Ntot, and S were pooled for the two mineral soil ho-
rizons. C/N ratios were established with TOC and Ntot and C/S ratios with TOC and 
S respectively. 

A subset of stored soil samples from the year 1992 was re-analyzed in order to de-
tect analytical errors due to the use of newer instruments. In total, 20 samples (humus 
and mineral soil) were selected. A re-analysis of pH and Ntot resulted in significantly 
higher values (mean difference in pH: + 0.36, p < 0.001; Ntot: + 0.09%, p = 0.047; 
two-sided paired t-test). For TOC no difference was found (p = 0.225). S showed 
significantly higher values (mean = + 0.065, p = 0.003). The error variability intro-
duced by chemical analysis is negligible for Ntot and insignificant for TOC. The higher 
pH-values might be due to soil storage rather than analytical errors. The higher S 
values pointed in the opposite direction of the change observed over time. 
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9.1.2 Forest floor vegetation 

9.1.2.1 Sampling 
In 1993, observations were carried out by teams of one and two field botanists, in 
the year 2005 all plots were recorded by two persons. For recording, a tape measure 
was used delineating the plots. All plant species present on the plot were recorded 
with a cover-abundance value estimated on a 7-level ordinal scale (BRAUN-BLANQUET 
1964). Woody plants were considered only up to a height of 0.6 m. Plant nomencla-
ture follows (ADLER et al. 1994). Recording in the two observation years was carried 
out by different field botanists. In order to estimate the errors occurring when plant 
species abundance is recorded by different observers (“observer error”), a number 
of 14 permanent plots were selected randomly. In the year 2005 the observer plots 
were recorded by six independent observer teams consisting of one and two persons. 
The temporal shift in species composition proved to be more pronounced than the 
variation in estimates between different observers (see HÜLBER et al. submitted). 
 
9.1.2.2 Statistics 
To quantify the changes in cover-abundance estimates of plant species on all plots 
over time, Marginal Models for square contingency tables were applied (THOMPSON 
2004). For each species occurring at least five times in one observation year, a con-
tingency table arranged with defined cover-abundance estimation categories (esti-
mation categories of 1993 as columns, estimations of 2005 as rows) was calculated. 
The absence of a species was considered as the lowest cover-abundance category. 
Parameter ß is a quantitative measure of the changes in species cover-abundance 
from 1993 to 2005. β = 0 refers to marginal homogeneity (= no change), β < 0 to de-
creasing, β > 0 to increasing cover-abundance. The model was fitted with the MPH.fit 
function for Multinomial-Poisson Homogeneous Models (LANG, 2002). We sought 
causes of single species change by using Ellenberg’s indicator scores (ELLENBERG et 
al. 1992) for nitrogen (N), reaction (R), light (L), and moisture (M) (ELLENBERG et al. 
1992). Correlation between β of the Marginal Models and Ellenberg species scores 
was tested using Kendall´s Tau with exact p-value. Only species models with the p-
value of the Marginal Model > 0.05, indicating a reasonable fit of the defined logit-
model with the data, were considered. 

Changes in the vegetation composition of the permanent plots between observations 
in 1993 and 2005 were evaluated using non-metric Multidimensional Scaling (nMDS) 
and Multivariate Analysis of Variance (MANOVA). The dissimilarity matrix applied 
in the nMDS ordination was constructed using Bray-Curtis distances. Vegetation data 
from both years of observation were included in this matrix. A three dimensional 
nMDS-space was chosen. Axis values in nMDS-space derived from plot observations 
in 1993 were subtracted from the values of their corresponding plots in 2005 to ob-
tain vectors (each with three elements) of the distances from paired plots in the 
nMDS-space. Overall changes in species composition and differences in the changes 
between different soil types were analysed by using these vectors as response in a 
MANOVA with soil type as grouping variable. Significant deviation of the intercept 
from zero would indicate an overall temporal shift in species composition from 1993 
to 2005. Any differences in the vegetation shifts between the soil types were indi-
cated by the coefficient of the soil type. The Pillai-Bartlett test statistic was applied. In 
order to determine causes for the changes of entire plant communities we calculated 
the unweighted mean values of Ellenberg’s N, R, L, and M indicator score of all 
present species per plot. These figures for 1993 and 2004 were compared using a 
paired Wilcoxon rank sum test (see HÜLBER et al. submitted). 
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9.1.3 Bryophytes 

9.1.3.1 Sampling 

Epiphytic bryophytes 

Tree selection: Ten beech trees (Fagus sylvatica), ten maple trees (Acer pseudo-
platanus), and two ash trees (Fraxinus excelsior) were used for bryophyte recording. 
Half of the plots were located on the steep slope, and the other half on the plateau. 
The trees were distributed evenly over the ICP IM site. Epiphytic plots were estab-
lished in 1993. Several plots had to be substituted following a loss of recording sites 
through windfall. Some plots were not established until 1998, and their introduction 
guaranteed an even distribution across the site, even on the steepest slopes 
(Figure 2). The bryophytes were recorded along a measuring tape fastened around 
the trunk of the sample tree at a level of around 120 cm above ground. The ring 
was fixed into place with a permanent nail, so that the recordings were in the same 
place for each period. Every 5 cm a recording was taken and the species hitting the 
tape at these points from the upper edge were recorded. Samples of species uniden-
tifiable in the field were taken for identification in the lab. The frequency of each 
bryophyte species was recorded and the percentage of coverage was calculated in 
relation to the stem circumference. 

 

Terrestrial bryophytes 

The plots were selected in 1992 on the basis of an even distribution over the site 
(Figure 2). Terrestrial plots were marked by four steel posts and were recorded by 
hand drawing in 1992 and 1993. The contour lines of the bryophyte patches were 
traced onto plastic shields that were put over the terrestrial plot. Where several species 
were mixed up very closely, they were included in one recording patch and the 
percentages of the species were recorded in an extra file. The total coverage (cm²) 
of each bryophyte species and additional structures was calculated from these maps. 
From 1998 onwards, the plots were recorded by taking photographs with high quality 
photographic cameras. Photographs were taken by standardising the height and 
angle of the camera using a self-made tripod fixed to the four posts of the terrestrial 
plot. To assure the congruency of both methods, a simultaneous comparison of the 
methods (hand drawing/photographs) was carried out in 1998 by using both methods 
on the same plots. No significant differences could be found. 

The nomenclature of bryophytes follows the code list for Integrated Monitoring 
(Code List M2) (IM PROGRAMME CENTRE 1994), which is closely related to the code 
lists of (CORLEY et al. 1981) and (GROLLE 1983). 

 

9.1.3.2 Statistics 

Wilcoxon Matched-Pairs Signed Rank Test was used to test for significant differences 
in each bryophyte species. 

An analysis of the temporal changes in the species composition of bryophyte com-
munities was performed according to the methods applied for forest floor vegetation 
(chapter 9.1.2.2) with some exceptions: For the epiphytic plots, percentage coverage 
was used, and for the terrestrial plots the area of bryophyte species per plot. The 
dissimilarity matrix applied in the nMDS arrangement was constructed using Jac-
card distances and thus accounted only for species composition. Results using 
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abundance-based dissimilarity indices like Bray-Curtis did not differ significantly. In 
order to test the significance of different amounts of N and S deposition on the 
bryophyte species composition of the terrestrial and epiphytic plots, Kendall´s tau 
correlation coefficient between nMDS-axis scores and the ranked deposition clusters 
(see chapter 4.2) were used. 

 

9.1.4 Lichens 

9.1.4.1 Sampling 

Epiphytic lichens were first recorded in the year 1993. Records are set up on maple 
(Acer pseudoplatanus), beech, (Fagus sylvatica), ash (Fraxinus excelsior), larch 
(Larix deciduas) und spruce (Picea abies). Two repetitions took place in the years 
1999 and 2005. Tree selection was done so that an even distribution of tree species 
was achieved. During the observation period individual trees dropped out due to 
senescence and wind throw. These trees were substituted by trees of the same spe-
cies nearby. From a total of 70 plots which were recorded in the year 1993 a subset 
of 49 remained in 2005. The plots were recorded according to four methods of 
which three were used here. All plots were marked with a coloured pin in order to 
guarantee the same position in each observation year. First, the standard methods 
according to VDI Richtlinie [VDI guideline] 3799 (1995) were applied: At a stem 
height between 1.2 and 1.7 m a 50 * 20 cm mesh with 10 grid cells is fixed. Species 
frequency is calculated as the number of cells occupied. The air pollution impact is 
calculated for groups of trees characterised by the same topographic position. The 
method according to (TÜRK & ZIEGELBERGER 1982) uses also plots between 1.2 
and 1.7 m but records half of the stem perimeter and estimates the cover on an 8-
level ordinal scale. Air pollution impact is, in addition to species abundance, defined 
by the vitality of lichens (percentage of injured thallus) and specific injuries (bleach, 
morphological anomalies, etc.). The only difference of the method according to 
(WITTMANN et al. 1989) is that plots of undefined size are set up in the lower part of 
a tree stem. The nomenclature follows (HAFELLNER & TÜRK 2001). 

 

9.1.4.2 Statistics 

Trends in the total cover of lichens were analysed using a paired Wilcoxon rank sum 
test. The analysis of temporal changes of the abundance of single species and of the 
species composition of epiphytic lichens communities was performed according to 
the methods applied for forest floor vegetation (chapter 9.1.2.2). The analyses were 
performed with the data derived from each of the four methods separately and com-
pared thereafter. 

 

9.1.5 Birds 

9.1.5.1 Sampling 

Sampling of birds was carried out at 64 evenly distributed permanent plots (circles 
with 50 m radius) using the point taxation method (LANDMANN et al. 1990) (Figure 2). 
The observational time span per point was five minutes. Each “contact” with a bird 
species was recorded, singing males were noted as breeding couples (GLUTZ 1962). 
All permanent plots were visited three times per year and the maximum count of 
contacts was used further on. 
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9.1.5.2 Statistics 

The maximum count values were averaged for six forest habitat types (Table 9) to 
which the plots were assigned which led to the density of each bird species per 
habitat type. The dominance of each species was calculated by its maximum count 
divided by the sum for all counts of all species. The distribution of birds and the tem-
poral changes were interpreted with regard to nesting and foraging guilds. 

 

Table 9: Forest habitat types used to determine average bird abundance and dominance, 
together with their area (in hectares) at the ICP IM site. 

forest habitat type area (ha) 

Pine Pinus sylvestris – Beech Fagus sylvatica – 
Fir Abies alba – Spruce Picea abies – Forest 

 11.6 

Beech Fagus sylvatica – Fir Abies alba – 
Spruce Picea abies – Forest 

 26.8 

Artificial Spruce Mixed Forest  35.5 

Artificial Larch Larix decidua – Spruce Mixed Forest  2.6 

Young Forest Plantations  3.5 

Complete Deforestation  8.6 

 

 

9.1.6 Effects on biodiversity 

9.1.6.1 Sampling 

A trend analysis was carried out with permanent plot data for all taxonomic groups 
with the restriction that only those plots were used which were recorded in each 
observation year. As diversity indices the total number of species in the study area 
(PSN), the number of species on a permanent plot (SN), and Shannon diversity of 
species on a plot (SH) were used. SN and SH of the permanent plots for forest floor 
vegetation, epiphytic lichens and birds were further analysed with respect to their 
environmental and anthropogenic determinants. In order to do so only the main plots 
with data on the soil chemical condition and its heterogeneity, the mean radiation 
and its heterogeneity, on tree layer and tree layer diversity as well as air pollution 
impact were used. Using these factors allows for an interpretation of the determi-
nants of diversity in different taxa regarding the three main categories: 

 site/habitat condition effect 
 forest floor vegetation & epiphytic lichens: mean below canopy radiation of four 
hemispherical photographs taken at the permanent plot (see chapter 4.3.4.1) 

 epiphytic lichens: tree species identity 
 epiphytic lichens: stem diameter at 1.3 m height as a surrogate for tree age 
 epiphytic lichens: altitude as a surrogate for gross climatic conditions 
 birds: forest type with the two categories deciduous and coniferous 
 birds: amount of standing and lying dead wood (see chapter 4.3.4) 
 birds: tree density (see chapter 4.3.4) 
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 site/habitat heterogeneity effect 
 forest floor vegetation: standard deviation of below canopy radiation of four hemi-
spherical photographs taken at the permanent plot (see chapter 4.3.4.1) 

 forest floor vegetation: standard deviation of four soil depths from the corners of 
the 10*10 m permanent plots indicating the degree of variability of soil charac-
teristics 

 forest floor vegetation, epiphytic lichens & birds: tree layer diversity, measured 
using the stand diversity index according to (JAEHNE & DOHRENBUSCH 1997) 
(see chapter 4.3.4.3) 

 birds: forest floor vegetation diversity indicated by the Shannon diversity index 
 direct or indirect air pollution effect 

 forest floor vegetation: mean pH value of the humus layer and the mineral soil 
(0–10 cm depth) as influenced by S and N deposition (see chapter 9.1.1) 

 forest floor vegetation: mean C/N ratio of the humus layer and the mineral soil 
(0–10 cm depth) as influenced by N deposition (see chapter 9.1.1) 

 epiphytic lichens: direct air pollution effect indicated by injuries to lichen indi-
viduals. 

Soil, radiation and tree layer data is only available for 64 main plots. For all epiphytic 
lichen plots and a number of bird plots, which are not congruent with the main plots, 
data from the closest main sampling point was used (< 65 m for lichens and < 100 m 
for birds). Bryophyte data was not amenable to the analysis since there are not 
enough plots close to the main permanent plots. 

 

9.1.6.2 Statistics 

PSN was calculated as the sum of species occurring on all plots used in each ob-
servation year. Temporal trends of SN and SH were tested using a one-sided paired 
Wilcoxon rank sum test for SN and one-sided paired t-test for SH. For each taxon only 
the difference between first and last observation year was tested. We used the VEGAN 
package for calculating diversity indices together with R 2.3.1 (OKSANEN 2004). 

Environmental and anthropogenic determinants were analysed using generalised 
additive models (GAM) with SN as response and the above determinants as predic-
tors. Smooth terms are represented using penalized regression splines with smoothing 
parameters selected by the Un-Biased Risk Estimator criterion (UBRE). Log-trans-
formation was used for skewed predictors. We used the log-link function with poisson 
distributed numbers of species. Explained deviance of all partial effects was calculated 
by dropping terms from the full model. We used the MGCV package and R 2.3.1 for 
the analysis (WOOD 2006). 
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