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Introduction
Forest ecosystems play a major role in the 

water cycle, contain a large biodiversity, and 
are  significant  carbon  (C)  sinks  and  thus 
highly relevant in climate change mitigation. 
Forests  play also  a  special  function  in  the 
greenhouse gas (GHG) balance compared to 
various other natural ecosystems, because of 
their ability to absorb and store a significant 
amount of carbon dioxide (CO2) from the at-
mosphere (Valentini et al. 2003). Forests de-
pend on the surrounding site conditions and 
climate.  In  the future,  they are expected to 
face  significant  pressures  from  climate 
change and air pollution as well as from in-
tensive  use through  larger  biomass  outtake 
for bioenergy.  The effect of climate change 
on  forests  (for  example  through  increased 
frequency  of  extreme  weather  events  or 
pathogen  outbreaks)  is  a  major  area of  re-
search. An equally important task is to con-

tinuously monitor significant pollutants such 
as ozone (O3),  nitrogen (N), acid precipita-
tion and heavy metals. The ICP Forests, ICP 
Integrated Monitoring (ICPIM) and Coope-
rative Programme for Monitoring and Eva-
luation  of  the  Long-range  Transmission  of 
Air Pollutants in Europe (EMEP) networks 
constitute examples of European monitoring 
networks which were established mainly to 
monitor  changes  in  acid  deposition  and  to 
correlate these with research findings. Addi-
tionally, ozone, which next to anthropogenic 
CO2 is a powerful GHG, is one of the main 
subjects of the research of several ERMNs 
(e.g.,  EMEP,  ICP  Forests,  ICPIM,  Green-
house gas management in European land use 
systems  (GHG-Europe),  Infrastructure  for 
Measurements  of  the  European  Carbon 
Cycle (IMECC) and Monitoring atmospheric 
composition  & climate  (MACC)).  A majo-
rity of the current projects in Europe are fun-

ded by the European Commission (EC) or in 
the  framework  of  the  United  Nations  Eco-
nomic  Commission  for  Europe  (UNECE). 
Apart from the European organizations, the 
national  environmental  funding  agencies 
(ministries of environmental protection, agri-
culture etc.) are fundamental.

A better understanding of the integrated ef-
fects of different anthropogenic and natural 
stress  factors  on  forest  ecosystem  functio-
ning  is  essential  in  order  to  maintain,  en-
hance and restore multiple forest ecosystem 
goods and services (Fischer et al. 2011). In 
this  context,  the  large  amounts  of  data 
already obtained within existing monitoring 
programmes  and  large-scale  international 
projects will be useful. A major challenge is 
to  identify,  evaluate and compare the avai-
lable  databases  from the past  research  net-
works (like CarboEurope, NitroEurope), on-
going  monitoring  networks  (ICP  Forests, 
ICPIM,  EMEP,  LTER Europe,  LIFE+  En-
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Of a wide variety of international forest research and monitoring networks, 
several networks are dedicated to the effects of climate change on forests, 
while the effects of anthropogenic pollutants on forests have been a major 
area for both monitoring and research for decades. The large amounts of data 
already obtained within existing monitoring programmes and large-scale inter-
national projects can be used to increase understanding of the state and po-
tential of forest mitigation and adaptation to climate change in a polluted en-
vironment,  and  a  major  challenge  now  is  to  evaluate  and  integrate  the 
presently available databases. We present a meta-database with the main goal 
to highlight available data and integrate the information about research and 
monitoring of selected European Research and Monitoring Networks (ERMNs). 
Depending on the selected ERMNs, the list of variables and the measurement 
units differ widely in the databases. As a result, activities related to the identi-
fication, evaluation and integration of the presently available databases are 
important for the scientific community. Furthermore, and equally important, 
the recognition of current knowledge gaps and future needed research is made 
easier. This analysis suggests that: ground-level ozone is under-investigated, 
although it is one of the pollutants of greatest concern to forests; in addition to 
CO2, long-term other greenhouse gasses (GHG) flux measurements should be 
carried out;  there  is  still  a  need of improving links between monitoring  of 
atmospheric changes and impacts on forests; research-oriented manipulative 
experiments in the forests are missing.
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vEurope)  and  ongoing  research  networks 
(e.g., GHG-Europe, ICOS) and to harmonize 
these databases (Augustin et al. 2005, Clarke 
et al. 2011, Fischer et al. 2011). The descrip-
tion and integration of the databases on the 
European  level  will  help  to  describe  the 
global GHG balance on the continental scale 
(Dolman et al. 2008) and increase the feasi-
bility  of  describing  the  carbon  balance  in 
Europe  (Janssens  et  al.  2005,  Ciais  et  al. 
2010,  Luyssaert  et  al.  2010,  Schulze  et  al. 
2010).

The European Cooperation for Science and 
Technology (COST) programme has made a 
serious  contribution  to  accomplishing  the 
above  goal.  As  an  intergovernmental  re-
search platform established in 1971,  COST 
is structured into particular actions, each of 
which has its individually defined objectives, 
goals and deliverables (COST 2011). In the 
domains of “Forests, their Products and Ser-
vices” and “Earth System Science and Envi-
ronmental Management”, two actions which 
focus  on  monitoring  of  air  pollution  and 
trace  gas  fluxes  should  be  mentioned: 
FP0903 (Climate Change and Forest Mitiga-
tion and Adaptation in a Polluted Environ-
ment)  and  ES0804  (Advancing  the  Inte-
grated  Monitoring  of  Trace  Gas  Exchange 
between  Biosphere  and  Atmosphere).  The 
main objective of FP0903 is to increase the 
level of understanding of the present and fu-
ture response of forest ecosystems to climate 
change in  a polluted environment.  Further-
more,  an  objective  is  to  identify,  evaluate 
and  integrate  the  presently  available  data-
bases,  which  are  elaborated  by the  various 
ERMNs (Fig.  1)  in  order  to  recognize  the 
current knowledge gaps and future emerging 
research needs (COST FP0903 2011).

The main aim of this paper is to present a 

meta-database, which is the result of the col-
laboration  and  knowledge  transfer  between 
the  COST  Action  FP0903  countries.  The 
elaborated tables, in the form of MS Excel 
spreadsheets,  contain  information  which  is 
freely available on the various research net-
works’ websites, related to the effects of dif-
ferent  stress  factors  such  as  air  pollution, 
GHG emissions and climate change on eco-
systems (in particular forest, grassland, wet-
land, cropland and oceans). The idea behind 
the meta-database is to assist in the integra-
tion of metadata from the various European 
networks already dealing with the effects of 
different  stress factors  on  forest.  While the 
presented  meta-database  includes  informa-
tion  related  to  different  ecosystem  types 
(forest,  grassland,  wetland,  cropland  and 
oceans),  this  particular  paper  focuses espe-
cially on forest ecosystems. Despite the fact 
that the methodology applied in the research 
networks has already been described in seve-
ral  publications  (Aubinet  et  al.  2000,  ICP 
Forests 2010),  the databases have not  been 
compared and harmonized yet.

Meta-database

Objective
The main objective of the presented meta-

database is to highlight available data, com-
pare databases and harmonize (as far as it is 
possible)  the  information  from the  various 
existing datasets. All of the selected projects 
are strongly concentrating on climate change 
and air pollution and their influence on nat-
ural ecosystems. The meta-database is freely 
available on the COST Action FP0903 web 
page  (http://cost-fp0903.ipp.cnr.it/working- 
groups/wg1.html).  The  meta-database  des-
cription  includes  the  characteristics  of  the 

variables  comprised  in  the  Excel  spread-
sheets.  The presented meta-database cannot 
replace existing databases, but exists merely 
to  improve  access  to,  and  coordination 
between, the different datasets.

Selection  of  research  and  monitoring  
networks

The  presented  meta-database  includes  15 
ERMNs  (Tab.  1).  Project  selection  was 
based  on  the  following  criteria:  pollutant 
type,  ecosystem type,  database accessibility 
and project status (past, ongoing, continual). 
For  C  (including  CO2),  the  CarboEurope, 
GHG-Europe,  IMECC,  COCOS and  ICOS 
have been selected. For N, the NitroEurope 
and  ECLAIRE  projects  have  been  chosen. 
The ERMNs mentioned above provide open 
access to their databases, even after the ter-
mination of the projects. Furthermore, ongo-
ing  monitoring  networks  like  ICP  Forests, 
ICPIM, EMEP and LTER Europe have been 
included because of the different air pollu-
tants and climatic parameters that are moni-
tored  and  the  long-term measurement  time 
scale.  What  is  equally  important,  the  first 
two  monitoring  networks  mentioned  above 
are dedicated especially to forest ecosystems.

Spreadsheet descriptions
The  presented  meta-database  is  divided 

into 13 Excel spreadsheets. The first spread-
sheet  presents  introductory information,  in-
cluding an explanation of the abbreviations 
used  in  the  research.  The  introductory 
spreadsheet contains basic information about 
the main objective of the meta-database, the 
authors’ affiliations and contact information. 
Additionally,  the  source  of  funding  is  ac-
knowledged.  The  subsequent  spreadsheets 
contain general site information and then in-
formation related to the particular area of in-
terest  (meteorological  parameters,  soil  cha-
racteristics, atmospheric chemistry, fluxes of 
water,  C and N compounds)  and particular 
ecosystems (forest, grassland, wetland, crop-
land).

The  first  “Projects”  spreadsheet  describes 
the selected ERMNs, related to GHG moni-
toring,  carbon  and  nitrogen  cycle  observa-
tions,  air  pollution  and  climate  change  re-
search (Tab. 1). Moreover, the URLs to the 
project websites and databases (also the data 
access details) are provided. For each project 
the  number  of  measurement  sites  is  listed. 
Detailed information about the coordinating 
institution  and person in  charge is also gi-
ven, together with the source of funding.

The  “General  Information”  spreadsheet 
contains the basic characteristics of the mea-
surement  sites  in  each  of  the  selected 
ERMNs. First, experiment allocation details 
(e.g., longitude, latitude, region, country) are 
specified.  Secondly,  information  about  the 
land use (site type, area, topography, form of 
protection) and existing infrastructure (avai-
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Fig. 1 - The interaction between European Research and Monitoring Networks at forests and 
remote sites in relation to the particular pollutant and global-scale processes (COST FP0903 
2011).

http://cost-fp0903.ipp.cnr.it/working-groups/wg1.html
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lable roads, power supply) is presented. Fi-
nally,  the  basic  meteorological  characteri-
stics of the measurement sites (air tempera-
ture, precipitation, wind direction and wind 
speed) are included.

Depending on the particular ERMN’s main 
objectives,  the  variables  included  in  their 
databases  are  divided  into  several  areas  of 
interest including meteorological parameters, 
soil  characteristics,  atmospheric  chemistry, 
fluxes of water, C and N compounds and ad-
ditional information on e.g., the chemistry of 
runoff water, groundwater and surface water. 
The distribution of variables in the selected 
ERMNs is presented  in  Fig.  2.  In  the first 
two  networks  (CarboEurope  and  NitroEu-
rope) the highest number of variables is de-
dicated to  meteorology and  soil  characteri-
stics.  A specific characteristic of these two 
ERMNs is  also  the inclusion  of  flux  mea-
surements  of  C  and  N  compounds.  The 
GHG-Europe  and  IMECC  networks,  as  a 
continuation of the above projects, are con-
centrated on the GHG (CO2, N2O and CH4) 
balance estimation  of terrestrial  ecosystems 

in Europe with respect to natural and anthro-
pogenic  drivers  like  climate  and  land  use 
changes (GHG-Europe 2011, IMECC 2011). 
In  the  area  of  atmospheric  chemistry,  the 
EMEP network includes the highest number 
of variables (22 in the meta-database). Fur-
thermore, the meta-database includes 13, 17 
and 14 atmospheric chemistry variables for 
ICP  Forests,  ICPIM  and  MACC,  respecti-
vely.

The  available  variables  in  the  selected 
ERMNs’ databases are presented differently 
on the networks’ home web sites. Variables 
based on direct measurements can be down-
loaded as site-specific values in tabular form 
(like in the CarboEurope network). In cases 
where satellites and atmospheric models are 
important  sources  of  data,  variables  are 
available as regional maps and plots,  diffe-
ring in spatial  and temporal scales (MACC 
2011).

The detailed description of the meteorolo-
gical  variables  is  divided  into  thematic 
groups.  The  standard  variables,  including 
precipitation,  air  temperature,  air  pressure, 

relative humidity,  wind speed and wind di-
rection,  are present  in  most of the selected 
ERMNs. Furthermore, the radiation is mea-
sured,  but  the  particular  detailed  radiation 
components (incoming/outgoing, shortwave/ 
longwave radiation, global/diffuse/net radia-
tion,  photosynthetically active radiation,  al-
bedo)  are  dependent  on  the  specific  pro-
gramme. Additionally,  in  ICPIM the varia-
bles related to  the beginning and length of 
the  vegetation  period  (VP),  precipitation 
during  VP  or  beginning  and  length  of  the 
snow  cover  period  are  described  (ICPIM 
2011).  For  some  of  the  selected  ERMNs 
containing  micrometeorological  flux  data 
(CarboEurope,  NitroEurope,  GHG-Europe, 
IMECC, ICPIM, InGOS), the meta-database 
provides  information  on  the  flux  measure-
ment system and a list of micrometeorologi-
cal  variables  related  to  atmospheric  turbu-
lence (like momentum flux and stability).

The most common standard for basic soil 
description is the Food and Agriculture Or-
ganization of the United Nations (FAO) soil 
classification which is applied in 6 of the se-
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Tab. 1 - Basic information about the selected European Research and Monitoring Networks.

Project name Abbreviation Web page address Data base web page address
Cooperative Programme for Monitoring 
and Evaluation of the Long-range Trans-
mission of Air Pollutants in Europe

EMEP http://tarantula.nilu.no/projects/ccc/eme
pdata.html  and online: 
http://ebas.nilu.no/

http://tarantula.nilu.no/projects/ccc
/emepdata.html 

Coordination Action Carbon Observa-
tion System

COCOS http://www.cocos-carbon.org/ http://dataportal.cocos-project.org/ 

Effects of Climate Change on Air Pollu-
tion Impacts and Response Strategies for 
European Ecosystems

ECLAIRE http://www.eclaire-fp7.eu Not defined yet.

European Long-Term Ecosystem 
Research Network

LTER http://www.lter-europe.net https://secure.umweltbundesamt.at/
eMORIS/jsp/common/login.jsf 

Global Earth Observation and Monito-
ring of the Atmosphere

GEOMON http://www.geomon.eu http://geomon.nilu.no/, ftp://ft-
p.nilu.no/pub/GEOmon/ 

Global Terrestrial Observing System GTOS http://www.fao.org/GTOS/index.html http://www.gosic.org/ios/GTOS_o
bserving_system.asp 

Greenhouse gas management in 
European land use systems

GHG-Europe http://www.ghg-europe.eu/index.php http://www.europe-
fluxdata.eu/newtcdc2/ghg-
europe_home.aspx 

Infrastructure for Measurements of the 
European Carbon Cycle

IMECC http://imecc.ipsl.jussieu.fr/ http://www.europe-
fluxdata.eu/newtcdc2/IMECC-
TCDC_home.aspx 

Integrated Carbon Observation System ICOS http://www.icos-infrastructure.eu/ Not defined yet.
Integrated non-CO2 greenhouse gas 
Observing Systems

InGOS http://www.ingos-infrastructure.eu/ Not defined yet.

Integrated Project CarboEurope-IP 
Assessment of the European Terrestrial 
Carbon Balance

CarboEurope http://www.carboeurope.org/ http://www.europe-
fluxdata.eu/imecc 

International Cooperative Programme on 
Integrated Monitoring of Air Pollution 
Effects on Ecosystems

ICPIM http://www.environment.fi/default.asp?
contentid=17110&lan=en 

-

International Cooperative Programme on 
Assessment and Monitoring of Air 
Pollution Effects on Forests

ICP Forests http://icp-forests.net/ http://icp-forests.net/page/plots-
data 

Monitoring atmospheric composition & 
climate

MACC http://www.gmes-atmosphere.eu/ http://www.gmes-
atmosphere.eu/data/ 

The nitrogen cycle and its influence on 
the European greenhouse gas balance

NitroEurope http://www.nitroeurope.eu/ -

http://www.nitroeurope.eu/
http://www.gmes-atmosphere.eu/data/
http://www.gmes-atmosphere.eu/data/
http://www.gmes-atmosphere.eu/
http://icp-forests.net/page/plots-data
http://icp-forests.net/page/plots-data
http://icp-forests.net/
http://www.environment.fi/default.asp?contentid=17110&lan=en
http://www.environment.fi/default.asp?contentid=17110&lan=en
http://www.europe-fluxdata.eu/imecc
http://www.europe-fluxdata.eu/imecc
http://www.carboeurope.org/
http://www.ingos-infrastructure.eu/
http://www.icos-infrastructure.eu/
http://www.europe-fluxdata.eu/newtcdc2/IMECC-TCDC_home.aspx
http://www.europe-fluxdata.eu/newtcdc2/IMECC-TCDC_home.aspx
http://www.europe-fluxdata.eu/newtcdc2/IMECC-TCDC_home.aspx
http://imecc.ipsl.jussieu.fr/
http://www.europe-fluxdata.eu/newtcdc2/ghg-europe_home.aspx
http://www.europe-fluxdata.eu/newtcdc2/ghg-europe_home.aspx
http://www.europe-fluxdata.eu/newtcdc2/ghg-europe_home.aspx
http://www.ghg-europe.eu/index.php
http://www.gosic.org/ios/GTOS_observing_system.asp
http://www.gosic.org/ios/GTOS_observing_system.asp
http://www.fao.org/GTOS/index.html
ftp://ftp.nilu.no/pub/GEOmon/
ftp://ftp.nilu.no/pub/GEOmon/
http://geomon.nilu.no/
http://www.geomon.eu/
https://secure.umweltbundesamt.at/eMORIS/jsp/common/login.jsf
https://secure.umweltbundesamt.at/eMORIS/jsp/common/login.jsf
http://www.lter-europe.net/
http://www.eclaire-fp7.eu/
http://dataportal.cocos-project.org/
http://www.cocos-carbon.org/
http://tarantula.nilu.no/projects/ccc/emepdata.html
http://tarantula.nilu.no/projects/ccc/emepdata.html
http://ebas.nilu.no/
http://tarantula.nilu.no/projects/ccc/emepdata.html
http://tarantula.nilu.no/projects/ccc/emepdata.html
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Fig. 2 - The number of variables available 
in the meta-database according to ERMN 
and area of interest.

Fig. 3 - The number of variables in the 
meta-database by ecosystem type and 
ERMN.

Fig. 4 - The number of variables in the 
meta-database by pollutant type and 
ERMN.
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lected ERMNs. The soil texture is described 
by the % content of sand, sandy loam, and 
clay loam according to the USDA Textural 
Triangle.  In  the  majority  of  the  selected 
ERMNs  soil  characteristics  such  as  soil 
depth,  root  depth,  and  pH are  given.  Soil 
chemical  variables  included  are  total  con-
tents of Corg, N, S, P, Ca, carbonate content, 
exchangeable contents of Ca2+, Mg2+, K+, Na+ 

and dissolved concentrations of Na, K, Ca, 
Mg, Cl, SO4-S, SiO2 and heavy metals. The 
soil physical properties are characterized by 
soil  water content,  conductivity,  field capa-
city,  wilting point,  and moisture.  The mea-
surement units are dependent on the ERMN 
methodology.

The “Atmospheric  chemistry”  spreadsheet 
is divided into two parts:  characteristics of 
air and of precipitation. Gas concentrations, 
such  as  O3,  CO2,  H2O,  NH3,  NH4,  HNO3, 
NO, NO2, and SO2, form the most important 
group of variables in part one. Additionally, 
atmospheric  aerosols,  radioactive  elements 
(MACC project - Barium 40, Caesium 137, 
Iodine 131, Krypton 85, Ruthenium 103 etc. 
in  Bq·m-3 unit)  and  tracers  are  measured. 
Heavy metals such as Cd,  Pb,  Cu,  Zn,  Cr, 
and  Ni,  As,  and  Persistent  Organic  Pollu-
tants  (POPs)  are  measured  in  both  atmo-
spheric air and precipitation. In part two of 
the  “Atmospheric  chemistry”  spreadsheet 
throughfall/stemflow and wet/dry deposition 
(for NH4

+,  SO4
2-,  NO3

-,  Ca, Mg, Na, K, Cl, 
and Hg) are included.

The data on the atmosphere-ecosystem ex-
change  measurements  are  listed  in  the 
“Flux”  spreadsheet.  The fluxes that  can be 
distinguished  are  terrestrial  ecosystem 
fluxes,  soil  fluxes,  and other  fluxes.  In  the 
first  group  the  CO2,  CO,  H2O,  CH4,  NH3, 
NO, N2O, NO2, and O3 fluxes are measured, 
mostly by using  the  eddy covariance tech-
nique  as  specified  in  the  “Meteorology 
Measurement system” spreadsheet. The CO2 

flux  and  autotrophic/heterotrophic  respira-
tion  measurements,  mostly  using  chamber 
techniques, are the most common soil varia-
bles. At the ecosystem scale, many ERMNs 
report Gross Primary Production (GPP), Net 
Primary Production (NPP), and Net Ecosys-
tem Exchange (NEE), based on the CO2 flux 
measurements.

In four ERMNs (ICPIM, MACC, COCOS 
and GTOS), certain additional environmen-
tal  information can be found related to  the 
lake/runoff/groundwater  chemistry,  bird  in-
ventory,  hydrobiology and glaciers. The gi-
ven  variables  are  characterized  partly by a 
text  description,  partly  by  physical  units 
(ICPIM 2011,  MACC 2011,  COCOS 2011, 
GTOS 2011).

The meta-database presents  three separate 
spreadsheets taking different natural ecosys-
tem  types  (forest,  grassland/wetland,  and 
cropland) into consideration. Although each 
of the mentioned types has numerous speci-

fic variables related to it,  for instance,  tree 
parameters, grassland cutting or grazing,  or 
cropland  fertilizations,  there are also varia-
bles which are common for all types. In the 
spreadsheets  general  information  like  site 
history,  plant  species  composition,  vegeta-
tion height or vegetation indexes are given. 
Also, particular information is given such as 
the  single  leaf/needle  description  (stomatal 
conductance,  interception,  wetness,  LAI), 
through  the  particular  tree  characteristics 
(diameter  at  breast  height,  height,  volume, 
age, social class), ending with the tree stand 
information (number of trees per unit  area, 
phenological  observations).  Especially  the 
ICP  Forests  database  contains  information 
about periodic events such as cuttings, ferti-
lization,  fruiting,  flowering,  leaf/needle  da-
mage with e.g., symptoms, causal factor, and 
age of damage.

ICP Forests is the project with the highest 
number  of  variables  related  to  forest  tree 
stand  characteristics  in  the  meta-database 
(Fig. 3). CarboEurope has the database with 
most terrestrial ecosystem-specific variables. 
Also,  variables  such  as  proportion  of 
dead/green  leaves and  root  depth  are  mea-
sured.  Furthermore,  the CarboEurope  data-
base includes factors related to management 
such  as  vegetation  height  after  cutting  as 
well as LAI after cutting, mineral and orga-
nic fertilization (form, amount and time pe-
riod of applied fertilizers) and continuous or 
rotational grazing and number of animal. In 
CarboEurope (28 variables) and NitroEurope 
(19  variables)  most  cropland  ecosystems 
were  included.  NitroEurope  additionally 
provides information about soil profile cha-
racteristics,  e.g., number of layers and their 
depth and biomass C and N concentrations 
in  residues,  grain  and  straw (CarboEurope 
2011, NitroEurope 2011).

Discussion
According  to  FAO  (2005),  forests  cover 

about 30% of the Earth’s land surface, which 
is 3953 million ha. In conversion to area per 
capita this  represents  0.62  ha.  As  forests 
constitute  such  a  substantial  part  of  the 
Earth’s surface, it seems reasonable that an 
overweight of research studies are conducted 
in forests. According to the climatic scena-
rios  elaborated  by  the  Intergovernmental 
Panel  on  Climate  Change,  the emission  of 
anthropogenic pollutants such as CO2, CH4, 
NO, N2O, O3 etc. will rise significantly until 
the year 2100 (IPCC 2001).  Therefore,  the 
reaction of forest ecosystems to these atmo-
spheric changes is a crucial issue.

Scientific communities are interested in the 
mutual  integration  of  existing  international 
research knowledge and databases, with re-
spect to measurement methodology, database 
availability  and  QA/QC  procedures.  Al-
though each of the experimental sites has its 
own  technical  and  scientific  requirements, 

the basis for research should be as far as pos-
sible  equal  for  all  sites  continentally/glo-
bally, which will enable up-scaling and com-
parison of results. The ICOS project consti-
tutes an example of such a network focusing 
on  “...building  a  network  of  standardized, 
long-term,  high  precision  integrated  moni-
toring  of  atmospheric  greenhouse  gas  con-
centrations  of CO2,  CH4,  CO and radiocar-
bon-CO2 to quantify the fossil  fuel compo-
nent,  ecosystem  fluxes  of  CO2,  H2O,  and 
heat  together  with  ecosystem  variables...” 
(ICOS  2011).  Furthermore,  the  ICOS  pro-
ject,  which  at  present  is  in  the preparatory 
phase,  assumes  that  measurements  will  be 
conducted  for at  least  30 years.  This long-
term perspective  is  especially  important  to 
environmental  research,  as  the  changes  in 
natural  ecosystems,  perhaps  especially  in 
forests, can be best described in decade-long 
timespans.  Examples  of  long-term ERMNs 
which have been operating since the 1970s 
and  80s  include  ICP  Forests,  ICPIM  and 
EMEP.  The  ongoing  monitoring  networks 
mentioned above are at present an important 
source of information about the natural eco-
system state, health  condition and response 
reaction to observed climate change. By ap-
plication  of  state-of-the-art  measurement 
techniques such as eddy covariance, relaxed 
eddy accumulation, and automated chambers 
in  various  research  projects  and  networks, 
the estimation  of the main GHG fluxes on 
various  spatial  and  temporal  scales  is  pos-
sible. Although flux variables are reported in 
the meta-database,  their  presence is related 
mainly  to  the  short-term  projects  (Carbo-
Europe,  NitroEurope,  GHG-Europe  and 
IMECC).  Taking  into  consideration  the 
above statement,  it  is important  to enhance 
the ongoing monitoring networks by introdu-
cing GHG flux measurements as a standard.

The  networks  operate  on  different  spatial 
scales. All of the selected ERMNs are signi-
ficantly  diversified  in  reference  to  which 
pollutants they treat (Fig. 4). Carbon dioxide 
and N are most researched and are therefore 
represented by the highest number of varia-
bles. In contrast, ozone is less investigated in 
the selected ERMNs.

Ozone
Ozone is an air pollutant with harmful ef-

fects on  both  sensitive  plants  and animals’ 
respiratory systems. Additionally,  this com-
pound is a powerful GHG. Due to increased 
emissions  of  precursor  compounds,  the 
present  near-surface  O3 concentrations  are 
substantially  higher  than  the  pre-industrial 
levels.  Modern  day  annual  average  back-
ground ozone concentrations over the mid-
latitudes  of  the  northern  hemisphere  range 
within approximately 20-45 ppb (Vingarzan 
2004), which is a 100-350% increase relative 
to  the pre-industrial  age (~10 ppb).  Accor-
ding to  the climatic scenarios  this  trend of 
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enhanced ozone will increase in the years to 
come. It has been estimated that the current 
O3 levels  decrease  the  biomass  growth  of 
northern hemisphere forests by 7% (Wittig et 
al. 2009) and that half of the world’s forests 
may be exposed to damaging concentrations 
of > 60 ppb by 2100 (Fowler et al.  1999). 
The negative  potential  impact  of  ozone  on 
trees,  especially  their  growth,  leaf/needle 
visible injury, productivity or biodiversity, is 
well  documented (Matyssek & Innes 1999, 
Krupa et  al.  2001,  Paoletti  2007).  Transla-
ting  this  potential  into  impacts  on  world 
forests is still a major challenge (Serengil et 
al. 2011). In addition, the present standards 
for  protection  are  based  on  the  amount  of 
ozone  in  the  air  (exposure),  while  the  im-
pacts  arise  from the  amount  of  ozone  that 
enters  through  the  stomata  (flux).  This  is 
why exposure and impacts appear to be de-
coupled in regions where other stressors li-
mit stomatal aperture, like water stress in the 
Mediterranean region (Paoletti 2006).

Ozone concentration in ambient air is mo-
nitored  in  EMEP,  ICP  Forests,  ICPIM, 
GHG-Europe,  IMECC  and  MACC.  In 
EMEP  and  ICP  Forests,  measurements  of 
ozone are related to its harmful influence on 
the forest  stand,  by calculating the AOT40 
index  (EMEP  2011,  ICP  Forests  2011). 
AOT40 is the sum of the positive differences 
between the hourly mean ozone concentra-
tion and the threshold of 40 ppb, during day-
light hours in a fixed growing season (Tuo-
vinen 2000). The database of EMEP, which 
represents the most extensive O3 monitoring 
station  network  of  these  ERMNs,  contains 
hourly O3 concentration data from 130 sites 
in  27  countries  (for  2009  -  Tørseth  et  al. 
2012). Although measurement of O3 flux is 
useful,  the  direct  measurement  at  canopy 
level is more difficult than that of O3 concen-
trations  (Cieslik  et  al.  2009),  and  for  this 
reason  these  data  are  only  available  from 
GHG-Europe and IMECC.

Carbon dioxide
The  atmospheric  concentration  of  CO2 

grew from 280 ppm in the industrial revolu-
tion period to 385 ppm in 2010 (+38%), and 
rose about 1.5 ppm per year in the last deca-
de (Sabine et al. 2004, Denman et al. 2007). 
This increase is related to CO2 emissions in-
duced by fossil  fuel combustion,  utilization 
of natural gas/oil products, increasing energy 
consumption  and  land-use  changes.  Of  all 
emitted CO2,  only about half is returned to 
the atmosphere, due to sequestration of C in 
oceans and terrestrial ecosystems. Of the ter-
restrial  ecosystems,  forest  ecosystems  are 
most important with respect to CO2 assimila-
tion from the atmosphere. Forests, including 
forest soils, are thus dominating the global C 
pools of terrestrial systems. Tropical forests 
are the most significant C pools, with boreal 
and  middle  latitude  forests  following.  The 

global  C  balance  in  forest  ecosystems  has 
been widely described in the literature (Di-
xon et  al.  1994,  Prentice 2001,  Denman et 
al. 2007, Luyssaert et al. 2010).

In  general,  forest  C,  as  an  element,  is 
present  in  the  meta-database  on  several 
levels. The total organic C concentration in 
forest soils, content in roots and foliage, and 
the  global  C  concentration  in  the  under-
ground biomass per  unit  area are variables 
included. The percentage C content in stem 
wood, foliage, particular shoots and leaves is 
measured  on  a  single  tree  level  (Carbo-
Europe,  NitroEurope,  GHG-Europe,  ICP 
Forests and IMECC). Upscaling the research 
to the stand level, the interest shifts from C 
as an element to CO2. The main area of in-
terest is focused on measurements of forest 
productivity  (Gross  Ecosystem Production) 
and  the  net  CO2 exchange  rate  between 
forest  and  atmosphere  (Net  Ecosystem Ex-
change),  divided  into  tree  biomass and the 
soil.

Nitrogen
At present, the main sources of anthropo-

genic nitrogen (N) are related to N fertiliza-
tion and N fixed during fossil fuel combus-
tion (Matson et  al.  2002).  Modern day an-
nual  estimates  of  nitrogen  deposition  from 
the  atmosphere  over  central  Europe  range 
within approximately 10-20 kg N ha-1 year-1 

(Matson  et  al.  2002,  Holland  et  al.  2005). 
Nitrogen as an element is equally valuable to 
plants  and  microorganisms as  it  influences 
their  growth  and  stimulates  their  producti-
vity. Furthermore, the level of N affects the 
ecosystem  species  composition  and  bio-
diversity  (Vitousek  et  al.  1997).  Additio-
nally,  in  the  situation  where  nitrogen  is 
abundant,  N  saturation  can  lead  to  NO3

- 

leaching  and  eutrophication  (Aber  et  al. 
1993,  Gundersen  et  al.  1998,  Fenn  et  al. 
2003). The N cycle is inseparably related to 
the  C  cycle  and  it  also  stimulates  plants’ 
photosynthesis  and  respiration  processes, 
which  can  affect  the  forests’  ability  to  se-
quester CO2 in tree biomass (Nadelhoffer et 
al. 1999, De Vries et al. 2009, Schulze et al. 
2010).

Nitrogen  variables  in  the  ERMNs  have 
such points of reference as the soil level, be-
low/aboveground  biomass  and  single  tree/ 
leaves/needles. In  NitroEurope net N mine-
ralization, nitrification, denitrification, NH4

+ 

and NO3
- concentrations, microbial biomass 

and NO3
-  leaching are measured. Nitrogen is 

included in measurements in air (NH3, NH4, 
HNO3,  NO, NO2),  in precipitation (total  N, 
NH4

+,  NO3
-)  and  in  soil  solutions  and 

groundwater  (NH4
+  and  NO3

- concentra-
tions).

Acidity
Sulphur  dioxide  (SO2)  and  nitrogen  dio-

xide  (NO2)  are  emitted  to  the  atmosphere 

largely from anthropogenic  sources such as 
fossil  fuel  combustion,  transport  and  in-
dustry intensive development.  Additionally, 
the  variations  in  the  concentrations  of  the 
NO2 pollutant in soil, ground water, lakes or 
rivers are related to the intensive agricultural 
production. The total SO2 emission shows a 
decreasing trend since 1980; in Europe and 
North  America  -74%  from  1990  to  2008 
(EEA 2010,  Smith  et  al.  2010).  For  1990, 
the  global  SO2 emission  was  estimated  at 
about 120 Tg. As a result of the strict con-
trols that have been implemented in Organi-
zation  for  Economic Co-operation  and De-
velopment  (OECD)  countries  and  the  eco-
nomic  restructuring  in  Central  and  Eastern 
Europe  after  1990,  the  SO2 emissions  de-
clined  by  about  20%  to  the  year  2000 
(Cofala et al. 2007). With regard to the glo-
bal NO2 emissions, a decreasing trend can be 
observed  in  Europe  (because  of  the  strict 
emission controls in western Europe) in con-
trast  to  Asia  where  the  emissions  have in-
creased  rapidly  since  the  1970s  (Akimoto 
2003).

The removal of SO2 and NO2 compounds 
from the atmosphere to  the natural ecosys-
tems stems from both wet and dry deposition 
processes. The mechanism of acid precipita-
tion formation is based on the oxidation of 
SOx and NOx in the atmosphere to acids like 
H2SO4 and HNO3, which are then deposited 
in precipitation  (Likens & Bormann 1974). 
Deposition of acidic pollutants has negative 
effects on forests, causing damage (discolo-
ration,  defoliation,  mortality  increase  etc.) 
and decreasing forest  biodiversity and  pro-
ductivity (Elias et al. 2009). Apart from the 
effects mentioned above, sulphate and inor-
ganic  N  deposition  significantly  influences 
soil properties such as pH, base saturation or 
cation  exchange  capacity  (Diekmann  & 
Dupré 1997).

The variables related to acidification are in-
cluded  in  the  meta-database  in  several 
spreadsheets,  depending  on  the  area of in-
terest  (atmosphere,  soil  etc.).  In  relation  to 
the measurements of the atmospheric air dry 
deposition,  the  following  variables  can  be 
distinguished:  NH4

+,  SO4
2-,  NO3

-,  Ca,  Mg, 
Na,  K,  Cl,  and  Hg  (EMEP,  ICP  Forests, 
ICPIM, MACC, GEOMON). Measurements 
also include stemflow and throughfall depo-
sition (CarboEurope, GHG-Europe, IMECC, 
ICP Forests and ICPIM). The research into 
soil  acidity  includes  the  measurement  of 
NH4

+ and NO3
- concentrations in  soil  solu-

tion  and  groundwater,  dissolved  SO4
2- and 

heavy metals, pH, base cations and alkalinity 
(ICP  Forests  2011,  ICPIM  2011,  Nitro-
Europe 2011).

Heavy metals
Heavy metals such as cadmium (Cd), lead 

(Pb), copper (Cu), zinc (Zn), chromium (Cr), 
nickel (Ni) and iron (Fe) are emitted to the 
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atmosphere from the anthropogenic sources 
such as: coal combustion in power plants, in-
dustry  (iron,  steel  cement  production)  and 
gasoline combustion (especially for Pb). Ac-
cording  to  Pacyna  et  al.  (2007),  there  has 
been a continuous reduction of heavy metal 
emissions in Europe during the last 40 years. 
Furthermore, there is a potential  for further 
reduction  of these emissions  until  the  year 
2010 by up to about 40% for Cd, Cr, and Ni 
and about 57% for Pb (Pacyna et al.  2007, 
EMEP 2011).

The  heavy metals  mentioned  above  have 
negative  effects  on  forest  ecosystems,  lea-
ding to different types of plant damage, like 
leaf  discoloration,  increasing  tree  mortality 
or  significant  decreases  in  tree  growth  and 
biodiversity (Menon et al. 2007,  Fiala et al. 
2008). Additionally, mercury (Hg) which is 
also  an  important  trace  element  emitted  to 
the atmosphere,  can influence not  only the 
environment but also human health (Pacyna 
& Pacyna 2002).

Depending on the forest type (coniferous, 
broadleaves,  mixed  forests),  species,  plant 
architecture (such as canopy form and visibi-
lity), and stand density, the amount of heavy 
metal deposition can vary. The heavy metals 
are mostly found in forest soils. The pH con-
stitutes  the  key  factor  which  determines 
heavy  metal  availability  and  toxicity  to 
plants in this particular environment. Any in-
crease  in  soil  acidity  may result  in  heavy 
metal  leaching  from  soil  (Menon  et  al. 
2007). Moreover, the trees’ reactions to high 
concentrations  of  heavy  metals  can  leave 
them vulnerable to more and more damage 
caused by different species of fungi and in-
sects  (Rademacher  2001).  The  following 
heavy metal  elements  are  measured  in  the 
ERMNs:  cadmium (Cd),  lead  (Pb),  copper 
(Cu), zinc (Zn), chromium (Cr), nickel (Ni) 
and  iron  (Fe).  Heavy metal  concentrations 
are measured in EMEP, LTER, ICPIM and 
ICP Forests.

Conclusions
In the last years, the investigation and un-

derstanding  of  the  state  and  potential  of 
forest  mitigation  and  adaptation  to  climate 
change  in  a  polluted  environment  has  in-
creased significantly. Much of such research 
is based on a wide variety of environmental 
measurements carried out  in the framework 
of  various  global  and  continental  research 
networks.  In  these  networks  the  effects  of 
various stress factors, such as air pollution, 
GHG emissions and climate change on natu-
ral  ecosystems have been quantified in dif-
ferent research projects. This paper describes 
a  meta-database  which  has  been  created 
based on the major research and monitoring 
networks in Europe.

The  main  anthropogenic  pollutants  like 
CO2,  N  pollutants,  and  heavy  metals  are 
covered  fairly well  by the  high  number  of 

variables  in  the  presented  meta-database. 
However, in the case of ozone, it is ambient 
ozone concentrations that are often investi-
gated,  whereas  fluxes  of  ozone  which  are 
more relevant to negative impacts on vegeta-
tion  need  more  attention.  However,  the 
present status of ozone in the different moni-
toring  and  research  networks  will  be  im-
proved by forthcoming projects such as “Ef-
fects  of  Climate  Change  on  Air  Pollution 
Impacts  and  Response  Strategies  for  Euro-
pean  Ecosystems”  (ECLAIRE).  In  general, 
there  is  still  a  need  of  improving  links 
between monitoring of atmospheric changes 
and  impacts  on  forests  because  these  two 
fundamental  activities are carried out  sepa-
rately  in  independent  ERMNs.  Research- 
oriented  manipulative  experiments  in  the 
forests are limited,  although they would si-
gnificantly  contribute  to  the  understanding 
of  real-world  forest  adaptation  to  the  on-
going atmospheric changes.

As the climatic scenarios presented by the 
IPCC  are  not  optimistic,  understanding  of 
the interactions between natural ecosystems 
and  the  atmosphere  is  crucial.  This  goal 
could be better attained if information about 
different  international  projects and research 
programmes for various ecosystems (forest, 
grassland, wetland, etc.), subjects (meteoro-
logy,  chemistry,  etc.),  and  ecosystem com-
partments  (atmosphere,  soil,  etc.)  was inte-
grated. It is equally important to standardize 
the measurements, apply appropriate QA/QC 
procedures and improve access to and use of 
the different databases. By unification of the 
applied methodology, upscaling and compa-
rison  of  the  results  will  be  possible.  The 
presented meta-database is a first step in this 
direction.

Of major importance to the scientific com-
munity is the identification of current know-
ledge  gaps  and  emerging  research  areas 
which  are  present  in  research  projects  and 
networks.  On  the  basis  of  information  in-
cluded  in  the  presented  meta-database,  the 
differences in the selected ERMNs are visi-
ble, especially in the presence of particular 
variables in the databases and their measure-
ment units. There is a crucial need for har-
monization  and integration  of research and 
monitoring  projects  and  networks.  One  of 
the future possibilities for harmonization is 
the establishment of comprehensive and well 
equipped research sites, also known as Su-
persites (Fischer et al. 2011), which will be a 
source  of  detailed  information  about  the 
examined  ecosystem.  The  database  establi-
shed on the basis of a Supersite network will 
optimize the sites’ geographical distribution 
and  assure  coverage  of  the  most  relevant 
ecosystems in Europe.
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