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Criterion 2 

Criterion summary

The future of forests and their services to society are weighed down by environmental changes. Although 
media concerns are changing and tend to focus on a specific threat in each era (acid rain in the 1980s, 
climate change today), it is important to comprehend the effects of environmental changes as a whole by 
monitoring dominant pressures applied to the forest ecosystem (fires, storms, droughts, phytosanitary 
damage, atmospheric pollution, herbivorous pressure, climate change, mechanical damage to soils, etc.) and 
by monitoring the state of health of the ecosystem (tree defoliation, timber production, chemical fertility and 
carbon stock in soils, biodiversity of the ecosystem, etc.).

The sustainable management indicators provide us with information on some of the pressures which are 
being applied to the forest ecosystems in metropolitan France: 

 – acidifying atmospheric pollutions have been dropping for twenty years and this trend has continued in the 
last five, mainly depositions of sulfur and also to a lesser extent of nitrogen (Indicator 2.1);

 – attacks from pathogens have changed in contrasting fashion. The main outbreaks have ended in the last 
five years: the responsible insects have returned to an endemic state either at the end of a regular cycle 
(pine processionary caterpillar, larch leafroller) or by natural control of the phenomenon (conifer bark 
beetles). Conversely, the impacts from new, exotic agents spread (e.g. ash dieback and chestnut gall wasp, 
seen for the first time in France in 2008 and 2010 respectively) (Indicator 2.4); 

 – the major increase in removals by hunting for the past thirty years mirrors a rise in populations of wild 
ungulates (both in terms of geographical expansion and in demographic growth) and therefore an 
increasing pressure applied by these animals on the forest environment (Indicator 2.4.1); 

 – there was little damage caused by wind and fire during the 2009-2014 period compared with the two 
previous periods (1999 and 2009 storms, 2003 drought-heatwave) (Indicator 2.4).

The indicators also provide us with information on the state of health of the ecosystem: 
 – without massive dieback of forests, the state of health of trees has deteriorated on average in terms of 
changes in their defoliation in the 16 km x 16 km systematic grid (Indicator 2.3). This global trend shows 
huge variations, however, according to the species and geographical contexts. The state of health of trees 
has deteriorated especially in Mediterranean forests. Contrastingly, the sessile and pedunculated oaks 
show a remarkably stable national tendency. The temporal trend in tree defoliation is influenced by many 
factors and cannot be attributed categorically to the effect of a change in climate. Nevertheless, intensive 
monitoring in the Renecofor network highlights the dominant role of variations in water supply from one 
year to the next. The 2003 drought-heatwave marked the observation period especially and seems to be 
the starting point for the deterioration of defoliation of the majority of species.

 – the first temporal repetition of soil sampling in the Renecofor network reveals several significant changes 
during the last fifteen years (Indicator 2.2). Despite a huge reduction in acidifying atmospheric pollutions, 
the most acid soils have continued to acidify, without nevertheless getting poorer in nutrient cations (the 
magnesium that trees were potentially lacking in the 1980s has increased particularly in exchangeable 
stocks). The continuing fertility of the most acid soils is due to the increase in their nutrient retention 
capacity, mainly through organic carbon sequestration. Forest soils have indeed behaved like carbon 
sinks, a positive factor with respect to the climate change mitigation challenges. Total nitrogen stocks in 
the soils have also taken a significant downwards turn: an in-depth analysis of the incoming and outgoing 
ecosystem flows will be needed to determine the causes of this change and its implications (especially for 
the nutrition of trees). 

In addition, timber production and the biodiversity of forests, major parameters in the state of health of 
forests, are qualified by Indicator 3.1 and indicators under Criterion 4, respectively. 

Summary of observations
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To summarize, twenty years’ monitoring of forest ecosystem vitality indicators have revealed major trends. 
Some were expected, like the drop in acidifying pollutions, others less so like carbon sequestration in 
the soils or the lack of massive dieback of forest trees,  despite the unfavorable climate events (1999 and 
2009 storms, 2003 drought-heatwave) and other noted pressures (appearance of exotic parasites). We see 
however the state of deteriorated health for species in the Mediterranean region.

Authors: Manuel Nicolas (ONF), Agnès Rocquencourt (Irstea) and Fabien Caroulle (DSF, Maaf)

Outlook
The changes illustrate the advantage of observation devices and their continuity with respect to current 
environmental changes. They also call for additional measuring of the pressure factors and impacts for which 
no information has been received so far.

 – It would be useful initially to be able to monitor the pressures applied by climate change and their 
impacts on the forest ecosystems. There are nevertheless several difficulties in defining such indicators 
despite the existence of numerous data sources1. Firstly, it is difficult to select indicators for synthetic and 
relevant pressures in terms of the multitude of bioclimatic variables influencing the forest ecosystems. 
Secondly, although climate change is likely to affect many parameters noted within the ecosystems, it is, 
however, difficult to distinguish between its potential impacts and the impacts of other influential factors 
(atmospheric pollutions, forestry management, changes in the biodiversity and biotic interactions, etc.). 
Add to this the fact that the series of observation data available for forests still do not go back long enough 
to characterize the climate (at least thirty years). Indicators from models could be envisaged to counteract 
these difficulties and used to extrapolate observation series in the long term (e.g. tree phenology) or assess 
the effects which can be attributed specifically to climate change. This would however require a major 
development and validation effort.

 – Another potential additional measurement relates to the pressure applied by the wild ungulates. The 
major increase in their populations is a huge cause for concern among slviculturists, who currently have 
no indicators for monitoring the actual impacts of these animals on the forest environment. Depending 
on population levels, the effects can be positive (e.g. rise in the specific wealth by disseminating seeds 
and controlling the development of invasive species) and negative (e.g. through consumption of 
vegetation, drop in the diversity of the flora and, through a cascade effect, of invertebrates and birds2). 
Economically, strong pressure on forest stands being renewed can generate forest damage, i.e. affect 
the yield of these stands or even raise doubts over the forestry objective assigned by the managers3. 
Indicators to supplement the existing ones will therefore have to be developed to characterize the effect 
of wild ungulates on the forest environment and assess their impact on such major issues as wood supply, 
adapting stands to climate change, conservation of species and habitats and even human health.

 – Settling of soils is a third example of a topic of interest that is currently lacking in the sustainable forest 
management indicators. The increase in the frequency and intensity of machinery moving through 
forests poses a huge risk for the deterioration of the physical fertility of soils: reduced drainage capacity, 
congestion phenomena, constraint to rooting and biological activity, etc. It is difficult to reverse such 
deterioration, which can have major impacts on the ability of forest stands to regenerate and withstand 
episodes of stress. Forest managers attempt to prevent the risks of deterioration by channeling machinery 
movements onto specific tracks (partitions) and trying to restrict logging to periods when the soil can bear 
the load4. Nevertheless, there is a shortage of indicators on the topic, mainly through lack of a system for 
monitoring the state of soil settlement.

1. Asse D., Michelot-Antalik A., Landmann G., 2014. SICFOR project final report, From monitoring to climate change indicators in forests, Gip Ecofor, Ministry of Agriculture, Agrifood 
and Forests, Paris, 102 p.

2. Allombert S., Stockton S., Martin J.L., 2005. A natural experiment on the impact of overabundant deer on forest invertebrates. Conservation Biology, 19, 1917-1929.
 Martin T.G., Arcese P., Scheerder N., 2011. Browsing down our natural heritage: Deer impacts on vegetation structure and songbird populations across an island archipelago. 

Biological Conservation, 144, 459-469.

3. Ballon P., Hamard J.P., Klein F., 2005. Importance of deer damage in forests. Main knowledge acquired and recommendations following the setting up of a national observatory. 
Revue forestière française, 5, 399-412.

4. Pischedda D., Bartoli M., Brêthes A., Cacot E., Chagnon J.L., Gauquelin X., Nicolas M., Richter C., 2009. For logging that protects soils and the forest “PROSOL” – Practical Guide, FCBA- 
ONF, Paris, 110 p.
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2.1. Atmospheric depositions in forests

Purpose of the indicator
Purposes of monitoring
Pollutants in the atmosphere represent one environmental factor that influences the health and productivity 
of forests. Pollution from sulfur dioxide (SO₂) is an acidifying agent (fallouts of sulfuric acid). Nitrogen 
pollutants – nitrogen oxides (NOx) and ammonia (NH₃) – also have an acidifying effect and a fertilizing effect 
at the same time. This fertilizing effect can benefit the forest productivity (Bontemps et al., 2011) but also 
provokes nutrient imbalances (eutrophication). Nitrogen oxides (NOx) also contribute to forming ozone, 
which damages the vegetation.

Noted pollutions
The indicator firstly presents changes in national emissions of atmospheric pollutants and secondly, 
changes in fallouts measured (depositions) in 27 permanent forest ecosystem observation sites spread over 
metropolitan France (Cataenat sub-network).

Emissions of atmospheric pollutants
Table 2.1.a shows the annual atmospheric emissions of metropolitan France for the following substances: 
SO₂ (sulfur dioxide), NOx (nitrogen oxides), NH₃ (ammonia) and NMVOC (non-methane volatile organic 
compounds). The acid equivalent (Aeq) is based on the first three substances and is used to estimate the 
acidifying power of these emissions. 

Fallouts of atmospheric pollutants on the forests
Two types of fallout have been monitored since end 1992 on the 27 sites of the Cataenat sub-network:

 – total depositions in open fields, collected in a clearing near forest monitoring sites, represent at least a 
share of the basic atmospheric pollution (long distance fallouts, outside the vicinity of major emission 
sources) suffered by the forest ecosystems;

 – depositions under forest cover (throughfalls) include in addition the aerosols and mists captured by 
the tree crowns. Ions are also exchanged between the precipitations and the foliage. The trees are thus 
capable of absorbing certain elements, such as nitrogen, through their leaves and rejecting others in 
exchange (canopy leaching), especially potassium, calcium and magnesium. Throughfall depositions 
are generally higher than open field depositions, except for nitrogen and protons.

Monitoring throughfall depositions has been restricted to 14 of the 27 sites in the Cataenat sub-network 
since 2008. Figure 2.1.b represents the open field and throughfall depositions for the 14 sites where 
parallel measurements have continued after 2008. Figure 2.1.c represents the open field depositions for all 
27 sites in the Cataenat sub-network. In each case, the data from different sites are aggregated as average 
concentrations weighted by the precipitation. This indicator is used to illustrate changes in the chemical 
quality of depositions separately from the precipitations, whilst giving a larger relative weight to the sites 
subject to the highest precipitations. 
Table 2.1.e shows the changes in atmospheric depositions (concentrations in the rainwater multiplied by 
the precipitations), expressed in kg/ha/year.
In addition, the repeated geostatistical spatialization of open field depositions is used to distinguish 
between the geographical areas most subject to atmospheric pollutions and their changes over time (2.1.d). 

2.1.a. Emissions in the air in metropolitan France which contribute to the acidification of lands (SO₂, NOx, NH₃, 
NMVOC and Acid equivalent)

2.1.b. Quality of open field and throughfall rains (14 Cataenat sites)
2.1.c. Quality of open field rains (27 Cataenat sites)
2.1.d. Spatial distribution of average open field atmospheric depositions for three periods in succession: sulfur as 

sulfates (S-SO4), nitrogen as ammonium N-NH4 and nitrates (N-NO3) and calcium (Ca), in kg/ha/year 
2.1.e. Summary of open field and throughfall deposition measurements in the Cataenat sub-network
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n Results 
 2.1.a. Emissions in the air in metropolitan France which contribute to the acidification of lands (SO₂, NOx, 
NH₃, NMVOC and Acid equivalent)

 2.1.b. Quality of open field and throughfall rains (14 Cataenat sites)

1980 1985 1990 1995 2000 2005 2010 2013
Emissions in the air in metropolitan France Bulk emissions 

1000 t

SO₂ 3,166 1,499 1,288 966 628 461 285 219
NOx 2,007 1,820 1,911 1,745 1,610 1,430 1,096 990
NH₃ 744 742 739 717 748 714 729 718
NMVOC n.a. n.a. 2,469 2,062 1,681 1,239 874 758
Acidification and eutrophication Bulk emissions of acid equivalent

1000 t Aeq

(SO₂, NOx and NH₃) 186 130 125 110 99 87 76 71

Sources: Citepa/Secten format (April 2015)
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Source: ONF, manager of the Renecofor network (National network for long-term monitoring of 
forest ecosystems) and the Cataenat sub-network (Total acid loading of atmospheric origin in 
the natural land-based ecosystems)
Forest estate: 14 Cataenat sites where open field and throughfall deposition samples are taken at the 
same time 
Clarifications: Aggregated values of 14 sites: average concentrations weighted by the rain in  
mg/mm, pH calculated from the average concentration weighted of protons, precipitations in mm 
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 2.1.c. Quality of open field rains (27 Cataenat sites)
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Source: ONF, manager of the Renecofor network (National network for long-term monitoring of forest ecosystems) and the Cataenat sub-network (Total 
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 2.1.d. Spatial distribution of average open field atmospheric depositions for three periods in succession: 
sulfur as sulfates (S-SO4), nitrogen as ammonium N-NH4 and nitrates (N-NO3) and calcium (Ca), in kg/ha/year 

Source: ONF, manager of the Renecofor network (National network for long-term monitoring of forest ecosystems) and the Cataenat sub-network (Total 
acid loading of atmospheric origin in the natural land-based ecosystems) and Météo France.
Forest estate: Basic atmospheric pollution (outside areas with high emissions) in metropolitan France
Clarifications: Spatialized values from open field depositions measured in the 27 sites of the Cataenat sub-network and precipitation data from Météo France stations. 
The deposition values are shown by a color scale explained on the right for each parameter, in kg/ha/year The countour map represents the uncertainty associated with 
the geostatistical spatialization approach (standard Kriging deviation in kg/ha/year also).
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 2.1.e. Summary of open field and throughfall deposition measurements in the Cataenat sub-network

Five year averages in kg/ha/year

Type of 
deposition

Sites
1993
1997

1998
2002

2003
2007

2008
2012

Variation 
since 
1993
1997

Variation 
since 
1998
2002

Variation 
since 
2003
2007

Calcium

Open field

27 sites 
A2+A3

6.25 5.86 5.26 5.41 - 13.5% - 7.7% 2.7%

Chlorine 20.77 21.53 17.37 20.47 - 1.5% - 4.9% 17.8%

Protons 0.12 0.09 0.08 0.05 - 56.3% - 43.5% - 31.0%

Potassium 1.66 1.50 1.45 1.84 10.9% 22.6% 27.1%

Magnesium 1.66 1.68 1.33 1.56 - 6.0% - 7.1% 18.0%

Sodium 12.05 12.39 10.05 11.74 - 2.6% - 5.2% 16.9%

Nitrogen as ammonium 
(N-NH4)

5.14 4.81 3.93 3.37 - 34.4% - 29.9% - 14.1%

Mineral nitrogen (N-NO3 + 
N-NH4)

8.67 8.39 7.26 6.27 - 27.6% - 25.2% - 13.6%

Nitrogen as nitrates (N-NO3) 3.52 3.57 3.33 2.90 - 17.7% - 18.8% - 13.0%

Sulfur as sulfates (S-SO4) 6.87 5.90 4.68 3.43 - 50.1% - 41.9% - 26.8%

Calcium

14 sites 
A3

6.40 5.84 5.87 5.65 - 11.7% - 3.2% - 3.7%

Chlorine 10.60 10.51 9.96 10.66 0.6% 1.5% 7.1%

Protons 0.14 0.10 0.08 0.06 - 56.3% - 41.2% - 29.0%

Potassium 1.52 1.29 1.36 1.61 6.3% 24.9% 18.4%

Magnesium 0.89 0.88 0.81 0.96 8.2% 8.7% 17.9%

Sodium 6.16 5.96 5.83 6.45 4.8% 8.2% 10.6%

Nitrogen as ammonium 
(N-NH4)

5.97 5.23 4.46 3.65 - 38.8% - 30.2% - 18.0%

Mineral nitrogen (N-NO3 + 
N-NH4)

9.94 9.21 8.26 6.98 - 29.8% - 24.3% - 15.5%

Nitrogen as nitrates (N-NO3) 3.97 3.98 3.80 3.33 - 16.2% - 16.4% - 12.5%

Sulfur as sulfates (S-SO4) 7.18 5.76 4.78 3.26 - 54.6% - 43.4% - 31.8%

Calcium

Throughfall
14 sites 

A3

10.97 9.36 8.80 8.48 - 22.7% - 9.4% - 3.7%

Chlorine 18.72 18.52 16.50 17.49 - 6.6% - 5.6% 6.0%

Protons 0.11 0.05 0.04 0.03 - 72.9% - 42.8% - 24.7%

Potassium 22.85 22.51 20.74 21.60 - 5.5% - 4.0% 4.1%

Magnesium 2.40 2.44 2.39 2.17 - 9.4% - 10.9% - 9.2%

Sodium 8.74 9.03 8.10 9.23 5.7% 2.3% 14.0%

Nitrogen as ammonium 
(N-NH4)

4.62 4.66 4.16 3.28 - 29.0% - 29.5% - 21.1%

Mineral nitrogen (N-NO3 + 
N-NH4)

9.33 9.08 8.44 7.06 - 24.3% - 22.2% - 16.3%

Nitrogen as nitrates (N-NO3) 4.71 4.42 4.28 3.78 - 19.7% - 14.5% - 11.6%

Sulfur as sulfates (S-SO4) 10.18 7.34 5.60 3.81 - 62.6% - 48.1% - 31.9%

Source: ONF, manager of the Renecofor network (National network for long-term monitoring of forest ecosystems) and the Cataenat sub-network (Total acid 
loading of atmospheric origin in the natural land-based ecosystems)
Clarifications: 
Open field: atmospheric depositions collected in a clearing near forest monitoring sites.
Throughfall: atmospheric depositions collected under the tree canopy in the forest monitoring sites.
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Emissions of atmospheric pollutants

The data in Table 2.1.a show the downwards trend in 
atmospheric emissions. Only ammonia (NH3), basically 
stemming from agriculture, shows no marked trend. 
Sulfur dioxide (SO2) remarkably dropped with the 
implementation of deliberate reduction policies and 
the marketing of fuels increasingly containing less 
sulfur, combined with the reduced use of the most 
emitting fuels like coal. 
Nitrogen oxides (NOx), still singled out by national and 
European policies, have nevertheless considerably 
dropped back since the 1980s. These emissions, which 
are very largely due to road transport, have been 
reduced thanks mainly to vehicles being fitted with 
catalytic converters and new vehicles replacing old 
ones of motor pool. The drop in non-methane volatile 
organic compounds (NMVOC) is above all due to more 
and more road vehicles being fitted with catalytic 
converters, to reduced use of solvents and to reducing 
techniques in industry.
Agricultural and forest land makes a minor 
contribution to the NOx (less than 10% of emissions) 
and NMVOC (less than 3% of emissions) (Citepa, 2015).

Fallouts of atmospheric pollutants on the forests

The temporal trends are normally consistent when 
concentrations in rainfall are considered separately 
from the precipitations (Figures 2.1.b and 2.1.c) or the 
depositions per hectare (Table 2.1.3), the open field 
or throughfall data (see subject for the definitions), 
the aggregated results at the monitoring network 
scale or by incorporating the variability between 
sites. The results are commented per type of chemical 
compound.

Sulfur
Atmospheric pollutions caused by sulfur were one of 
the main factors in the acid rain experienced in the 
1980s. Consistent with the sharp drop in SO₂ emissions, 
the sulfur fallouts (as sulfates SO₄²¯) have dropped very 
significantly and continuously on the measuring sites 
in the Cataenat sub-network. As sulfur absorption 
and discharge flows through the canopy are normally 
negligible, the throughfall depositions represent for 
this element all atmospheric fallouts (moisture and 
aerosol depositions) suffered by the ecosystem: they 
dropped by more than 60% on average between the 
1993-1997 and 2008-2012 periods. Maps 2.1.d show 

that the depositions have dropped throughout the 
territory. They also show that the areas which are more 
affected historically could be very far from the main 
industrial emission areas: these were mainly the coastal 
areas (also marked by depositions of natural marine 
sulfates) and the mountainous areas of the North-East 
(Ardennes, Vosges, Jura) and the Massif Central. The 
very significant drop in sulfur atmospheric fallouts is 
seen more widely at European scale (Waldner et al., 
2014).

Mineral nitrogen
Nitrogen depositions have a fertilizing effect for 
the trees, but also negative effects in terms of 
acidification (they bring protons with themselves) and 
eutrophication of ecosystems. As for sulfur, the mineral 
nitrogen atmospheric fallouts have significantly  
dropped, although to a lesser extent: between -24 
and -30% between the 1993-1997 and 2008-2012 
periods according to whether throughfall or open field 
depositions are being considered. This observation is 
consistent, once again, with the observations made 
more broadly at European scale (Waldner et al., 2014). 
In more detail, this reduction is due mainly to the 
proportion of fallouts made up of ammonium, whilst 
the oxidized fallouts (nitrates) have not decreased 
significantly. There are several reasons for this apparent 
contradiction with changes in national ammonia (NH3) 
and nitrogen oxide (NOx) emissions. Similarly to sulfur, 
the nitrogen fallouts observed can be linked to faraway 
emission sources, not included in the national emission 
inventories (emissions from other countries or from 
maritime transport). In addition, chemical conversions 
can intervene during atmospheric transport of 
nitrogen-based pollutants until their fallout. 

Direct acidity
Consistent with the drop in sulfate concentrations, the 
pH has an overall upwards trend in both open field 
and throughfall. The rise in pH relates to a drop in the 
protons contained in rain (direct acidity). The proton 
fallouts have thus decreased by 56% in open field and 
73% throughfall between the 1993-1998 and 2008-
2012 periods. The pH has nevertheless dropped in the 
last two years, which could relate to measurement 
difficulties noted for certain collection periods: the 
more neutral the pH (5.6 for rainwater), the more 
uncertain the measurements.

n Analysis
The sulfur- and nitrogen-based atmospheric pollutions are carried a long way and play a major role in soil fertility and 
forest health. They are especially behind the acid rain and forest dieback phenomena noted in Europe in the 1980s. 
Since then, emissions of these atmospheric pollutants have radically dropped in France, except for ammonia mainly 
from agriculture. thus, the sulfur depositions and direct acidity suffered by the forest ecosystems have sharply dropped. 
Nitrogen depositions have also decreased, but to a lesser extent, and remain at a level likely to affect the ecosystems 
most sensitive to acidification and nutrient imbalances.
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 Producer of data
Citepa - <http://www.citepa.org>

  Methodology 
All methodologies used to produce the national inventories are available in the Ominea document on the Citepa 
site.

  Bibliography
Citepa, 2015. National inventory report. Inventory of emissions of atmospheric pollutants and greenhouse gases in 
France – Sectorial series and extended analyses, Secten Format, April 2015, Paris, 317 p.

n Data sources and methodology

Nutrient cations
Calcium, magnesium and potassium are major nutrient 
cations, with atmospheric inputs representing a major 
source for poor soils. Temporal trends are less clear for 
these elements.

 – Calcium comes mainly from Sahara winds 
(as shown by the dominance of open field 
depositions in the Mediterranean area on Map 
2.1.d), but also partly from industrial emissions. 
It shows no marked trend in the open field 
depositions, but a significant reduction in the 
throughfall depositions (-23% between the 
1993-1997 and 2007-2012 periods). This could 
be due to reduced aerosol depositions captured 
by the trees (potentially linked to the drop in 
sulfate fallouts) or to reduced flow of calcium 
discharged by the canopy (which could testify to 
more recycling of this element within the trees).

 – Potassium has far higher throughfall 
concentrations than in open field rain, given a 

major discharge rate by the canopy. In neither 
case (open field and throughfall) does its 
temporal change reveal any significant trend, 
however.

 – Magnesium also does not show a particular 
trend. In open fields, it fluctuates very much in 
correlation with chlorine and sodium, consistent 
with its basically marine origin.

Chlorine and sodium
Depositions of chlorine and sodium basically convey 
the marine influence. They vary hugely between 
coastal and inland sites. On the coast, they may submit 
the trees to extreme salinity conditions. Their temporal 
changes show noteworthy year-on-year variations, but 
no significant trend.

Emissions of atmospheric pollutants

http://www.citepa.org/fr/
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 Producer of data
ONF: the data used come from the on-going monitoring of atmospheric depositions since 1993 on the 27 sites of 
the Cataenat sub-network (sub-network of the Renecofor network) – <http://www.onf.fr/renecofor> 

MétéoFrance: the spatialization maps of open field depositions have been obtained using a geostatistical 
approach which incorporates the annual precipitation values of MétéoFrance stations (about 1800 stations) in 
addition to deposition measurements in the Cataenat sub-network – <http://www.meteofrance.com>

  Methodology 
Deposition data from the Cataenat sub-network are derived from concentration measurements on rain and 
throughfall samples and measurements of the corresponding precipitation volumes. The detailed protocol is 
described in the national plan (Ulrich and Lanier, 1993) and in the plan of the ICP Forests pan-European monitoring 
program to which the Renecofor belongs (Clarke et al., 2010). Monitoring targets the basic atmospheric pollution: 
the sites are located away from atmospheric pollutant emission sources. 

The annual open field depositions measured for four chemical species ((S-SO₄, N-NO₃, N-NH₄ and Ca) have been 
spatialized at national scale and for three sixyear periods by a geostatistical method (co-Kriging), incorporating 
as co-variable the precipitation of MétéoFrance stations (selection of stations monitored continuously from 1993 
to 2010, i.e. some 1800 stations) (Croisé et al., 2002; 2005). The same scale of values is used for each element 
for the three six-year periods and the standard Kriging deviation is represented as contour map. The validity of 
spatiotemporal variations estimated in this way has been validated with respect to data measured separately in 
the MER and BAPMON networks (Nicolas et al., 2015). 

  Bibliography
Bontemps J. D., Hervé J.-C., Leban J.-M., Dhôte J.-F., 2011. Nitrogen footprint in a long-term observation 
of forest growth over the twentieth century. Trees, [online], 25, 237-251, DOI 10.1007/s00468-010-0501-2  
<http://link.springer.com/article/10.1007%2Fs00468-010-0501-2> (consulted on 4 August 2015).

Clarke N., Zlindra D., Ulrich E., Mosello R., Derome J., Derome K., König N., Lövblad G., Draaijers G.P.J., Hansen K., 
Thimonier A., Waldner P., 2010. Sampling and Analysis of Deposition, 66 p. Part XIV. In: Manual on methods and 
criteria for harmonized sampling, assessment, monitoring and analysis of the effects of air pollution on forest, Unece, 
ICP Forests, Hamburg. ISBN: 978-3-926301-03-1. <http://icp-forests.net/page/icp-forests-manual>

Croisé L., Ulrich E., Duplat P., Jaquet O., 2002. Renecofor - Two independent approaches to estimate and map total 
open field atmospheric depositions in the French territory, Office national des forêts, Fontainebleau, 102 p.

Croisé L., Ulrich E., Duplat P., Jacquet O., 2005. Two independent methods of mapping bulk deposition in France. 
Atmospheric Environment, 39, 3923-3941.

Nicolas M., 2015. Renecofor – Technical annual report 2014. Office national des forêts, Fontainebleau, 35 p.

Ulrich E., Lanier M., 1993 (second version). Renecofor – Reference manual no. 3 for the operation of the Cataenat sub-
network (Total acid loading of atmospheric origin in the natural land-based ecosystems), level 2 and 3 quadrat, Office 
national des forêts, Fontainebleau, 98 p.

Waldner P., Marchetto A., Thimonier A., Schmitt M., Rogora M., Granke O., Mues V., Hansen K., Pihl Karlsson G., 
Žlindra D., Clarke N., Verstraeten A., Lazdins A., Schimming C., Iacoban C., Lindroos A.J., Vanguelova E., Benham S., 
Meesenburg H., Nicolas M., Kowalska A., Apuhtin V., Napas U., Lachmanová Z., Kristoefel F., Bleeker A., Ingerslev 
M., Vesterdal L., Molina J., Fischer U., 2014: Detection of temporal trends in atmospheric deposition of inorganic 
nitrogen and sulphate to forests in Europe. Atmospheric Environment, 95, 363-374. 

Fallouts of atmospheric pollutants on the forests

Authors: Manuel Nicolas (ONF), Étienne Mathias (Citepa)
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2.2. Chemical properties of forest soils

Purpose of the indicator
Soil is the reservoir from which the trees and vegetation draw the minerals they need: changes in 
the contents of this reservoir are therefore an indicator of the expected state of nutrient imbalances 
(acidification, eutrophication) due to atmospheric pollutions and exports of nutrients associated with 
logging. It also forms the main reservoir for organic carbon within the forest ecosystems: its changes, which 
are difficult to forecast, strongly dictate the carbon balance of the forest with respect to climate change 
mitigation challenges (De Vos et al., 2015).
Firstly, the purpose of the indicator is to assess the temporal changes in properties of forest soils using data 
from the Renecofor network. Figure 2.2.a shows the temporal changes noted in the stocks of organic carbon 
and nitrogen and in the C/N ratio in the Renecofor network, for the litter and mineral soil up to 40 cm deep. 
Table 2.2.b summarizes the significant temporal changes noted in the chemical properties of the mineral 
soil, following three layers of systematic depth (0-10 cm, 10-20 cm and 20-40 cm) and by considering either 
all sites in the Renecofor network or groups of sites per pH class (pH H₂O < 4.5; pH H₂O between 4.5 and 
5.5; pH H₂O > 5.5). Figure 2.2.c illustrates the distribution comparison of sites of systematic (16 km x 16 km 
grid) and Renecofor networks following the soil property gradients: pH H₂O, C/N, saturation rate in bases 
and texture (particle size) of the 0-10 cm layer of the mineral soil. 
Secondly, Box 3 presents the spatial variations of edaphic conditions at national scale, through several 
qualitative variables (textures, type of humus, type of soil, trophic level) mapped extensively by IGN's 
National Forest Inventory.

Warning: Available national data about forest soils are mainly derived from the ONF Renecofor network, the 
16 km x 16 km European network of the DSF-Maaf, the RMQS (soil quality measurement network) (on the same 
16 km x 16 km systematic grid extended to all types of soil uses) and the IGN’s National Forest Inventory, all of 
which have their own special features. The results discussed here are mainly those of the Renecofor network. This 
intensive monitoring network of forest ecosystems, coordinated by ONF, is not based on a systematic grid of the 
territory but on a selection of permanent quadrats spread out over metropolitan France. For reasons of means and 
practical feasibility, this selection of quadrats was initially directed towards adult stands of the ten main wood 
supply species, in public forests. It therefore does not intend to represent the soils in French forests quantitatively in 
a goal to extrapolate values to the entire territory. Conversely, the obtained results can be used for the first time to 
assess the temporal changes in properties of forest soils following a broad range of ecological contexts, from data 
measured in similar way to the national scale. The box provides several additional maps based on qualitative data 
collected by IGN’s National Forest Inventory which illustrate the spatial variability of national edaphic conditions. 

2.2.a. Stocks of organic carbon (C) and nitrogen (N) and C/N ratio per layer and per soil sampling campaign of the 
Renecofor network

2.2.b. Changes in chemical properties of mineral layers of soils on sites in the Renecofor network per systematic 
layer up to 40 cm deep

2.2.c. Distribution of sites in the Renecofor and systematic networks (16 km x 16 km grid) per class of pH H₂O, 
saturation rate in bases, C/N ratio and along the texture gradient.

BOX 3: Texture, humus, soils and tropic levels of French forest soils



 2.2. Chemical properties of forest soils 109

n Results 
 2.2.a. Stocks of organic carbon (C) and nitrogen (N) and C/N ratio per layer and per soil sampling 
campaign of the Renecofor network

 2.2.b. Changes in chemical properties of mineral layers of soils on sites in the Renecofor network per 
systematic layer up to 40 cm deep
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Soil at pH 

< 4.5

0-10cm ↘↘ ↘↘ ↗↗ ↗↗ ↗↗ 0 ↗↗ ↗ ↗↗ 0 ↗↗↗ ↗↗↗
 10-20 cm ↘ ↘↘ 0 ↘↘↘ ↗↗↗ 0 ↗↗ ↘ ↗ ↘ ↗↗ ↗↗
20-40cm 0 ↘ ↘ ↘↘↘ ↗↗↗ 0 ↗ ↘↘ ↗ ↘↘ 0 ↗

All 0-40 cm ↘↘ ↘ ↗ ↘↘ ↗↗↗ ↗ ↗↗ ↘↘ ↗↗ ↗ ↗↗ 0

Soil at pH 
between 

4.5 and 5.5

0-10cm 0 ↘ ↗↗↗ 0 ↗↗↗ 0 ↗↗ ↗ 0 ↗↗ ↗↗↗ ↗↗↗
 10-20 cm 0 0 ↗ ↘ ↗↗↗ 0 ↗ 0 ↗ 0 ↗↗ ↗↗
20-40cm ↗↗ 0 0 ↘↘ ↗↗↗ 0 0 0 0 0 0 0

All 0-40 cm ↗ ↘ ↗ 0 ↗↗↗ 0 ↗ 0 0 0 ↗↗ ↗↗

Soil at pH 
> 5.5

0-10cm 0 0 ↗↗ 0 ↗↗↗ 0 ↗↗↗ 0 0 ↗↗ ↗↗↗ ↗↗↗
 10-20 cm 0 0 ↗ 0 ↗↗↗ ↘↘ ↗↗ 0 0 ↗↗ ↗↗ ↗↗
20-40cm ↗↗ 0 0 ↘↘ ↗↗ 0 0 0 ↘↘↘ ↗ 0 ↗↗

All 0-40 cm ↗ 0 0 0 ↗↗↗ 0 ↗↗↗ 0 0 ↗↗ ↗↗↗ ↗↗

All sites 
together

0-10cm ↘ ↘↘ ↗↗ ↗↗ ↗↗ 0 ↗↗ ↗ ↗↗ ↗ ↗↗↗ ↗↗↗
 10-20 cm 0 ↘ 0 ↘↘ ↗↗↗ 0 ↗↗ ↘ ↗↗ ↗ ↗↗ ↗↗
20-40cm ↗ 0 ↘ ↘↘↘ ↗↗↗ 0 ↗ ↘ 0 ↗ 0 ↗

All 0-40 cm 0 ↘ ↗↗ ↘ ↗↗↗ 0 ↗↗ ↘ ↗ 0 ↗↗ ↗↗

Sources: ONF, manager of the Renecofor network (National network for long-term monitoring of forest ecosystems)
Forest estate: Public forests in the Renecofor network
Clarifications: The arrows indicate the statistically-significant changes (p<0.05) between the two soil sampling campaigns in the Renecofor network (1993-1995 and 
2007-2012) and the number of arrows expresses the size of the effect (low, medium, strong). The significant changes corresponding to a medium-sized or strong effect 
are considered more especially in the interpretation. The arrow colors do not relate to a value judgment; they simply show what is going up and what is going down. 
cmolc/kg: centimoles of electrical charges in the cations, per kg.

Source: ONF, manager of the Renecofor network (National network for long-term monitoring of forest ecosystems)
Forest estate: Public forests in the Renecofor network
Clarifications: The bars represent the average of sites in the Renecofor network. The annotation “n.s.” indicates changes 
that are not significant. The arrows indicate the statistically-significant changes (p<0.05) between the two campaigns and 
the number of arrows expresses the size of the effect (low, medium, strong). The significant changes corresponding to a 
medium-sized or strong effect are considered more especially in the interpretation. The arrow colors do not relate to a value 
judgment; they simply show what is going up and what is going down.
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 2.2.c. Distribution of sites in the Renecofor and systematic networks (16 km x 16 km grid) per class of pH 
H₂O, saturation rate in bases, C/N ratio and along the texture gradient.
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BOX 3: Texture, humus, soils and tropic levels of French forest soils
IGN’s National Forest Inventory has ecological information from pedological readings on inventory quadrats. 
It is used to map variables measured in the field (texture, humus, soil type) or estimated from floristic 
readings (trophic level of soils).
Illustration B.3.1 shows the location of soil textures and indicates their proportions among the forest soils.

The C/N ratio, whose changes have already been discussed for the Renecofor data, is closely linked to the 
type of forest humus. Acid humus – mor and moder in particular – have a high C/N whereas mull type 
humus have a low C/N, although it is still higher than in crop soils. It can therefore be interesting to show 
the distribution of types of forest humus recorded by the inventory, even if this is qualitative rather than 
analytical information (B.3.2).
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 BOX 3 (continued)

A soil type map is also available (B.3.3). The distribution histograms of natures of forest soils show that nearly 
half of forest soils are brown soils, i.e. soils that tend to encourage forest production (6 m3/ha/year, against 
1.4 for fersiallitical soils or 3.3 for the carbonated soils or 3.8 for the calcic soils which frequently have less 
favorable water characteristics).

Sources: NFI, 2011. French forests – Results from forest inventories 2006 to 
2010, Nogent-sur-Vernisson, 120 p. “Ecofloristic data” section, available 
online <http://inventaire-forestier.ign.fr/spip/IMG/pdf/France_part2-2.
pdf>

IGN, 2013. Twenty years of information on forest soils, poster, national 
seminar, Inventory, Soil Management and Conservation (IGCS), Let's 
share our knowledge of soils, Rennes, 11-13 December 2013.

Information on the nutrition of forest soils derived from floristic readings in the inventory:  
mapping of trophic levels
Some species of spontaneous flora are found more frequently in rich soils or on limestone soils, others 
in acid soils but not in other types of medium: these species are qualified as indicators for ecological 
conditions. Indices can be calculated from the numbers of species recorded in each inventory quadrat. The 
“trophic level” calculated from floristic readings conveys the chemical richness of soils as it can be recorded 
by the spontaneous flora. These values are linked closely to the pH of soils: the hyper-acidophilic group is 
encountered when the pH is less than 4.5, the acidopholic group on sites where the pH is rarely more than 
5.5, the acidocline group on stations with a pH less than 7, the neutrophile group dominates when the pH is 
close to 7 and the neutral calcicole, calcicole and calcaricole groups are encountered in calcareous soils with 
increasingly significant levels of limestone and therefore pH higher than 7 (B.3.4).

There is also a water level index or index relating 
to the available water capacity in forest soils. These 
indices are calculated using floristic information or 
pedological information from the forest inventory 
(see Indicator 1.1.1).

Young
Carbonated
Calcic
Brown
Leached
Podzolized
Fersiallitic
Hydromorphous
Other or not determined

Soils

%

0 20 40 60

0% 

16% 

0%

9% 

3% 

48% 

6% 

15% 

4% Young

Carbonated

Calcic

Brown

Leached

Podzolized

Fersiallitic

Hydromorphous

Other or not determined

B.3.3. Types of French forest soil (NFI, 2011)

B.3.4. Trophic level of forest soils (IGN, 2013)

http://inventaire-forestier.ign.fr/spip/IMG/pdf/France_part2-2.pdf
http://inventaire-forestier.ign.fr/spip/IMG/pdf/France_part2-2.pdf
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The state of the soil dictates the health of forest 
ecosystems

Metropolitan France has very varied and contrasting 
soil contexts, as show in the IGN cartograms (Box 3). 
This diversity of contexts dictates strongly the forestry 
possibilities and productivity. It also dictates fairly 
strongly the sensitivity of forest ecosystems to external 
pressures. In particular, the sensitivity of ecosystems 
to the nutrient imbalances varies hugely depending 
on the mineral richness of the soil, which is reflected 
by indicators like the humus or trophic level deduced 
from the floristic composition. Thus, the most acid 
soils, which correspond most frequently to a moder or 
mor humus and an acidophilic floristic composition, 
contain very few alterable minerals and are therefore 
very sensitive to acidification. Conversely, carbonated 
soils with their wealth of alterable minerals are virtually 
insensitive to this. Note that certain regions have soils 
with relative homogeneous properties (e.g. Landes de 
Gascogne with a substantial majority of very sandy, 
acid and poor contexts), whilst others have contrasting 
conditions in short distances, mainly due to abrupt 
variations in the type of sub-soil.

Forest soil properties change over time

The Renecofor network currently offers the only 
dataset in France to observe changes in forest soil 
properties based on comparable measurements at 
national scale. Its 102 permanent sites spread over the 
whole of metropolitan France have undergone two 
analysis campaigns of litter and mineral soil horizons 
(0 to 40 cm deep) during the periods 1993-1995 and 
2007-2012, with many precautions taken as to methods 
to ensure comparable data. The range of soil contexts 
covered is substantial and similar to the one covered 
by the systematic network (16 km x 16 km grid), be 
it for pH, base saturation rates, C/N ratio or texture 
(Figure 2.2.c). In more detail, the distribution of sites in 
the Renecofor network shows a higher proportion of 
acid soils (pH and saturation rate in low bases) where 
acidification and nutrient imbalance issues are most 
significant. Numerous significant changes are noted 
in an average interval of 15 years when comparing 
these two sampling campaigns (Figure 2.2.a and Table 
2.2.b). Several points emanating from the results are 
discussed below.

Increase in organic carbon stocks
Forest litters and soils behaved like carbon sinks 
during the period in question (Jonard et al., 2013). 
Organic carbon stocks rose significantly (on average  
+0.34 tC/ha/year over all the mineral soil and litter). 
This change can be attributed to the surface layers 
(litter and mineral soil up to 10 cm deep) whilst 
the stocks of organic carbon have changed very 
little in the deeper layers (mineral soil 10 to 40 cm 
deep). It is also more apparent in sites under conifers  
(+0.49 tC/ha/year) than under broadleaved species 
(+0.19 tC/ha/year). This does not mean necessarily 
that the conifer species can capture more organic 
carbon in the soils as other context factors may play 
a part. For example, the increase in organic carbon 
stocks in soils is even more substantial in recent 
afforestation contexts (during the 20th century) and 
these normally relate to sites with conifer stands. In 
addition, the increase in organic carbon stocks does 
not seem to be due to the aging of stands, as it is not 
significantly different for the sites regenerating since 
the 1999 storms. Neither is it linked to the intensity of 
thinning between the two soil analysis campaigns, nor 
can it be explained by an increase in inputs of above-
ground organic matter, as the falling litter measured 
has remained stable, especially under conifer stands. 
The main hypotheses to explain this are therefore 
either a slowdown in the decomposition speed of 
organic matter in the soils (under the effect of drought 
constraints or the loss of nitrogen indicated above) or 
a pre-existing imbalance between the inputs and the 
losses of carbon in forest soils (changes in previous use 
of soils could still affect the stocks of organic carbon).

Reduction in total nitrogen stocks and increase in 
the C/N ratio

Nitrogen is essentially contained in the organic matter 
in soils. Compared with stocks of organic carbon, 
stocks of nitrogen have also increased on the surface, 
but to a lesser extent, whilst they have sharply dropped 
in the deep layers. The global assessment of the litter 
and mineral soil up to 40 cm deep is a loss of nitrogen 
in soils (-11 kg/ha/year on average). This reduction in 
nitrogen stocks in soils cannot simply be explained 
by a drop in atmospheric pollutant fallouts which are 
still limited for this element (see Indicator 2.1). Nor 
is it sensitive to the type of stand. It is more marked, 

n Analysis

The two comparable measurement campaigns on the 102 sites in the Renecofor network have provided for the first 
time an assessment of temporary changes in soil properties in public forests at national scale (metropolitan country). 
In 15 years, soils and litters have constituted a significant carbon sink (+0.34 t/ha/year on average) for these forests. 
This accumulation of organic carbon, coupled with reduced nitrogen stocks, has resulted in a noteworthy change in 
the quality of organic matter (average increase of the C/N ratio of two units during the measuring period). Despite the 
reduced acidifying atmospheric depositions, the acidification of the most sensitive soils continues (reduced pH and base 
saturation level) but nevertheless without depleting reserves of exchangeable nutrients.
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 Producer of data
ONF (Renecofor network) - <http://www.onf.fr/renecofor/> 
DSF (forest damage systematic monitoring network) - <http://agriculture.gouv.fr/suivi-de-la-sante-des-forets>

n Data sources and methodology

however, in the most acid soil contexts (pH H₂O < 4.5). 
The other data recorded in the Renecofor network 
should be able to assess whether it relates to a loss of 
nitrogen through underground drainage or increased 
mobilization in the biomass. In any event, given the 
increase in organic carbon stocks, the C/N ratio has 
risen sharply and substantially for all the litter and 
soil layers regardless of the ecological context (+ two 
units on average for all the litter and mineral soil up to 
40 cm deep). This indicates a noteworthy change in the 
quality of organic matters of soils likely to affect their 
mineralization dynamics.

Continued acidification of the most acid soils 
without nutrient cation depletion 

Acidification of the most acid soils (pH H₂O < 4.5) is 
continuing: both pH and saturation rate have sharply 
dropped when considering all mineral layers from  
0 to 40 cm. The drop in the saturation rate means that 
the relative proportion of acid cations (aluminum) 
has increased in the exchangeable reserves in the soil 
(cation exchange capacity) to the detriment of the 
proportion of nutrient cations (calcium, magnesium 
and potassium). Despite their noted drop (see 
Indicator 2.1), the acidifying atmospheric depositions 
may still be too large compared with the extremely low 
buffer power of acid forest soils (Jonard et al., 2012). 
Conversely, this noted acidification is not accompanied 
by absolute depletion of these soils: indeed the 
increase of stocks of organic matters has increased the 
cation exchange capacity and therefore the retention 
of nutrient cations. Reserves have even increased for 
certain nutrient elements like magnesium, an element 
associated with the deficiency symptoms observed 
especially in the Vosges in the 1980s. By contrast, 
there has been no acidification (stable saturation rate, 
increased pH H₂O) in only slightly acid soils (pH H₂O 
between 4.5 or 5.5 or higher than 5.5) and the stocks of 
nutrient cations have generally grown.

Few changes in stocks of phosphorus 
The stocks of phosphorus (extracted by the Dyer 
and Joret-Hebert methods) change very little in the 
layers of mineral soil, which seemingly contradicts the 
drop in phosphorus foliar feeding noted at national 
(Jonard et al., 2009) and European (Jonard et al., 2015, 
Talkner et al., 2015) scale. Nevertheless, it is far from 
easy to compare with changes in phosphorus foliar 
feeding inasmuch as no chemical extraction method 
can determine precisely the amount of bioavailable 
phosphorus for the vegetation. Other measurements 
may be necessary to find the causes for the noted 
deterioration in phosphorus feeding in trees.

General discussion
Such large numbers of significant changes were not 
expected in the soils over an average timespan of 
15 years. They illustrate especially the importance of 
monitoring the organic carbon content in the soils to 
assess the role of forests in mitigating climate change. 
Mineral feeding issues are also still valid for the health 
and productivity of forests: continued acidification of 
the most acid soils, trend deterioration of phosphorus 
foliar feeding. Changes in the chemical fertility of 
soils demands more detailed analysis of each site to 
assess in particular the state of the poorest soils and 
those most sensitive to acidification. As a whole, these 
initial results relating to temporal changes in forest 
soil properties open up totally new prospects for 
understanding carbon and nutrient element cycles in 
forests. The main factors explaining the changes seem 
to be searched in the dynamics of organic matters 
(preponderant changes in organic carbon and total 
nitrogen).

http://www.onf.fr/renecofor/
http://agriculture.gouv.fr/suivi-de-la-sante-des-forets
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Authors: Manuel Nicolas (ONF), with contributions from Anaïs Saenger, Mathieu Jonard, Isabelle Caignet, Quentin Ponette  
(Catholic University of Louvain-la-Neuve) and Noémie Pousse (ONF), Marie-Françoise Slak (IGN) for the box.

  Methodology 
The temporal comparability of soil data from the Renecofor network is based on the continuity of sampling 
methods in the field and laboratory analysis (Ulrich et al., 2009). Samples are not taken with augers but in mini-
ditches up to 40 cm deep. This ensures their comparability between sites including in the most stony contexts. In 
addition, sampling efforts on each site (25 sampling repetitions distributed between five fixed sub-quadrats) can 
quantify the intra-site spatial variations and thus differentiate them from the temporal changes of soils. The results 
of both measuring campaigns were compared in conjunction with ONF and the Catholic University of Louvain-la-
Neuve. At network scale (i.e. including the results of all the sub-quadrats on all the sites), the temporal changes 
in chemical properties of soils were analyzed statistically, parameter by parameter and layer by layer. As the 
apparent density of the mineral soil showed no significant temporal change at network scale, it was considered 
as an invariant: the changes in elements stocks were therefore assessed, based only on changes in concentrations. 
However, for the litter, the changes in element stocks incorporate the variations in concentrations and mass of 
sampled layers.

The data from the forest damage systematic monitoring network relate to the soil sampling 
campaign conducted in 2006 and 2007 under the Biosoil program financed by the European Union.  
On this occasion, soil and litter samplings were conducted following a harmonized protocol on all the forest sites 
in the 16 km x 16 km systematic European grid. In France, these samplings were passed on to the National Forest 
Inventory. Six spatial samplings were repeated on each site and grouped in a composite sample per layer. The 
mineral layers were sampled with an auger and per systematic layer following the same vertical delimitation as the 
samples taken in the Renecofor network. Chemical analyses were also carried out using the same methods and by 
the same laboratory (LAS, Inra Arras) as for the Renecofor network. 
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2.3.a. Distribution of trees in “moderate”, “severe” and “dead” defoliation class in the systematic forest damage 
monitoring network since 1997
2.3.a.1. Proportion of trees with moderate defoliation (between 25% and 60%) 
2.3.a.3. Proportion of dead trees
2.3.a.2. Proportion of trees with severe defoliation (more than 60%)

2.3.b. Defoliation per species in the forest damage systematic monitoring network since 1997
2.3.c. Distribution per GRECO of the median of the defoliation for the broadleaved and conifer species, period 2010-2015

Source: Maaf (forest damage systematic monitoring network, Forest 
Health Department)
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 2.3.a. Distribution of trees in “moderate”, “severe” and “dead” defoliation class in the systematic forest 
damage monitoring network since 1997

n Results 

Purpose of the indicator
This indicator describes changes in defoliation in the dominant trees in the forest damage systematic 
monitoring network (16 x 16 km), per damage severity class (2.3.a), per species (2.3.b) and per GRECO 
(2.3.c). Tree defoliation is defined as an assessment of the lack of foliar mass of the “noteworthy crown” of 
a tree compared with a reference tree fully in leaf, in the region where the tree is scored. This lack may be 
due to a loss of foliage or dwarfing of leaves. The “noteworthy crown” is the upper section of the tree crown: 
this restriction has been made to avoid taking into account internal competition from the tree and natural 
pruning. 
This easily-taken measurement is a data integrating the different stress suffered by the tree: it is a robust 
indicator of the health of trees monitored in this network. Factors explaining the changes noted in the 
16 x 16 network, representative of the national level, are offered by the analysis of results noted in the 
quadrats of the Renecofor network of the Office national des forêts.

2.3. Defoliation of main forest species
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Source: Maaf (forest damage systematic monitoring network, Forest Health Department)
Clarifications: Only living trees are considered (dead trees are excluded from the count with effect from the year of their death). The distribution of the tree count for 
each year is represented as a “boxplot”: the bold line in the middle relates to the median of the count, the bottom of the box the first quartile, the top of the box the third 
quartile. The upper and lower “plots” relate respectively to the minimum and maximum value.

Sessile oak – average number : 1263 trees Pedunculate oak – average number : 1183 trees

Holm oak – average number : 377 trees Pubescent oak – average number : 871 trees

Beech – average number : 1105 trees Common spruce – average number : 559 trees

Silver �r – average number : 501 trees Scots pine – average number : 707 trees

Maritime pine – average number : 838 trees Douglas �r – average number : 317 trees

 2.3.b. Defoliation per species in the forest damage systematic monitoring network since 1997
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 2.3.c. Distribution per GRECO of the median of the defoliation for the broadleaved and conifer species, 
period 2010-2015
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Analysis of results of the forest damage systematic 
monitoring network (16 x 16 km network)

The main characteristics of changes in defoliation in 
metropolitan France are as follows:

 – Defoliation has been rising since the beginning 
of the 2000s in both conifer and broadleaved 
species (Figure 2.3.a). This average rise has not 
however been uniform over time and covers 
contrasting situations between species (Figure 
2.3.b) and between ecoregions (Figure 2.3.c);

 – The 1997 to 2014 period stands out for its 

fairly clear peak in defoliation after the dual 
traumatism suffered by French forests from the 
1999 storms and the 2003 drought. This peak is 
more pronounced for broadleaved species and 
tends to level out during the next, more clement 
years climatically at the end of the 2000s;

 – The temporal defoliation trend varies hugely 
from one species to the next (Figure 2.3.b). 
It is remarkably stable for the sessile and 
pedunculate oaks. Their defoliation increased 
after the 2003 drought but has returned to 
its previous level. It increases for the other 

n Analysis
Unlike the initial fear that prompted forest health monitoring devices (acid rain), the forest has not massively declined. 
Nevertheless, the 16 km x 16 km systematic network has revealed a rise in tree defoliation for the past few years, 
especially in the Mediterranean region. The many factors potentially influencing the temporal changes in defoliation 
include the Renecofor network's highlighting of the preponderant role of variations in water supply from one year to the 
next, a role that is illustrated in particular by the impact of the 2003 drought in the series of observations.

Source: Maaf (forest damage systematic monitoring network, Forest Health Department)
Clarifications: 
Defoliation is measured by 5% intervals.
It should be read as follows: for example, in the Corsica GRECO, the median of broadleaved species is at 30%, which means that half the broadleaved trees has less than 
30% defoliation and the other half has more; the conifer median is at 40%, which means that half the conifer trees has less than 40% defoliation and half has more.
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species but with contrasting magnitudes: slight 
increase for most conifers (spruce, fir, Douglas fir, 
Maritime pine), intermediate for beech and Scots 
pines and stronger for the southern species 
(holm oak, pubescent oak, chestnut, cork oak 
and Aleppo pine). Note also that the upwards 
trend to defoliation for certain species (spruce, 
fir, chestnut) is accompanied by an expansion 
of the “boxplots”, which conveys a growing 
disparity in the health situation between trees of 
these species.

 – The Mediterranean region is the most affected by 
the rise in defoliation (Figure 2.3.c), including for 
species not native to the area like the Scots pine 
and chestnut. Indicator 2.4 also corroborates this 
observation and underlines the difficult phase 
in which forests in the Mediterranean region 
find themselves after the droughts which were 
rife during most of the 2000s. The sessile and 
pubescent oaks, chestnut and Aleppo pine turn 
out to be the species which are suffering the 
most.

Search for factors explaining temporal variations in 
defoliation noted in the Renecofor network

It is not easy to determine the reasons for the 
change in defoliation, because it has to include many 
factors relating to the environment (e.g. climate 
and climate events, impacts from pathogens), 
forestry management and the observation methods 
themselves (see on this point the section Data sources 
and methodology).
Very few environmental and forestry management 
factors are monitored in the 16 x 16 km network 
quadrats. Conversely, it has been possible to test their 
temporal correlation with the year-on-year variations 
in defoliation in the quadrats of the Renecofor network 
from 1997 to 2009 (Ferretti et al., 2014). This analysis 
shows a powerful hierarchy in the explanatory power 
of various factors. The dominant explanatory factors for 
the vast majority of quadrats in the Renecofor network 
are water supply variables (precipitation and difference 
between precipitation and evapotranspiration) for the 
current and previous years (test in years N-1 and N-2). 

Changes in stem density also show a significant effect 
for many quadrats, which conveys a response of tree 
defoliation to the thinning and disturbances of stands 
by the storms. Conversely, health problems which can 
help to explain changes in defoliation are only found 
in a minority of quadrats. Lastly, temporal variations in 
temperature, foliar feeding and changes in observer do 
not appear to explain the defoliation in any quadrat, 
or nearly. These explanations obtained from the 
Renecofor network agree with several observations 
made in the 16 x 16 km grid:

 – Regarding the preponderance of water supply 
factors, it is clear that the year-on-year increases 
in defoliation frequently follow dry years. This is 
especially true of 2003: changes in defoliation 
in most species are fairly stable up to 2002 and 
the bulk of upwards variations appear from 2003 
onwards;

 – The more limited impact of pathogenic agents 
is also confirmed. For some species with 
few numbers, severe pathological attacks 
(cylindrosporium in cherry, ash dieback) can 
explain an occasionally very marked increased 
in defoliation. Thus, the introduction of dieback 
in 2008 was felt in 2015 on the vast majority 
of ash monitored in the systematic network. 
However, the increase in defoliation of most 
species, especially the huge increase noted in 
Mediterranean species, cannot be explained 
by massive defoliation due to insects or 
phyllophaga fungi.
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 Producer of data
Ministry of Agriculture - Forest Health Department – <http://agriculture.gouv.fr/departement-de-la-sante-des-
forets>

  Methodology 
Changes in defoliation observation networks

Scoring defoliation started historically in metropolitan France when the phenomenon known as “acid rain” 
occurred. The goal was to assess the damage potentially caused by this atmospheric pollution. The “blue network” 
therefore saw the light of day in the 1980s in Eastern France on a 1 km x 16 km grid. This approach then was 
standardized in both France and Europe (on a 16 km by 16 km grid, taking up some points from the blue network) 
to assess the influence of cross-border consequences of atmospheric pollution. The 16 km x 16 km systematic 
network has since been used to monitor the health of forest trees, by observing their defoliation and assessing 
the biotic and abiotic forest health damage to them. At the same time, the Renecofor network sets out to monitor 
changes in numerous parameters of forest ecosystems in 102 permanent quadrats, used mainly to seek out the 
environmental factors which could explain the variations in the defoliation of trees from one year to the next.

Defoliation observation method in the forest damage systematic monitoring network, changes and impact on the results
Defoliation is observed in the dominant trees of quadrats of the forest damage systematic monitoring network. 
Only quadrats where the stand has achieved a minimum height and diameter are taken into account. Scoring 
is based on a manual drawn up nationally. The most recent major revision dates from 2011. It is carried out by 
forest technicians specializing in forest health diagnosis, who are mainly representatives-observers from DSF (field 
foresters from ONF, CRPF and State departments).

This measurement was conducted every summer from 1989 onwards, however, it should ideally be monitored 
from 1997 due to readjustments to the scoring methods. A slight correction to defoliation scoring method was 
introduced during this reissue. It only relates to a small number of trees and can be considered as having little 
if any impact on the results of this indicator. Conversely, the fact that the 16 km x 16 km network was expanded 
from 2011 to 2013, mainly in the Mediterranean area and the Alpine and Pyrenean foothills, both areas with more 
extensive defoliation than the national average, contributes to a slightly artificial reading of the overall defoliation, 
especially for certain conifer species – fir, spruce and Scots pine. Nevertheless, the upwards trend is still clear for 
these species, even when excluding the newly-installed quadrats. It is therefore not an artifact.
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n Data sources and methodology

Authors: Fabien Caroulle (Forest Health Department, Maaf) for the first part of the analysis, 
Manual Nicolas (ONF) for the second part
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http://agriculture.gouv.fr/departement-de-la-sante-des-forets


 2.4. Damage to forest stands 121

2.4. Damage to forest stands

Purpose of the indicator
The aim of this indicator is to monitor over time changes in forest health damage (2.4.a, 2.4.b, 2.4.c, 2.4.d), 
fires (2.4.e, 2.4.e.1) and storms (2.4.f) affecting forest stands. The term “damage” is taken to mean a “natural 
disturbance” likely to threaten the survival of the wooded state or maintenance of the economic function of 
the forest.

2.4.a. Relative intensity of ten major forest health problems in French forests from 1989 to 2013, 
per major geographical area

2.4.b. Primary causes of forest health damage, per type of stand (broad-leaved, conifer) (percentage of quadrats 
or trees affected)

2.4.c. Primary causes of forest health damage, per species (percentage of quadrats affected) 
2.4.d. Primary causes of forest health damage, per species (percentage of trees affected) 
2.4.e. Fires in forests and other wooded land (surface areas and number of fires annually) 

2.4.e.1. Fires in forests and other wooded land (surface areas and number of average fires 
per five-year period)

2.4.f. Storms in French forests (volumes and surface areas affected)
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 2.4.a. Relative intensity of ten major forest health problems in French forests from 1989 to 2013, 
per major geographical area

Source: Maaf (forest damage systematic monitoring network, Forest Health Department)
Clarifications: The hexagons represent France. 
The colors represent the intensity of the problems: green for none, trace, slight or endemic; yellow for moderate; red for strong or epidemic.

Forest health damage suffered by forest stands
Forest health damage is assessed on the dominant trees of quadrats in the forest damage systematic monitoring 
network. A tree is deemed “affected” when it has a damage intensity score higher than 20 on a scale of 0 (none) 
to 100. A quadrat is deemed to be affected when it has less than one tree (out of the twenty comprising it) in this 
case.

n Results



 2.4. Damage to forest stands 123

 2.4.b. Primary causes of forest health damage, per type of stand (broad-leaved, conifer) (percentage of 
quadrats or trees affected)

Annual average of the 
% of quadrats affected

Annual average of the 
% of trees affected

Primary cause of damage Species 2005-2009 2010-2014 2005-2009 2010-2014

Insects
Broad-leaved 9.1 ± 1.2 10.4 ± 2.3 0.8 ± 0.2 0.9 ± 0.3
Conifers 2.9 ± 0.8 2.2 ± 1.0 0.8 ± 0.4 0.2 ± 0.1
All species 6.0 ± 3.3 6.3 ± 4.5 0.8 ± 0.3 0.6 ± 0.4

Fungi
Broad-leaved 8.8 ± 1.9 12.0 ± 4.4 1.4 ± 0.4 1.7 ± 0.6
Conifers 6.3 ± 1.3 8.3 ± 1.8 1.3 ± 0.3 1.6 ± 0.3
All species 7.5 ± 2.0 10.1 ± 3.8 1.3 ± 0.3 1.7 ± 0.5

Damage caused by an abiotic factor (normally climatic)
Broad-leaved 8.5 ± 1.9 11.2 ± 3.0 1.2 ± 0.2 1.5 ± 0.4
Conifers 4.9 ± 0.9 7.6 ± 2.1 0.9 ± 0.3 2.2 ± 0.8
All species 6.7 ± 2.3 9.4 ± 3.1 1.0 ± 0.3 1.8 ± 0.7

Source: Maaf (forest damage systematic monitoring network, Forest Health Department)
Clarification: A tree is deemed “affected” when it has a damage intensity score allocated by the scorer higher than 20 on a scale of 0 (none) to 100. A quadrat is deemed 
to be affected when it has less than one tree (out of the twenty comprising it) in this case.

 2.4.c. Primary causes of forest health damage, per species (percentage of quadrats affected) 

Insects
Fungi

(and assimilated)
Damage due to 

an abiotic factor
2005-2009 2010-2014 2005-2009 2010-2014 2005-2009 2010-2014

Species Percentage of quadrats with significant alerts

Pedunculate oak 3.0 ± 1.3 6.9 ± 3.6 9.8 ± 3.8 11.0 ± 8.0 1.9 ± 0.7 4.9 ± 2.6
Sessile oak 3.2 ± 1.4 3.5 ± 1.9 2.3 ± 1.6 7.2 ± 6.0 1.5 ± 0.5 3.1 ± 2.0
Pubescent oak 23.8 ± 2.9 17.4 ± 3.5 3.5 ± 2.6 2.4 ± 0.5 14.7 ± 4.0 10.7 ± 0.9
Holm oak 13.1 ± 5.1 11.4 ± 5.6 3.7 ± 0.1  n.a. 24.8 ± 6.0 25.5 ± 3.5
Beech 3.1 ± 0.9 4.6 ± 1.7 2.0 ± 0.8 1.1 ± 0.4 4.1 ± 2.0 6.5 ± 2.0
Hornbeam 2.8 ± 1.0 3.8 ± 1.6 1.9 ± 0.0 1.9 ± 0.1 5.6 ± 2.0 5.7 ± 2.0
Chestnut  n.a. 10.1 ± 5.3 16.5 ± 2.9 24.0 ± 3.4 4.8 ± 1.7 9.1 ± 3.9
Ash 1.6 ± 0.0 4.2 ± 0.1 2.4 ± 0.8 10.1 ± 5.3 3.2 ± 1.2 2.5 ± 0.6
Poplars 3.3 ± 0.1  n.a. 3.3 ± 0.1 3.3 ± 0.1 7.3 ± 3.3 6.6 ± 4.1
Maples 2.3 ± 0.8 1.7 ± 0.0 1.7 ± 0.0  n.a. 1.7 ± 0.0 2.6 ± 1.3
Birch trees 2.8 ± 0.1 3.0 ± 0.1  n.a.  n.a. 5.5 ± 1.8 8.4 ± 3.0
Cherry 2.7 ± 0.1 7.7 ± 4.4 6.4 ± 3.5 4.3 ± 2.5 3.6 ± 1.3 10.3 ± 0.5
Other broadleaved species 2.4 ± 1.0 1.5 ± 0.5 1.8 ± 0.6 2.1 ± 1.0 4.3 ± 2.5 3.2 ± 1.9
All broadleaved species 9.1 ± 1.2 10.4 ± 2.3 8.8 ± 1.9 12.0 ± 4.4 8.5 ± 1.9 11.2 ± 3.0
Common spruce 4.2 ± 0.1 3.5 ± 0.1  n.a. 1.7 ± 0.0 2.1 ± 0.0 4.4 ± 0.9
Silver fir 4.1 ± 1.7 2.6 ± 0.9 9.4 ± 3.1 10.7 ± 2.7 6.6 ± 2.1 4.6 ± 2.3
Maritime pine 3.5 ± 1.5 6.8 ± 4.1 2.0 ± 0.1  n.a. 5.2 ± 2.0 3.0 ± 1.1
Scots pine  n.a. 1.3 ± 0.0 9.6 ± 2.9 16.4 ± 3.4 3.3 ± 2.3 13.2 ± 3.7
Black pines 4.5 ± 0.1 3.5 ± 0.2 4.5 ± 0.1 3.5 ± 0.2 4.5 ± 0.1 7.1 ± 3.0
Aleppo pine 6.9 ± 0.2  n.a. 13.7 ± 7.7 16.9 ± 9.4 16.5 ± 5.6 16.0 ± 8.7
Douglas fir 5.0 ± 0.0 4.5 ± 0.1 6.7 ± 2.4 4.5 ± 0.1 5.0 ± 0.0 4.5 ± 0.1
Larch 14.7 ± 9.3 6.1 ± 0.2  n.a. 6.1 ± 0.2 7.4 ± 0.3 10.2 ± 3.0
Other conifer species 9.3 ± 0.4  n.a.  n.a.  n.a.  n.a. 9.1 ± 0.0
All conifers 2.9 ± 0.8 2.2 ± 1.0 6.3 ± 1.3 8.3 ± 1.8 4.9 ± 0.9 7.6 ± 2.1
All species 6.0 ± 3.3 6.3 ± 4.5 7.5 ± 2.0 10.1 ± 3.8 6.7 ± 2.3 9.4 ± 3.1

Source: Maaf (forest damage systematic monitoring network, Forest 
Health Department)
Clarifications: A tree is deemed “affected” when it has a damage intensity score 
allocated by the scorer higher than 20 on a scale of 0 (none) to 100. A quadrat 

is deemed to be affected when it has less than one tree (out of the twenty 
comprising it) in this case.
2005-2009: average of years 2005 to 2009.
2010-2014: average of years 2010 to 2014.
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 2.4.d. Primary causes of forest health damage, per species (percentage of trees affected) 

Insects
Fungi

(and assimilated)
Damage due to 

an abiotic factor
2005-2009 2010-2014 2005-2009 2010-2014 2005-2009 2010-2014

Species Percentage of trees with significant alerts

Pedunculate oak 0.3 ± 0.2 1.1 ± 0.8 2.4 ± 1.3 2.1 ± 2.2 0.2 ± 0.1 0.5 ± 0.3
Sessile oak 0.3 ± 0.2 0.4 ± 0.3 0.4 ± 0.3 1.1 ± 0.6 0.1 ± 0.0 0.3 ± 0.2
Pubescent oak 3.1 ± 1.0 1.5 ± 0.5 0.5 ± 0.6 0.3 ± 0.3 2.3 ± 1.2 1.9 ± 0.7
Holm oak 1.1 ± 0.7 0.8 ± 0.5 3.6 ± 1.3  n.a. 4.8 ± 3.0 4.2 ± 0.7
Beech 0.9 ± 0.5 1.2 ± 0.6 0.3 ± 0.2 0.2 ± 0.1 0.9 ± 0.6 2.5 ± 1.1
Hornbeam 0.7 ± 0.4 2.0 ± 1.2 0.4 ± 0.0 0.3 ± 0.0 2.8 ± 1.4 2.1 ± 1.5
Chestnut  n.a. 5.8 ± 3.7 8.6 ± 1.2 13.9 ± 1.4 1.0 ± 0.6 2.9 ± 1.9
Ash 0.3 ± 0.0 0.7 ± 0.1 0.9 ± 0.8 5.4 ± 2.6 0.7 ± 0.3 0.5 ± 0.2
Poplars 1.2 ± 0.1  n.a. 11.9 ± 0.8 3.9 ± 4.9 4.4 ± 1.8 3.7 ± 2.1
Maples 0.7 ± 0.3 0.7 ± 0.2 0.5 ± 0.1  n.a. 1.1 ± 0.1 1.3 ± 0.5
Birch trees 0.6 ± 0.0 0.6 ± 0.0  n.a.  n.a. 3.9 ± 1.8 5.0 ± 2.6
Cherry 0.8 ± 0.1 3.5 ± 1.6 3.6 ± 1.1 1.3 ± 0.8 1.7 ± 1.2 4.8 ± 0.2
Other broadleaved species 0.6 ± 0.4 0.3 ± 0.1 0.5 ± 0.3 0.5 ± 0.4 2.1 ± 1.9 1.3 ± 1.4
All broadleaved species 0.8 ± 0.2 0.9 ± 0.3 1.4 ± 0.4 1.7 ± 0.6 1.2 ± 0.2 1.5 ± 0.4
Common spruce 2.9 ± 0.1 0.3 ± 0.0  n.a. 0.1 ± 0.0 0.2 ± 0.0 0.7 ± 0.3
Silver fir 0.4 ± 0.2 0.2 ± 0.1 1.5 ± 0.4 2.2 ± 0.3 2.0 ± 1.2 0.8 ± 0.6
Maritime pine 0.5 ± 0.2 0.5 ± 0.2 0.1 ± 0.0  n.a. 0.4 ± 0.1 0.4 ± 0.2
Scots pine  n.a. 0.2 ± 0.1 3.8 ± 0.9 4.7 ± 0.7 0.6 ± 0.5 6.6 ± 3.4
Black pines 0.8 ± 0.0 1.1 ± 0.8 0.7 ± 0.2 0.4 ± 0.1 0.9 ± 0.8 1.2 ± 0.7
Aleppo pine 0.4 ± 0.0  n.a. 3.6 ± 2.2 2.7 ± 2.2 5.7 ± 3.4 5.7 ± 1.1
Douglas fir 0.6 ± 0.3 1.7 ± 0.1 1.1 ± 0.3 2.0 ± 1.4 0.3 ± 0.0 0.9 ± 0.8
Larch 14.0 ± 11.9 0.6 ± 0.0  n.a. 5.7 ± 0.4 2.7 ± 3.1 1.7 ± 1.3
Other conifer species 3.3 ± 1.8  n.a.  n.a.  n.a.  n.a. 2.3 ± 1.2
All conifers 0.8 ± 0.4 0.2 ± 0.1 1.3 ± 0.3 1.6 ± 0.3 0.9 ± 0.3 2.2 ± 0.8

All species 0.8 ± 0.3 0.6 ± 0.4 1.3 ± 0.3 1.7 ± 0.5 1.0 ± 0.3 1.8 ± 0.7

Source: Maaf (forest damage systematic monitoring network, Forest Health Department)
Clarifications: A tree is deemed “affected” when it has a damage intensity score allocated by the scorer higher than 20 on a scale of 0 (none) to 100. A quadrat is 
deemed to be affected when it has less than one tree (out of the twenty comprising it) in this case.
2005-2009: average of years 2005 to 2009.
2010-2014: average of years 2010 to 2014.
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 2.4.e. Fires in forests and other wooded land (surface areas and number of fires annually) 
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Source: Database on forest fires in France (BDIFF), operated by the Ministry of Agriculture, Agrifood and Forests and the Ministry of the Interior and hosted 
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 2.4.e.1. Fires in forests and other wooded land (surface areas and number of average fires 
per five-year period)

1980-
1984

1985-
1989

1990-
1994

1995-
1999

2000-
2004

2005-
2009

2010-
2014

Forest area 
destroyed by 
fire

excluding Mediterranean 
area

ha/year  6,891  7,645  6,665  7,344  9,282  3,485  3,071 

% forest n.a. n.a. 0.05 0.06 0.07 0.02 0.02

in Mediterranean 
area

ha/year  30,302  33,476  21,543  9,876  23,047  8,837  3,912 

% forest n.a. n.a. 0.63 0.24 0.54 0.20 0.10

in France
ha/year  37,193  41,121  28,208  17,221  32,329  12,321  6,983 

% forest 0.23 0.25 0.18 0.10 0.19 0.08 0.04

Average number 
of fires per year

in France 5,170 4,645 4,632 6,443 4,740 4,070 2,490 

Source: Database on forest fires in France (BDIFF), operated by the Ministry of Agriculture, Agrifood and Forests and the Ministry of the Interior and hosted 
by IGN
Clarifications: The surface areas affected by fires relate to the Teruti-Lucas (up to 2009) and IGN (from 2010) surface areas for each area considered.
* Languedoc-Roussillon, Provence-Alpes-Côte d'Azur, Corsica, Drôme, Ardèche.

Fires suffered by forest stands
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 2.4.f. Storms in French forests (volumes and surface areas affected)

1965-1974 1975-1984 1985-1994 1995-2004 2005-2014
Volume in public forests (106 m3) 3.0 3.6 9.7 61.7 2.4
Volume in private forests (106 m3) 0.7 12 6.5 115.4 40.9
Total volume (106 m3) 3.7 15.6 16.2 177.1 43.3
% of the national growing stock 0.2 1 0.9 8.3 1.8
% of the wood supply 
in the corresponding period

- 2.6 2.2 20 4.7

Average volume 
per ha of metropolitan forest and per year

0.0 0.1 0.1 1.1 0.3

Average of surface areas destroyed (ha/year) about 2,500 about 9,800 about 9,300 about 115,300 about 17,000

Sources: For the 1965 to 1998 period: Doll D., 1988 and Ministry of Food, Agriculture and Fisheries, 2009
For the 1995 to 2014 periods: NFI protocols 1999 (NFI, 2003) and 2009 (NFI, 2009b) storms
Clarifications:
Damage:

- in 1995-2004: Stands with more than 10% cover affected
- in 2005-2014: Windfalls, windbreaks, uprooted or raised trees, highly-curved trees and trees with their crowns more than two thirds destroyed.

Surface area destroyed: 
- Surface area where more than 60% of damage (under cover) has been noted.

Although at this moment it is not always possible 
to produce surface or volume data of forest health 
damage at national level, the capitalization on the data 
of the forest damage systematic monitoring network 
has been taking the intensity of damage scored by the 
systematic network scorers into account since 2005. 
It is therefore possible for this edition of Sustainable 
Management Indicators to show two temporal series 
comparing measurements of main forest damage, by 
selecting the most aggressive or those with the most 
impact for the forest stands.
The previous edition took into account the presence 
of all pests separately from the level of severity of 
the damage caused by each one. Yet there are a very 
large number of pests, which sometimes overrun 
the stands and which participate in the customary 
stand dynamics and only cause them slight damage, 
normally with few consequences.
By selecting only the most significant forest health 
alerts (those with an intensity equal to or higher 
than 20 on a scale from 0 to 100) it outlines far more 
relevant mapping of damage suffered by the forests.
Comparing the two observation periods shows:

 – the clear increase in entomological alerts in 
chestnuts corresponds to the arrival of the 
chestnut gall wasp (Dryocosmus kuriphilus) in 
France in the early 2010s (2.4.c and 2.4.d);

 – the abrupt rise in pathological reports in ash 
relates to the abrupt arrival of dieback caused by 
Chalara fraxinea (2.4.c and 2.4 d);

 – the clear drop in entomological alerts in larch 
signaled the end of the gradation of the larch 
tortrix (Zeiraphera griseana) at end of the 2000s 
(2.4.c and 2.4.d);

 – the increase in pathological damage in the 
sessile oak for the 2010-2014 period is explained 
by a resurgence in signs of powdery mildew in 
the oaks during this period (2.4.c and 2.4.d);

 – relatively high levels of abiotic damage (normally 
caused by climate) are noted in the Aleppo pine, 
chestnut and the holm and pubescent oaks 
(2.4.c and 2.4.d).

n Analysis
 Forest health damage suffered by forest stands

The current indicator is sensitive to the introduction of new invasive organisms: chestnut gall wasp and ash dieback. It 
also highlights the fragility of the most exposed species.

 Storms suffered by forest stands
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The surfaces covered by the fires (2.4.e) indicate large 
year-on-year variation, basically linked to summer 
climate conditions. Generally speaking, more than 
two thirds of areas burned every year are in the 
Mediterranean region, despite a tendency for this 
proportion to drop over the last decade (2.4.e.1).
Two periods emerge, both nationally and in the 
Mediterranean region. The first, which ended in the 
1990s, features a recurrence of years severely affected 
by fires, which are more frequent in the Mediterranean 
region (1979, 1982, 1983, 1985, 1986, 1989, 1990) 
than in the rest of the country. The five-year averages 
of areas burned every year during this period are 
therefore more than 35,000 ha for France and 30,000 
for the Mediterranean region.
The second period is characterized by disaster years 
becoming rarer but on an unprecedented scale 
for these exceptional years. In this period of more 
than twenty years, the Mediterranean region only 
experienced one exceptional year – 2003 –, but this 
set a record for areas burned in this region. Weather 
conditions in the other years were more clement and 
the forest fire phenomenon seems on the point of 

being controlled in this region. The absolute record 
outside the Mediterranean region was in 2002 and 
2003 exceeded 10,000 ha. The five-year period 2000-
2004 therefore conceals the downwards trend of 
burnt areas which started both nationally and in the 
Mediterranean region in the 1990s.
The same favorable trend is noted for the number 
of fires counted every year which has tended to drop 
since the late 1990s. These encouraging results can 
be attributed partly to the combined effects of fire 
prevention and fighting systems in France, especially 
the effectiveness of the strategy to deal with incipient 
fires. Until now, except for an exceptional season, the 
systems in place to mitigate the forest fire risk are 
proving effective.
The current favorable assessment stems nevertheless 
from an extremely fragile balance, as shown by the 
2003 season, when fire control was overtaken by a 
situation of exceptional drought.

 Fires suffered by forest stands
In terms of surface area and number of fires, damage caused to the forests is dropping in conjunction with efforts to 
prevent and combat fires. The balance is fragile, however, and exceptional years from a climate point of view can still have 
very substantial consequences for the forests.

Both these storms have different profiles (2.4.f): 
the 1999 storms affected a substantial proportion 
of the French territory with about 968,000 ha of 
forest affected with more than 10% damage (NFI, 
2003), whereas the 2009 storm affected 690,000 ha 
(with more than 20% damage) (NFI, 2011) in a more 
restricted area. The volume of wood felled compared 
with the total growing stock is higher for the 1999 
storms (8%) than in 2009 (2%), as this storm affected a 
smaller proportion of the country.
Nevertheless, certain departments like Gironde and 
Dordogne have experienced both storms over a ten-
year period, which has destabilized stands and forest 
management considerably. Collateral damage is added 
to the storm damage: the large increase in deadwood 
in the plots has caused a resurgence of bark beetles, 
which have damaged not only the fallen wood but 
also healthy growing stock, resulting in an excessive 
mortality rate of 12 to 18% (NFI-Inra, 2010).
Research after these climate events has shown that 
the vulnerability of forests when faced with the storms 

was based on gusting windspeed,  on tree height 
and on the soil and landscape characteristics (IGN-
Inra-CNPF-CRPF Aquitaine, 2012). Forestry strategies 
have therefore been put forward to mitigate the 
vulnerability of forest stands to storms:

 – diversification of massifs by selecting new 
species which are more resistant to gusting 
wind;

 – restoring mixes of species (GPMF, 2012): planting 
broadleaved forest edge, keeping islands of oaks 
in the middle of maritime pine plantations, etc.

 – reducing the duration of forestry cycles which 
decrease the risk and exposure time to the risk 
(Riou-Nivert P., 2004).

 Storms suffered by forest stands
The historical changes in storm damage to forest stands earmarks the two main storms of the last twenty years: 

 – the two storms Lothar and Martin in December 1999 affected respectively Northern France from Normandy to 
Alsace and the South of France, in a band from Charente-Maritime and Gironde to the department of Rhône;

 – Klaus in 2009 crossed Aquitaine, Midi-Pyrénées and Languedoc-Roussillon.
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 Producer of data
Forest Health Department (Ministry of Agriculture) – <http://agriculture.gouv.fr/departement-de-la-sante-des-
forets>

  Methodology 

Scoring is based on a manual drawn up nationally. Only quadrats where the stand has achieved a minimum height 
and diameter are taken into account. These quadrats are located in the forestry nodes on a 16 km square grid 
covering the entire metropolitan national territory.
The forest health problem has been recorded every summer since 2005. The scoring is carried out by forest 
technicians specializing in forest health diagnosis and the scorers from the forest damage systematic monitoring 
network, who are mainly representatives-observers from DSF (field foresters from ONF, CRPF and State 
departments).
Scoring is based on a manual drawn up nationally. The most recent major revision dates from 2011. A slight 
correction to the forest health problem scoring method in this re-issue has led the scorers to clarify their alerts. 
This new method precludes a comparison as per the old method calculation used during previous editions of 
Indicators for the Sustainable Management of French Forests.
On the other hand, by taking into account the intensity of forest health problems reported it has erased this slight 
inconsistency (inasmuch as the proportion of significant alerts has changed little) and provided more interesting 
results for their interpretation.
The forest damage systematic monitoring network has been densified from 2011, above all in the Mediterranean 
region. The rate of quadrats and trees affected by forest health damage is hardly affected by this densification as 
the relative proportion of damage was no greater in the Mediterranean area than elsewhere (unlike the defoliation 
noted in 2.3).

  Bibliography
A few indicators for the health of French forests (1989-2014), Louis-Michel Nageleisen -  
<http://agriculture.gouv.fr/sites/minagri/files/thermometre_sante_foret_2014v2.pdf>

  Methodology 
The damage for the period 1965 to 1998 is estimated from figures from ONF and the Ministry of Agriculture and 
Fisheries for just the exceptional windfalls and therefore without taking into account the volumes of windfalls 
harvested regularly in mountains at the end of winter. Most figures for private forests are taken from the Doll 
thesis (1988); the equivalent surface area of volumes destroyed per year is calculated from the average volume per 
hectare of regular high forest which is the type of stand most often affected by windfalls.
The damage caused by the 1999 storm has been estimated by the NFI, mainly by interpreting aerial photographs.
Damage from the 2009 storm has been estimated by the NFI from feedback in the field points which had been 
inventoried before the storm. The volume of exceptional windfalls from 2000 to 2008 is nil.
As each period has been studied using different protocols, the continuity of results may be broken. These results 
should therefore viewed mainly as orders of magnitude.

  Bibliography
Doll D., 1988. Meteorological cataclysms in forests, PhD Thesis, University of Lyon II, Lyon, 676 p.

GPMF, 2012. Health situation and diversification. Les cahiers de la reconstitution, 2, Scientific interest group Future 
maritime pine group, Cestas, 12 p.

NFI, 2003. The storms of December 1999 – National assessment and lessons. L'IF, 2, NFI, Nogent-sur-Vernissson, 8 p., 
<http://inventaire-forestier.ign.fr/spip/IMG/pdf/L_IF_no02_tempetes.pdf> (consulted on 10 July 2015).

NFI, 2011. Storm KLAUS of 24 January 2009: 234,000 hectares of forest more than 40% affected - 42.5 million cubic 
meters of damage. L'IF, 21, NFI, Nogent-sur-Vernisson, 12 p., <http://inventaire-forestier.ign.fr/spip/IMG/pdf/IF21_
internet.pdf> (consulted on 10 July 2015). 
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html # ANC150324> (consulted on 22 May 2015).
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2.4.1. Populations of wild ungulates in metropol-
itan forests

Purpose of the indicator
Any increase in wild ungulate populations means more pressure on the forest and agricultural environment, 
mainly through additional consumption of vegetation (herbivorous pressure). This indicator used removals 
by hunting(2.4.1.b, 2.4.1.c, 2.4.1.d, 2.4.1.e, 2.4.1.f, 2.4.1.g) to monitor indirectly changes in wild ungulate 
populations: red deer (Cervus elaphus), European roe deer (Capreolus capreolus), common wild boar (Sus 
scrofa), chamois (Rupicapra rupicapra), Pyrenean chamois (Rupicapra pyrenaica), mouflon (Ovis gmelini 
musimon x Ovis Sp and Ovis gmelini musimon- var. corsicana), fallow deer (Dama dama), sika deer (Cervus 
nippon) and the Alpine ibex (Capra ibex). 
This indicator also monitors the level of cohabitation of different species of wild ungulates in common 
territories (2.4.1.a). It provides information on the complexity of managing the imbalance between forest 
and game, as the simultaneous presence of several species involves using appropriate management 
measures for each species. In addition, as different ungulate species do not have the same feeding habits 
or biological behavior, superimposing several species in a same territory can lead to accumulated impacts 
on some forest tree species (same food preferences) or successive impacts, weakening them even more (for 
example, the European roe deer eats the one-year-old fir seedlings, then the red deer eats the seedlings 
that have already branched, the roe deer rubs the stems less than 3 cm in diameter and the red deer the 3 to 
5 cm stems).
It must be pointed out that the sika deer is an invasive exotic species introduced by humans and undesirable 
in the wild in France.

Warning: Large wildlife is a major element in forest ecosystems. It is looked at here from the angle of its potentially 
negative impact on trees, especially given its herbivorous pressure. No method exists to list populations on a 
large scale. Statistics on removals through hunting are the only data available to indicate trends in populations 
of ungulates that are hunted and estimate their numbers. They are therefore used by the managers and several 
studies have been conducted to show that they can be used with relevance to monitor changes in populations in 
the medium and long term despite numerous pitfalls (the differences between two years are not necessarily caused 
by differences in abundance: change in hunting method, introduction of the hunting plan, errors in data collection, 
variability in the number of hunters, etc.).
To summarize, and despite the limits indicated, it can be stated that increasing removals should lead to reduced 
numbers in the short term. But if the removals increase further in the medium to long term, this means that they 
are not enough to stabilize the population and that the numbers continue to grow. 

2.4.1.a. Distribution of the forest surface area as per the number of ungulate species 
2.4.1.b. Ungulate kill count 
2.4.1.c. Annual removals of red deer from 1973 to 2013 
2.4.1.d. Annual removals of European roe deer from 1973 to 2013 
2.4.1.e. Annual removals of wild boar from 1973 to 2013 
2.4.1.f. DIstribution of the forest surface area as per the red deer removal densities per wooded 100 ha
2.4.1.g. Distribution of the forest surface area as per the roe deer removal densities per wooded 100 ha
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n Results 
 2.4.1.a. Distribution of the forest surface area as per the number of ungulate species 

 2.4.1.b. Ungulate kill count 
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Source: “ONCFS-FNC-FDC wild ungulate” network, cross-
referencing of species data (presence and distribution 
ranges) with the forestry map (NFI, 1996), including 
Corsica
Species involved: European roe deer, common wild board, 
fallow deer and Sika deer (presence per municipality), mountain 
deer and ungulates, including Alpine ibex.

Species 1973 1983 1993 2013
Progress over 

the last twenty 
years

Progress over 
the last thirty 

years

Progress over 
the last forty 

years
Red deer  5,395  9,076  17,525  57,944 x 3.3 x 6.4 x 10.7

European roe deer  51,010  89,443  261,418  553,632 x 2.1 x 6.2 x 10.9

Common wild boar  35,893  82,072  199,619  550,619 x 2.8 x 6.7 x 15.3

Chamois  2,518  4,008  5,458  12,248 x 2.2 x 3.1 x 4.9

Pyrenean chamois  800  961  2,062  2,679 x 1.3 x 2.8 x 3.3

Mouflon  94  682  1,412  3,190 x 2.3 x 4.7 x 33.9

Fallow deer  427  179  497  1,120 x 2.3 x 6.3 x 2.6

Sika deer  57   /  65  132 x 2.0  / x 2.3

Source: “ONCFS-FNC-FDC wild ungulate” network
Clarifications: 
1973: records from 1973-1974 season.
1983: records from 1983-1984 season.
1993: records from 1993-1994 season.
2013: records from 2013-2014 season.
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 2.4.1.c. Annual removals of red deer from 1973 to 2013 

 2.4.1.d. Annual removals of European roe deer from 1973 to 2013 
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 2.4.1.e. Annual removals of wild boar from 1973 to 2013 
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Clarifications: Records outside parks and enclo-
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Source: “ONCFS-FNC-FDC wild ungulate” net-
work
Clarifications: Records outside parks and enclo-
sures.
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 2.4.1.f. Distribution of the forest surface area as per the red deer removal densities 
per wooded 100 ha
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Sources: “ONCFS-FNC-FDC wild ungulate” network, five-year survey “distribution of deer in France” and NFI for the forestry map (1996)
Clarifications: Removal level calculated from the number of deer killed per massif (survey per massif) applied to its forest surface area (forestry map), including Corsica.

 2.4.1.g. Distribution of the forest surface area as per the roe deer removal densities 
per wooded 100 ha
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Sources: “ONCFS-FNC-FDC wild ungulate” network, five-year survey “municipal kill count of roe deer in France” and NFI for the forestry map (1996)
Clarifications: Removal level calculated from the number of roe deer killed per municipality (municipal survey) applied to its forest surface area (forestry map), 
including Corsica.
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Criterion 2 

The increased kill counts of all hunted ungulates in 
France illustrates the major growth of these species 
over the last thirty years (2.4.1.b), especially in forest 
environments, as on average forests account for about 
40% of territories occupied by the wild ungulates 
(Saint-Andrieux and Barboiron, 2014). 
The feeding habits of ungulates - strict herbivores 
or omnivores - vary according to local bioclimatic 
conditions. Vegetation like leaves and young shoots 
on both broadleaved and conifer trees, fruit (acorns, 
beechnuts, chestnuts) or bark can form a major part of 
the feeding habits at some seasons, even all year. But, 
most frequently, these foods are only eaten when there 
are no leaves on shrubs or grassy plants, especially 
in winter and spring in biotopes with heavy, lasting 
snow. Male ungulates can also damage young trees 
by marking out their territory or clearing them (deer) 
by rubbing their antlers or horns against the stems. In 
any event, the increase in ungulate populations means 
more impacts on the habitats frequented, be they 
agricultural or forest.
Lowland ungulates have colonized mountain 
environments in recent years whereas the mountain 
ungulates have taken over lowland environments. 
At least three ungulate species are currently living 
together in more than 50% of French forests (2.4.1.a). 

An analysis of annual kill counts shows that the red 
deer is increasing regularly over the entire national 
territory (2.4.1.c). The increase in European roe deer 
slowed in 2007/2208, but has once more shown a 
regular upwards trend since 2009 (2.4.1.d). The wild 
boar kill counts reveal a general upwards trend despite 
variations from one year to the next (2.4.1.e). 
Data from the zoo-geographical survey of massifs 
with red deer which has been conducted every five 
years since 1985 monitors the distribution range of 
the deer and when overlapped with the mapped 
forest areas can be used to calculate the hunting bag 
per wooded 100 ha (2.4.1.f). Since then, the increase 
in red deer has been spectacular, both in terms of 
occupied surface area and the present numbers or 
removals made by hunters. The area occupied is very 
varied and covers virtually all environments found in 
France, with broadleaved forests and arable lands the 
most concerned. The red deer has above all colonized 
mountain environments between 1985 and 2005, but 
its distribution range has been the most extensive on 
arable lands since 2005.
In 1985, red deer occupied 26% of French forests, 31% 
in 1995, 39% in 2000, 45% in 2005 and 49% in 2010. 
Forest areas with low deer removals have declined 
sharply in 25 years and forest massifs with very large 
deer removals (2.4.1.f) are appearing.
European roe deer was found in 94% of French forests 
in 1985 and 99% since 1995. It is not found in Corsica. 
The proportion of forests with low roe deer removals 
has declined sharply in 25 years and the frequency 
of high removal classes is increasing significantly 
(2.4.1.g).

n Analysis
Overall, all wild ungulate species are increasing nationally and this change is not only due to increasing local densities 
but also through geographical expansion with distribution ranges covered by different species. 
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 Producer of data
“ONCFS-FNC-FDC wild ungulate” network 
<http://www.oncfs.gouv.fr/Reseau-Ongules-sauvages-ru104>
<http://www.oncfs.gouv.fr/Cartographie-ru4/Le-portail-cartographique-de-donnees-ar291>

  Methodology 

One of the ONCFS missions for the past 30 years has been to monitor large ungulate populations in France. 
The current “ONCFS-FNC-FDC wild ungulate” network involves all wild ungulate species in both lowland and 
mountainous France. It operates through surveys conducted with technical contacts in the network, one from the 
Departmental Federation of Hunters and one from the OCNFS departmental service for each department. Game 
removals are compiled every year by department for all huntable species from the departmental federations 
of hunters. Red deer, fallow deer, Sika deer, chamois, Pyrenean chamois, mouflon and Alpine ibex are surveyed 
periodically so that their spatial distribution can be mapped accurately. 

Kill count data are more or less reliable according to the departments and the species. In departments with 
immediate declaration of animals shot, with potential control of the animal, the reliability can be close to 95%. The 
information is more than 80% reliable on average for 80% of departments.
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Saint-Andrieux C., 2010. The “ONCFS-FNC-FDC wild ungulate” network and monitoring of the numeric 
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<http://www.oncfs.gouv.fr/IMG/file/mammiferes/ongules/reseau_ongules_sauvages_oncfs_fnc.pdf> (consulted 
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