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Summary 

Tropospheric ozone (O3) is considered to be more damaging to vegetation than any other air 

pollutant. Public concerns, evidence from research, and increasing scientific knowledge are all driving 

widespread discussions on ozone risk assessment and dose-response relationships for European 

forests. The ICP Forests network comprises over 200 long-term monitoring plots where ozone 

concentrations have been measured since 2000, in parallel to vegetation parameters such as tree 
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growth. This study aims to determine ozone fluxes for assessing ozone related effects on selected 

endpoints and deriving and validating ozone critical levels for forests by (i) coupling the DO3SE model 

with the forest succession (“gap”) model ForClim and by (ii) developing an “Ozone-version” of 

CASTANEA that can simulate various impacts of ozone on tree functions by implementing new 

functions from DO3SE. Data sources from various networks will be explored and applied for model 

calibration, application and validation. The expected results will be an important contribution the 

objectives of the UNECE WG on Effects.  

 

Introduction 

Tropospheric ozone (O3) is considered to be more damaging to vegetation than any other air 

pollutant and levels and patterns of global exposure to ozone may change dramatically over the next 

50 years, impacting global warming, air quality, and ecosystem function (Ainsworth et al., 2012).  

Globally, ozone is estimated to reduce biomass production of northern hemisphere forest trees by 

ca. 7% at current ozone levels (Wittig et al., 2009). Others argue that ozone affects adult trees 

significantly, but effects on stem growth are hard to prove and difficult to correlate with the primary 

sites of ozone damage at the leaf level (Deckmyn et al., 2007; Bussotti & Ferretti, 2009).  

Braun et al. (2014) applied epidemiological analyses of stem increment data from Fagus sylvatica L. 

and Picea abies Karst. in Swiss forest plots and found 19.5%, 6.6.% and 11.0% growth reduction for 

deciduous, coniferous and for all forested areas, respectively, based on annual ozone stomatal 

uptake during 1991-2011. Wang et al. (2016) assessed the impact of ozone on forest composition 

and ecosystem dynamics with an individual-based gap model that includes basic physiology as well as 

species-specific metabolic properties. They conclude that elevated ozone leads to no reduction of 

forest productivity and carbon stock and that ozone may not diminish forest carbon sequestration 

capacity.  

To simulate ozone effects in a mechanistic way, at a level relevant to forest stand growth, Deckmyn 

et al. (2007) developed a simple ozone damage and repair model (CASIROZ model) that can be 

implemented into mechanistic photosynthesis and growth models. This ozone sub-model was used 

in the ANAFORE forest model to simulate gas exchange, growth, and allocation. Preliminary 

simulations for the Kranzberg beech site (Matyssek et al., 2010) show that, although ozone effects on 

yearly growth are variable and therefore insignificant when measured in the field, they could 

become significant at longer timescales (above 5 years, 5% reduction in growth). The results further 

helped to understand ozone effects by distinguishing defense from damage and repair (see Kolb et 

al., 1997).  
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Interactions between forests and atmospheric pollutants are a crucial component of Earth System 

Science, but as shown above the impact of ozone on the productivity of forest ecosystems is 

discussed controversial and is not yet well understood. Not only growth reduction is inconsistent but 

also photosynthetic responses are not straightforward. While numerous studies have found 

significant ozone effects on photosynthesis on the leaf level (Novak et al., 2005, 2007), with 

increasing spatial perspective, the evidence of harmful ozone effects is fading (Leuzinger et al., 

2011). Deckmyn et al. (2007) offers a possible explanation for the discrepancy between the 

significant effects on photosynthesis, and the minor effects on growth. They argue that such a 

discrepancy may be the result of the strong competition and slow growth of forest trees, and the 

importance of stored carbon (by buffering effects on carbon gain). While the approach by Wang et 

al., (2016) is intriguing, the main weakness of the study seems to be the classification of species into 

ozone-resistant, intermediate and sensitive species - based on literature. For example, they cited 

(Schaub et al., 2003), a seedling study, but missed the complementing study by (Schaub et al., 2005) 

on mature canopy trees, which would have been much more appropriate but does not show as clear 

results as the seedling study. Furthermore, a classification for ozone sensitivity is always tricky and 

may be biased.  

Furthermore, ozone is involved in N- and C-cycles in a complex way, but the impacts on vegetation 

within the mix of climate, other pollutants and biotic stressors are difficult to quantify, especially for 

forests (Simpson et al., 2014) and climate conditions and atmospheric deposition are highly inter 

correlated with counteracting or interacting effects, leading to complex interrelationships, which are 

difficult to disentangle and to predict (Etzold et al., in prep.) 

At the latest UNECE Critical Levels Workshop in Deganway (June 2016), it has been highlighted that 

there is a large potential in exploiting data from the European-wide ICP Forests monitoring network 

to determine ozone fluxes for assessing ozone related effects on selected endpoints and deriving and 

validating ozone critical levels for forests.  

It is thus our aim to estimate forest productivity on selected UNECE ICP Forests plots retrospectively 

and in future to determine the impact of (i) climatic conditions and (ii) ozone exposure and the 

interactions between both factors. The proposed study aims at integrating different national (LWF, 

Sanasilva, LFI, TreeNet, IAP) and international (ICP Forests, ICP Vegetation, EMEP) networks, use 

measured (LWF, TreeNet, Sanasilva, LFI, IAP, Kranzberg, ECMWF, NCEI) as well as modeled 

(MeteoSwiss, MeteoTest, EMEP) data sources and will be conducted under the auspice of the 

SwissForestLab.  

 



 4 

Approach 

We argue that the (simulated) impacts of ozone on short- and long-term forest productivity and 

dynamics strongly vary according to the site-specific properties of the forest (i.e., structure and 

composition; e.g., not considered in Braun et al., 2014) and to the local environmental conditions 

(mainly soil properties and climate). To account for the complex interrelationships and multifactorial 

growth effects under varying environmental and stand conditions, and to consider for the feedbacks 

between ozone deposition on the leaves and the development of the stand canopy (via ozone-

induced changes in tree growth and stand LAI), we propose a new approach that combines process-

based models simulating physiological processes at organ and tree scales, and demographic 

processes at stand scale. Our project will be divided into two main components: 

 

1. “Hybrid approach” (i.e. not fully mechanistic) 

Here, we aim at simulating the long-term (i.e., multi-decadal) impacts of ozone on forest productivity 

and dynamics by coupling the model DO3SE with the forest succession (“gap”) model ForClim.  

The DO3SE (Deposition of O3 for Stomatal Exchange) model has been developed to estimate ozone 

deposition and stomatal flux for various vegetation types across Europe. DO3SE provides a receptor 

specific, critical phytotoxic ozone dose (PODy; accumulated ozone stomatal fluxes above a threshold 

y) based on the stomatal diffuse conductance. The stomatal flux is estimated at an hourly time step 

by using the multiplicative model from Jarvis (1976) modified by Emberson et al. (2000), and is a 

function of the species-specific maximal conductance, leaf phenology, light availability, air 

temperature and VPD, and soil moisture. DO3SE was continuously developed and tested during the 

last decades with a specific focus on a better consideration of the impact of drought on stomatal 

conductance (e.g., Büker et al., 2012; De Marco et al., 2016). 

ForClim is a climate-sensitive gap model that simulates the dynamics of temperate forests over a 

wide range of environmental conditions (Bugmann 1996). The establishment, growth, and mortality 

of trees are simulated on small areas (‘patches’), based on a minimum of ecological assumptions to 

capture the influence of the main climate and ecological processes on long-term forest dynamics 

(e.g., drought, frost, soil nitrogen availability, competition for light). In the last years, the model has 

been subjected to several modifications, especially to better simulate annual diameter increment in 

managed stands (Rasche et al., 2012; Mina et al., 2015). In its initial version, ForClim included a 

submodel for the turnover of soil organic matter, and thus could simulate temporal changes in soil 

nitrogen availability based on litter decomposition (Bugmann 1996). However, considering the 

difficulty to assess parameter values from this submodel in the field (e.g., lignin/nitrogen ratio of the 



 5 

litter decay), and the slight dependency of simulated growth to nitrogen availability for species other 

than Acer sp., we will not consider for temporal modifications in soil nitrogen concentration (through 

uptake and deposition). 

 

Model development  

DO3SE and ForClim will be coupled via the reduction in individual tree growth caused by ozone, and 

stand height and LAI as described in Figure 1.  

For each year of simulation, DO3SE will simulate PODy based on hourly ozone concentration- and 

climate data and on canopy main characteristics, i.e., stand-level maximum height and Leaf Area 

Index (step 1). Based on the simulated annual PODy and PODy-growth response functions that are 

empirically derived (Büker et al., 2015; Schaub et al. (in prep using Swiss Level II plots for 2009-2014), 

a reduction in annual biomass increment caused by ozone is predicted (hereafter O3GF for O3-growth 

reducing factor; step2). Size-specific response functions will be used when available (i.e., by 

differentiating mature vs. juvenile trees). The annual diameter increment (Dinc) of every cohort is 

then calculated by ForClim as a function of species-specific maximum growth rate which is reduced 

by several ‘growth reduction factors’ related to the level of ozone (O3GF), crown characteristics 

(crown length growth factor; CLGF), light availability (available light growth factor; ALGF), soil 

nitrogen availability (soil nitrogen growth factor; SNGF), and soil water availability (soil moisture 

growth factor; SMGF). Equations are available in Mina et al. (2015; step 3). Finally, the annual change 

in stand-level maximum height and LAI – used as input of DO3SE – are calculated by ForClim based on 

Dinc and species-specific allometric relationships (Moore 1989; ref LAI; step 4). 

 

 

Figure 1. Coupling between ForClim and DO3SE via PODy/growth response function and stand 
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development.  

 

Model calibration 

Both DO3SE and ForClim models are already independently calibrated, such as the PODy-growth 

response functions that will be used (derived from the literature; see above). We do not attempt to 

modify any parameter estimates.  

 

Model validation 

The coupled model will be validated at stand scale on monospecific forests (even-aged?) by 

comparing the observed and simulated temporal development of the basal area of stands from 

selected (i) ICP Forests Level II and (ii) NFI plots. The model will be initialized based on forest 

inventory data (and LAI data) at the first inventory and run until the last inventory (e.g., from 2000 to 

2015 for ICP Level II forest plots). Climate, soil, and ozone data will be provided by various networks 

such as LWF, MeteoTest, MeteoSchweiz (for Switzerland) and ICP Forests Level II plots, The European 

Centre for Medium-Range Weather Forecasts (ECMWF)1, NOAA's National Centers for Environmental 

Information (NCEI)2, and EMEP for EU plots.  

 

Model application 

Runs into the future under different (i) climate change, (ii) management, and (iii) ozone 

concentration scenarios. Different approaches will be used to detect the respective importance of 

each of these components on the projected variability in forest productivity and dynamics, from 

sensitivity analysis to variance decomposition analysis including mixed-effects models. As null 

hypothesis, we will consider that effect of ozone on forest productivity and dynamics is negligible in 

comparison to the effect of climate change. Note that this analysis can be done even if there is a 

systematic under- (or over-) estimation of stand growth.  

2. “Mechanistic approach” 

CASTANEA is a mechanistic model simulating the carbon-, water- and energy-balances in forest 

stands. Tree structure is represented by a combination of five functional compartments: leaves, 

stems, branches, coarse and fine roots (Dufrêne et al., 2005). In its initial version, CASTANEA was 

restricted to the simulation of even-aged stands (‘averaged-tree model’ that did not take into 

                                            
1
 Url: http://www.ecmwf.int/en/research/climate-reanalysis/era-20c  

http://www.ecmwf.int/en/research/climate-reanalysis/era-20c
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account the variability between trees). However, it has recently been coupled with a stand structure 

model to consider for the intra-site differences in growth rates related to tree size and competition 

intensity (Guillemot et al., 2014). This development allows for the prediction of structure dynamics in 

uneven-aged stands and for an explicit simulation of forest management. 

CASTANEA and DO3SE will not be directly coupled such as for the hybrid approach. Here, we rather 

prefer at developing an “Ozone-version” of CASTANEA that can simulate various impacts of ozone on 

tree functions by implementing new functions from DO3SE or other process-based models. Note that 

feedbacks between ozone deposition and forest structure will be also considered via ozone-induced 

changes in tree functions, growth, and in stand characteristics (e.g., LAI). 

We selected the CASTANEA model for several reasons: 

First, it accurately describes the main physiological processes at organ and tree scales 

(photosynthesis, respiration, hydraulics, carbon allocation, wood and leaf phenology etc.), but also at 

stand scale (stand growth, carbon and water cycles, litter decomposition etc.). It should allow for an 

explicit and mechanistic simulation of the feedbacks between ozone deposition and ozone impacts, 

e.g., through (i) ozone-induced changes in photosynthetic capacities or [and] in leaf phenology, and 

(ii) the impact of the modifications in canopy structure on ozone deposition. In addition, as the 

physical processes within the canopy and the soil (e.g., diffusion, interception) are explicitly 

simulated by considering multiple layers, the model should correctly predict the effect of light and 

water availability on stomatal conductance and thus on ozone uptake. An accurate quantification of 

tree water status is especially key to quantify PODy (De Marco et al., 2016). Finally, thanks to the 

calculation of different ecological variables (e.g., transpiration, NEE, tree diameter increment), a 

large variety of data with different spatial and temporal resolutions can be used to validate the 

model, from sap-flux measurements to ring-with data, including stand-scale eddy-covariance 

measurements. 

Second, if other physiological process-based models can simulate the feedbacks between ozone 

deposition and forest structure and functions, such models were usually developed for a single 

species growing in one single site (e.g., Deckmyn et al., 2007 and Matyssek et al., 2010 with the 

ANAFORE model), or for plant functional types over a large grid with low spatial resolution (>10 km 

grid; e.g., Sitch et al., 2007; Anav et al., 2012; Lombardozzi et al., 2015; De Marco et al., 2016; Franz 

et al., 2016 or Yue et al., 2016 with Earth System models). Thus, the predictions and projections that 

result from both types of modeling studies can be either hardly extrapolated in space, or they lack of 

precision at stand and regional scales. For instance, Earth System models cannot consider for the 

                                                                                                                                        
2
 Url: https://gis.ncdc.noaa.gov/geoportal/catalog/search/resource/details.page?id=gov.noaa.ncdc:C00532  
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large variability in the sensitivity to ozone deposition among tree species (Büker et al., 2015). In this 

context, stand-scale process-based models that have been calibrated and validated for several 

species and sites seem to be highly appropriate to simulate forest functions and development at 

regional or country scales. Although the spatial resolution is quite limited (generally less than 1 ha), 

they can be applied in a high number of stands with various environmental conditions, forest 

compositions and structures. It generally eases the interpretation of the results, and leads to more 

realistic model predictions and projections as it considers for the current diversity in forest types and 

for potential management impacts. On these aspects, the CASTANEA model has been validated for 

several European tree species in different sites (Fagus sylvatica, Picea abies, Quercus robur, Pinus 

sylvestris, Pinus pinaster, Quercus ilex; Davi et al., 2005, 2006; Delpierre et al., 2009; Davi and 

Cailleret 2017) and was successfully applied at country scale to predict species distribution (Cheaib et 

al., 2012) or stand productivity in managed forests (Guillemot et al., 2014). 

Third, the impact of soil nitrogen concentration and tree carbon budget is considered through 

relationships between leaf and stem nitrogen concentration and photosynthetic and respiration 

rates. An improved version of the nitrogen submodel is currently under development (Delpierre in 

prep.) and will explicitly link the nitrogen, carbon, and water cycles. It would allow for an accurate 

assessment of the nitrogen cycle at ecosystem scale, and especially for the quantification of the 

interactive effects of nitrogen deposition, ozone, and climate change on tree functions.   

Finally, as we aim at predicting and projecting the impact of ozone pollution on forest productivity, a 

key component of the modeling approach lies in the simulation of individual tree growth. 

Considering that tree growth is driven by both carbon sources and sinks (Körner 2015; Delpierre et 

al., 2015), the allocation of carbon to wood growth should depend on (i) the quantity of carbon 

available through photosynthesis and the reserves, and on (ii) the cambial activity which is driven by 

the environment (mainly temperature and water availability). In this context, CASTANEA includes a 

state-of-the-art carbon allocation scheme (Davi et al., 2009; Guillemot et al., 2015), which especially 

allows for an accurate simulation of the inter-annual variability in tree growth (Davi and Cailleret 

2017). Moreover, thanks to the recent coupling with a stand structure model, the new model version 

distributes the carbon allocated to wood growth (in gC) to the different trees depending on their 

sizes (Guillemot et al., 2014), and thus can simulate an intra-site variability in individual tree growth. 

 

Model development 

As described in Figure 2, the ozone module of CASTANEA will be connected to several physiological 

processes: 
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a) Quantification of stomatal cumulative ozone uptake (or phytotoxic ozone dose), and of non-
stomatal ozone destruction based on atmospheric ozone concentration measurements, 
canopy structure, and stomatal conductance. DO3SE equations will be used (Emberson et al., 
2000; Simpson et al., 2012). 

b) Stomatal conductance. We aim at simulating the impact of ozone on stomatal closure (and 
sluggishness?) by modifying the Ball & Berry equation currently implemented in CASTANEA. 
Some examples are available in Fares et al. (2013) and Hoshika et al. (2015). 

c) Photosynthetic capacities. Ozone damages the photosynthetic apparatus resulting in a 
decline in net photosynthesis (Wittig et al., 2007). This phytotoxic effect will be considered 
either by reducing the maximum carboxylation rate (Vcmax) based on relationships with 
cumulative ozone uptake that were empirically derived (e.g., Lombardozzi et al., 2012 on 
tulip poplar), or by reducing net photosynthesis (An) using damage relationships such as in 
Sitch et al. (2007), Lombardozzi et al. (2015), or Franz et al. (2016). Species-specific 
relationships will be preferred if available in the literature (e.g., from Wittig et al., 2007 
and/or Lombardozzi et al., 2013).  

d) Carbon allocation to defense mechanisms against ozone damage to compensate for the 
decrease in photosynthesis. Depending on which formula we will use to simulate the effect 
of ozone on photosynthesis, a detoxification function can be implemented to reduce the 
accumulated uptake of ozone. In that case, the quantity of carbon allocated to these 
defenses will also be estimated, for instance via an increase in dark respiration rates (Fusaro 
et al., 2016). Some modeling examples are available in Deckmyn et al. (2007) or Franz et al. 
(2016). 

e) Leaf phenology module to simulate the impact of ozone on leaf senescence (Jolivet et al., 
2016) for the species in which such effect has been observed (e.g., slight effect for beech; 
Gielen et al., 2007). 
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Figure 2. Main physiological processes and pools considered in CASTANEA, including the ones we 

intend to implement (in red).  

 

Model calibration 

The functions not yet implemented in CASTANEA nor DO3SE will be based on literature analysis using 

data from adult trees as much as possible. Depending on recent DO3SE developments, we may have 

to include some equations to simulate the diffusion of ozone between the different layers of the 

canopy (e.g., using one single layer may lead to an overestimation of ozone uptake). In addition, new 

analytical harvesting interventions will be implemented if needed (for model validation). 

 

Model validation  

Model validation will be performed using data with various spatial and temporal resolutions from 

several sources and networks, including ICP Forests, NFIs, EMEP, ECMWF, NCEI and CASIROZ 

(Matyssek et al., 2010). Annual and multi-annual tree growth data, based on ring-width and forest 
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inventory measurements are available from ICP Forests and NFIs (LWF, Sanasilva, IAP and LFI for 

Switzerland) and would allow for model validation at inter-annual scale. Sap-flow data and 

observations of leaf and wood phenology from the TreeNet network and the Kranzberg forest site 

will also be used to validate model predictions at intra-annual resolution. We will also derive PODy – 

Relative biomass curves and compare them with the ones empirically derived by Büker et al., 2015.  

 

Model application 

Runs into the future under different (i) climate change, (ii) management, (iii) CO2 concentration, (iv) 

nitrogen deposition, and (v) ozone concentration scenarios. Different approaches will be used to 

detect the respective importance of each of these components on the projected variability in stand 

productivity and other functions (e.g., carbon storage; from sensitivity analysis to variance 

decomposition analysis including mixed-effects models and multifactorial approaches. We especially 

aim at detecting differences among species (e.g., between deciduous and coniferous), and among 

sites (forest structure, soil and climatic conditions).  

 

Expected output 

The anticipated study will provide dose-response functions for selected tree species grown on long-

term forest monitoring plots and will hence be an important contribution to the current discussions 

on critical levels.  

Based on this ensemble of model runs, we will be able to detect environmental tipping points that 

would lead to a strong decrease in stand productivity (e.g., -50% in comparison to current conditions) 

or to forest dieback. This includes the determination of species-specific, site-specific, and climate 

change-specific ozone critical levels. The results will be published in scientific ISI journals, UNECE 

Reports and Policy Briefs. Furthermore, a collaboration with EEA is anticipated to disseminate our 

results via e.g. the EEA webpage on indicators3.  

 

 

                                            
3
 Url: http://www.eea.europa.eu/data-and-maps/indicators#c0=10&b_start=0  

http://www.eea.europa.eu/data-and-maps/indicators#c0=10&b_start=0
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