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Abstract 
With the forecasted increase of summer temperatures over Europe, the carbon balance of forests 
– photosynthesis (GPP), ecosystem respiration and Net Ecosystem Exchange - in likely to 
change.  In this thesis, the photosynthesis and the respiration of six European forests were 
studied from 1996 to 2006, in order to see how they react to abnormally warm summer 
temperatures. The parameters used are temperature, vapor pressure deficit and soil water content, 
precipitation and net radiation. The eddy covariance technique was used to obtain the data. 
Linear regression was used to find trends and correlations between the various parameters. 
Common responses can be found between the six forests, depending on common features they 
share, such as phenology (evergreen or deciduous), foliage (needleaved or broadleaved) and 
location in Europe (the six forests were distributed in Sweden, Germany, France and Italy). 
This study shows that the most marked changes in GPP during very warm years are found in 
deciduous forests. Evergreen forests are characterized by their respiration, which is less sensitive 
to temperature than those of deciduous forests. Moreover, it was found that the NEE is more 
often negative (respiration is higher than GPP fluxes, and CO2 is released by the forests) in 
needleleaved forests than in broadleaved forests. The location also plays a role in the carbon 
balance of the forests, as respiration is higher in the northern sites. It is less obvious for GPP, for 
the highest value are found in the central Europe forests (France and Germany). 
These findings show that if temperatures keep increasing during the summer, both respiration 
and GPP will be impacted, and marked changes are likely to be seen in the carbon balance. 
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1- Introduction 
 
During the summer 2003, a wave of abnormal warmth beat down on Europe and caused the 

death of 70 000 people (Robine et al., 2007). In Italy, almost 20000 persons died. It is now 
remembered in some countries, like in France where thousands of people died too, as “the deadly 
summer” (Besancenot et al., 2006). This heat wave also had strong effects on the environment, 
particularly on forests which had to endure a level of temperatures and water stress barely known 
before (Luterbacher et al., 2004; Besancenot et al., 2006; Garcia-Herrera et al, 2010). In order to 
understand better how these forests have reacted during this summer, and in a more general way, 
how forests react when they are confronted to abnormally high temperatures, heat waves and 
possibly resulting droughts as in 2003, six sites will be here studied, through the measurements 
of the exchange of CO2, and the analysis of photosynthesis and respiration. 
 

A heat wave can be defined in many different ways. In a general way, it is an extended 
period (in term of days) of unusually high air temperature (or heat stress), which causes 
modifications and disturbances for human societies (Robinson, 2000) and the environment. 
More specifically, other definitions exist, based on the distribution of temperatures, thresholds 
and percentiles (Meehl and Tebaldi, 2004), but this thesis will focus more on the entire summer, 
rather than on some specific days or weeks. Indeed, under the three summer months (June, July 
and August), CO2 exchange between the atmosphere and the canopy is higher, as both uptake 
and release are larger with higher temperature and higher light availability. In this way, it will be 
easier to see clear changes in photosynthesis and ecosystem respiration. The effects of 
temperature increase and heat wave are also more interesting during this period. 
In the southernmost sites, where temperatures are particularly high and where water is scarce, 
heat waves often lead to droughts, which can be defined as the combination of low water supply 
(for example due to the lack of rainfall) and/or a high rate of water loss (due to high 
temperatures, which provoke high evaporation) (Jones, 1998).  
Consequently, it will be referred in this thesis to an “abnormally warm summer” when 
temperature is at least 1.5 °C warmer than the mean of the mean summer temperature of the rest 
of the available years for one site, and when there possibly is a heat wave (the summers 2003 and 
sometimes 2006, but also 1997 for Norunda). 
 

Throughout this thesis, it will be attempted to determine the effect of abnormally high 
summer temperatures on six forests in Europe, by focusing on their carbon balance. Indeed, the 
Net Ecosystem Exchange (NEE) of CO2 between terrestrial ecosystems and the atmosphere is 
the result of the difference between the incoming fluxes of CO2, absorbed by the forests and 
contributing to the photosynthesis, or Gross Primary Production (GPP); and the outgoing fluxes 
of CO2, which correspond to the ecosystem respiration (Aubinet et al., 2005). Amplitude and 
timing of the assimilatory and respiratory processes thus determine the seasonal pattern of the 
CO2 fluxes (Falge et al., 2002). GPP is strongly dependent on light and on temperature in 
summer, when plant growth is the highest, whereas respiration is strongly dependent on 
temperature and soil moisture (Falge et al., 2002). In this way, these three drivers will affect the 
carbon balance, but here we will mainly focus on two of them, temperature and soil moisture. 
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The study of the CO2 fluxes over forests is made thanks to their responses to year-to-year 
changes in temperature, because their consequences are important for the ecosystem carbon 
balance (Randerson et al., 1999). For instance, higher temperatures can lead to greater 
evaporative demand, but also to a change in the photosynthesis pattern and water stress (increase 
or decrease). In terrestrial ecosystems, the cycles of carbon and water are strongly linked (Zierl 
et al., 2007). Indeed, water supplies impact terrestrial ecosystems, for example respiration and 
photosynthesis, which are dependent on local water availability. But terrestrial ecosystems also 
affect the local water budget, through evapotranspiration (Zierl et al., 2007). In this way, it is 
interesting to focus on both temperatures and water as main actors of the CO2-cycle in forests. 
 

The study of the carbon balance over European forests also has to be linked with the 
ongoing climate change that is being experienced since the last century (IPCC 2007). It is very 
likely that nowadays, the concentration of CO2 in the atmosphere is higher than it has ever been 
in the last 650 000 years (Jansen et al., 2007), and it keeps rising. In 2008 the mean global CO2 
concentration peaked at 385.34 ppm (CDIAC, 2012), which represents an increase of more than 
90 ppm since the dawn of the industrial revolution, around two centuries ago (Baldocchi et al., 
2001). The main causes for this increase, and for the climate warming that is very likely to 
follow, are the anthropogenic emissions of CO2, coming from fossil fuel burning and 
deforestation. 
The role of the terrestrial biosphere, particularly of forests, in mitigating or delaying the quick 
rise of CO2 concentrations in the atmosphere, is crucial. Indeed, the land biosphere (excluding 
the deforested parts) absorbs about one quarter of the fossil fuel emissions (Aubinet et al., 2005).  
The state of the terrestrial biosphere and atmosphere has already experienced a lot of alterations 
in the past century (Baldocchi et al., 2001), and the coming changes are important for humanity, 
but difficult to forecast. One can expect a greater warming and larger changes in the hydrological 
cycle (IPCC 2007), which will impact greatly on ecosystems. The mechanisms which regulate 
carbon pools and fluxes are not yet well understood, and their functioning, vulnerability to 
climate change and evolution in the future remain uncertain (Carboflux). Many scientists agree 
to say that the role of forest is likely to change with global warming (Valentini et al., 2000). For 
example, a future increase in temperatures is expected in temperate ecosystems to enhance GPP 
and CO2 sequestration. But too high temperatures, linked with the decrease of water availability, 
are likely to lead to a 30 per cent reduction in GPP over Europe, as well as a strong net source of 
CO2 over European forests (Ciais et al., 2005). More frequent and extreme heat waves and 
drought in Europe may even offset the effects of the lengthening of the growing season and the 
mean warming of temperatures, causing the increase of positive carbon-climate feedbacks 
strength (Ciais et al., 2005). Indeed, with the increase of temperature, the CO2 uptake by forests 
is reduced; there is then more CO2 in the atmosphere, which contributes to the increase of 
temperature. Different studies showed that in a near future, the release of CO2 by some forests 
could be so large that any human attempts to reduce CO2 emissions would be offset (Carbo 
Europe IP).  Other showed that the balance between respiratory and assimilatory processes is 
very likely to be affected by an increase of temperatures, especially in summer (Falge et al., 
2002). Still according to Falge et al., (2002), these shifts might affect the potential sequestration 
of future ecosystems, but also the stability of the CO2 stored in forests. 
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That is why trying to understand how the carbon budget of a forest is regulated is important, as 
well as which parameters are at stake. Identifying the role that forests play in the changes in CO2 
fluxes from terrestrial ecosystems will permit to have a more precise idea of how these same 
forests will react when confronted to global warming and a high increase of temperatures 
(Randerson et al., 1999). 
 
These uncertainties give rise to the following questions: 
 
[1] To which extent the increase of temperatures in summer is going to affect the uptake and the 
release of CO2 of forests in Europe? 
[2] Do forests react differently to normal and abnormally warm summer temperatures depending 
on their characteristics? 
[3] Will a GPP and respiration gradient be seen depending on the location of the sites? 
 
These questions are important, for the progressive shift of climate has a strong impact on 
meteorological conditions and physiological activity, both parameters which govern CO2 fluxes 
and ecosystem processes (Falge et al., 2002). 
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2- Background 
2.1- The response of deciduous and evergreen forests to temperature changes 
 

The behavior of deciduous and evergreen, broadleaved and needleleaved forests in 
Europe and in the world has been the subject of studies in the past. It is interesting to see how 
much the response of forests, when confronted to abnormally high temperatures, differs from 
what is expected during normal conditions. 
 
 
2.1.1- Common behavior 

 The net CO2 exchange of forests is the result of the balance between photosynthesis and 
respiration, which means that there is a strong interrannual variability within each site, but also 
between sites (Falge et al., 2002). Deciduous and evergreen forests share some main 
particularities about the storage and release of CO2. Under stable conditions, CO2 release 
(positive fluxes of CO2) is always observed at night, while there is no photosynthesis; whereas 
CO2 uptake (negative fluxes of CO2), due to light assimilation, is observed during the day, and it 
often dominates the carbon balance at this moment (Aubinet et al., 2005). Nevertheless, during 
leafless period (mostly winter) in deciduous forests, CO2 release dominates the carbon balance 
(Valentini et al., 2000). 
Some important differences also characterize these forests. Thus, the reason a broad range of 
deciduous and evergreen, broad-leaf and needle-leaf forests have been chosen  is because they 
react differently to the vagary of climate. Their respiration and gross primary product, as well as 
the role they play in the carbon cycle, as a sink or a source, make that they are likely to react 
differently to a future climate change. 
 
 
2.1.2- Gross Primary Production  

GPP depends on different parameters: temperature, air humidity and water potential of 
both leaves and soil, light and nitrogen availability. These primary factors control photosynthesis 
at the leaf level. At the stand level, the leaf area density and the structure of the canopy are 
additional factors (Lindroth et al., 2008). Some major factors affect the seasonal course of the 
ecosystem’s GPP. They can be the length of the growing season, the meteorological conditions, 
the seasonal differences in the Leaf-Area Index (LAI) or the physiological capacity of tree 
species (Falge et al., 2002). 
The quantity of CO2 stored in the canopy varies greatly between sites and different types of 
forests. In some studies, CO2 uptake is said to be dependent of the latitude, and CO2 uptake will 
increase following the decrease of the latitude (Valentini et al., 2000). It means that a priori GPP 
differences between the northernmost site of this study, Norunda (60° 05’ N) in Sweden, and the 
southernmost site, Castelporziano (41° 45’ N) in Italy, are likely to result from climate 
particularities, and one could expect to see a latitude gradient between the six sites chosen for 
this study. But other parameters which control GPP exist, for instance in the temperatures or in 
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the differences in the quantity and the quality of the soil. Nevertheless, during abnormally warm 
summers, a decrease in GPP is expected in most of the forests, despite the differences in heat 
wave and drought duration and intensity (Ciais et al., 2005) between sites. 
Moreover, it is known that deciduous and evergreen forests do not have the same amount of 
carbon uptake and release. For example, relatively large rates of CO2 uptake have been reported 
for boreal deciduous forests, whereas small uptake and release have been reported over boreal 
conifer forests (Baldocchi et al., 2000). It will be interesting to see how the six forests that will 
be studied react, compared to the responses documented in the literature.  
 
 
2.1.3. Respiration 

The ecosystem respiration contributes to 20-40% of the annual atmospheric CO2 input 
(Bond-Lamberty et al., 2004). It is divided between the autotrophic respiration (the respiration by 
the plant, due to its metabolism) and the heterotrophic respiration (the respiration of soil 
decomposers). It is important to differentiate them, as roots and soil organisms might respond in 
a different way to temperatures changes (Bond-Lamberty et al., 2004). Nevertheless, 
measurements to differenciate autotrophic and heterotrophic respiration are difficult to perform. 
For example, values of 10 % to 90 % for the autotrophic part have been reported in forests 
ecosystems, but much of this variability is due to problems in method to calculate respiration 
(Bond-Lamberty et al., 2004). As no data is available to differentiate them, here in this thesis the 
global ecosystem respiration will be studied. 
Because microbial and plant respiration is stimulated by warmer temperatures, global ecosystem 
respiration is expected to increase during very warm summers. Nonetheless, respiration was 
found in Ciais et al. (2005) study to decrease, in parallel with GPP, during the summer 2003 in 
European forests. 
Respiration patterns also reveal a large influence of climate zones (temperate, boreal, 
Mediterranean, etc.). A contrario, the influence of the lifeform (deciduous or coniferous) seems 
to be secondary when explaining the seasonality of the respiratory processes (Falge et al., 2002). 
For example, Valentini et al. (2000) reports that boreal forests seem to have a higher respiration 
than other forests in Europe, as boreal soils contain a larger amount of root and labile soil 
organic matter, which favors rapid decomposition, and consequently the release of CO2. The 
same authors also report that in their studies on European forests, the ratio respiration versus 
temperature is not very significant. From this they deduce that the mean annual air temperature 
may not be an important parameter to drive forest respiration. It will be interesting to see if this 
statement applies to the followed studied sites for the summer period. 
More generally,  it will be interesting to see for each site if these relationships can be observed, 
and if not, try to find which other parameter can be the main driver of the seasonality and the 
photosynthesis and respiration processes. 
 
 
2.1.4. The behavior of the leaves 

 It has been reported that with high temperatures, broad leaves might become a lot warmer 
than the air (up to 20 degrees for some species), which lead to the closure of the leaf guard cells 
(the stomata), in order to avoid dehydration (Oke, 1978 ). As the water loss but also the cooling 



 

6 

 

of the leaf is cut, thermal stress becomes higher and might cause leaf cells damages (Oke, 1978). 
On the contrary, needle leaves’ geometry (small size, low leaf surface/mass ratio) prevents them 
to store a lot of heat, and favors their respiration and heat release to ambient air by convection 
and long-waved radiation (Oke, 1978).  Moreover, needle leaves are narrow, which make them 
avoid large amount of evaporation. In this way, the needle leaf temperature of is closer to the air 
temperature, compared with broad leaves (Campbell and Norman, 1998; Jones, 1992). 
Broadleaved forests are thus said to react more markedly to high temperatures, and see their GPP 
being more affected. 
Moreover, a leaf remains alive if the average net GPP is positive, and if the water potential of the 
leaf is high enough to enable its metabolism to work. It is very likely that with very high 
temperatures and a marked decrease of water availability (which can be seen through Soil Water 
Content (SWC), but also through Vapor Pressure Deficit, or VPD), leaves might start to die 
(Campbell and Norman, 1998). 
The six forests chosen in Europe for this thesis are thus hypothesized to react differently to the 
abnormally high temperatures in summer. That is why the parameters that were evocated above 
will be the main tool to analyze forests’ behavior. 
 
 
2.2- Eddy covariance  
 
 The eddy covariance method is a technique used to measure and compute turbulent 
fluxes, such as heat, water or gases, within the atmospheric boundary layer, that is to say 
between the atmosphere and the terrestrial ecosystems (Fluxnet). It is made at the ecosystem 
scale (Papale et al., 2006; Burba and Anderson 2007). Thanks to this technique, direct estimates 
of the amplitude and the phasing of various ecosystem processes such as GPP or respiration can 
be made, as well as settings of the seasonal patterns of these processes (Falge et al., 2002). The 
eddy covariance technique can be used for different purposes (Burba and Anderson 2007). As 
Baldocchi et al. (2001) defines it, it determines the exchange rate of CO2 across the atmosphere-
biosphere interface, by measuring the covariance (how much two variables change together) 
between variations in vertical wind velocity and the CO2 mixing ratio. The eddy covariance 
technique is based on the high frequency measurements (10-20 Hz) of the vertical wind speed 
and CO2 concentration above plant canopy (wind forms turbulent eddy flux) (Aubinet et al., 
2005; Papale et al., 2006). In order to know the vertical movements of fluxes of gas 
concentration, temperature and humidity, towers are used to measure the speed of the vertical air 
movements and the characteristics of each air parcel moved by the eddies  (Burba and Anderson 
2007). Fluxes from the covariance between wind speeds and CO2 mixing ratio are derived using 
two general statements: first, the density fluctuations are assumed to be negligible and second, 
the mean vertical flow is also assumed to be negligible for horizontal homogenous terrains. 
Fluxes obtained with the eddy covariance technique can then be derived in order to obtain hourly 
and daily data for the CO2 fluxes (Burba and Anderson, 2007). 
 
The members of the micrometeorological community have assessed the net ecosystem CO2 
exchange as “the sum of eddy covariance measurements and the storage of CO2 in the underlying 
air” (Baldocchi et al., 2000). To perform these measurements in the six sites, a three-axis sonic 
anemometer and a fast response infrared gas analyzer are used (Papale et al., 2006). Assuming a 
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perfect turbulent mixing, measurements are integrated over periods of half an hour, which 
enables to calculate carbon and water fluxes and balances from daily to annual time scale (Papale 
et al., 2006).  
This technique was used for the first time in 1951 (Aubinet et al., 2005), and since then it has 
been more and more implemented, especially during the two last decades. At present, it is now 
applied in more than 500 sites throughout the world (Aubinet et al., 2005). 
   

 
Figure1: photo of an eddy covariance tower in Norunda, Sweden (Sarah Loudin). 
    
 The eddy covariance technique is more accurate when the atmospheric conditions, such 
as wind, temperature or humidity, are steady. For example, measurements might become 
unreliable or unavailable when performed during precipitation or icing (Curtis et al., 2002). 
Moreover, the underlying vegetation has to be homogeneous, and the eddy covariance tower 
must be situated on a flat terrain (Baldocchi, 2003). Measurements are also more accurate when 
the canopy roughness and the source (or sink) strength are homogeneous over the studied area 
(Baldocchi et al., 2000). But even when these parameters are respected, the eddy covariance 
method must take into account the measurements of CO2 atmospheric storage, flux divergences 
and advection, as well as turbulences regime. Thus, significant storage is observed only during 
periods of low turbulence and low advection (Aubinet et al., 2005).  
 
In spite of the very precise measurements it can provide, the eddy covariance method is not 
perfect, and measurements errors or deviations can happen. These errors can be due to the 
intermittent and light winds at night, which create insufficient turbulent mixing. Under these 
conditions, non-turbulent transport processes, which become significant, are not taken in account 
by the eddy covariance technique (Aubinet et al., 2005). Thereby advection becomes an 
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important term in the flux balance, which can in these conditions be miscalculated (Papale et al., 
2006). Errors can be also due to the wrong measurements of the CO2 storage in the air space and 
in the soil below the measurement height, and of the night-time drainage of CO2 out of the 
canopy volume due to advection. The measurement of ecosystem respiration is thus 
underestimated (Baldocchi et al., 2000; Baldocchi, 2003; Aubinet et al., 2005). Moreover, rain 
can be a disturbing factor for measurements, as it can directly affect the functioning of the eddy 
covariance system, and thus the data quality (Falge et al., 2002) 
Different methods can then avoid or reduce these problems. Averaging CO2 flux measurements 
over long periods (day to years) enable to reduce accidental sampling errors (Baldocchi, 2003). 
Empirical corrections can be applied to compensate this underestimation, based on the CO2 flux 
measurements obtained during windy periods. However, these corrections remain difficult to 
apply, as they depend on the relative importance of storage and advection of every different site 
(Aubinet et al., 2002). 
 
Moreover, the eddy covariance technique has some drawbacks that should be taken in account 
when analyzing and discussing the data. As most of the measurement technique, eddy covariance 
is not completely reliable and influences the quality of the data (in a minor way though). Indeed, 
the GPP and respiration values that are found with eddy covariance are indirectly obtained. Eddy 
covariance measures the NEE. To obtain the GPP, respiration is measured at night, when there is 
no uptake of CO2 by the forests, but only a release. Based on the respiration data, these 
parameters are derived and used in a simple model. In this way, GPP (the difference between 
NEE and respiration) is obtained (Reichstein et al., 2005). Modeling, instead of directly 
measuring these values, brings some uncertainties over the data obtained and the real responses 
to temperature. Indeed, obtained data are influenced by the model assumptions (Reichstein et al., 
2005), and it might happen that with this indirect way to obtain data, analysis get biased. For 
example, the Reichstein et al. (2005) model used for this correction does not set the temperature 
sensitivity of respiration. But the most important factor to look at here, that is to say how 
sensitive the respiration is to temperature, is determined from observations, and not from an a 
priori estimate. 
 
But, despite of these limitations, the eddy covariance technique probably is the best method to 
study the response of ecosystems confronted to climate change (Aubinet et al., 2005), that is also 
why it was chosen to build this thesis. 
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3- Methodology 
3.1- Choice of the sites 

To complete this study, six sites were chosen in Europe. The latitude and longitude range 
was on purpose chosen to be large (see figure 2), so that it will be easier to observe differences in 
the phenology and vegetation types between forests, as well as a possible latitude gradient. Thus, 
two sites were chosen in Italy: Castelporziano, close to Rome, and Roccarespampani, 130 
kilometers north-west of Rome. Despite of their relative closeness, one of them is an evergreen 
broadleaved forest, the other one is deciduous broadleaved. Two sites were chosen in France, Le 
Bray, close to Bordeaux, and Hesse-Sarrebourg, close to the German border. One site was 
chosen in Germany: Tharandt-Anchor, close to Dresden. Finally, one site was chosen in Sweden, 
Norunda, north of Uppsala. 
 

 
Figure 2: Google Earth map of the six sites: Norunda (1), Tharandt-Anchor (2), Hesse-Sarrebourg (3), Le Bray (4), 
Roccarespampani (5) and Castelporziano (6) 
 
Every site has its own characteristics: They are influenced by different climate (oceanic, 
mediterranean, continental and boreal). They are all forest, evergreen or deciduous, broadleaved 
or needleleaved, but they all correspond to different species.  
 
Table 1 (section 3.2.1) shows all the characteristics of the six sites. Four of them are evergreen 
forests, two of them are deciduous forests; three of them are broadleaved forests and three of 
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them are needleleaved. This broad range might enable to find more easily differences and 
common characteristics between the sites. 
 
 
3.2- Fluxnet, Fluxdata and data analysis 
 
3.2.1Presentation of the sources 

 First of all, the online data base Fluxnet was used to collect the main characteristics of 
each site and make a selection (see above). 
Fluxnet, as defined on the website homepage is a “network of regional network”, which was 
built in order to “coordinate regional and global analysis of observations from 
micrometeorological tower sites” (Fluxnet). It belongs to one of the NASA’s (National 
Aeronautics and Space Administration) Terrestrial and Ecology Program’s department, ORNL 
DAAC (Oak Ridge National Laboratory - Distributed Active Archive Center). The network 
gathers more than 500 flux towers throughout the world (whereof around 140 work at present), 
operating on a long-term (since the early 1990’s for some European sites) and continuous basis 
(Baldocchi et al., 2001). Among all the sites, more than 60 are situated in Europe, distributed in 
17 countries (Carboflux). 
The first step was to choose a large selection of sites in Europe, and then to check their 
availability on Fluxnet, as well as their characteristics. All the chosen sites present at least six 
years of data available, and sometimes nine or ten years (Roccarespampani, Hesse-Sarrebourg 
and Tharandt-Anchor). Once the six sites were found, data were extracted on Fluxdata, the 
website where datasets for every Fluxnet tower are stored. Daily data were chosen, for they were 
considered to be interesting and complete enough to analyze and find results. The data, when 
extracted, were already ready to work with: all the gaps were filled, and the format was adaptable 
to excel. The available parameters for the set of data were large: the variables mentioned before 
were found there, but there were also data about potential evapotranspiration, soil heat flux, 
sensible and latent heat flux, reflected radiation, wind direction or wind speed. These parameters 
were not analyzed in this thesis, but in some occasions they were used to have a general idea of 
the meteorological and physical conditions of a summer. 
 
One change was brought to the set of data, concerning the SWC. For five of the sites, the data 
were said to be measured in m3 m-3, which corresponded to unrealistic measurements. Indeed, 
when using m3 m-3, the quantity of water in the soil was way too high. It was particularly visible 
for the mediterranean sites, where SWC does not reach such values (e.g. for Roccarespampani, 
the values ranged between “14.5” (in 2003) and “34.0” (in 2006)). It was thus assumed that the 
data for these five sites corresponds to the percentage of water contained in the soil (which is 
made of water, air and soil particles). The data was in m3 m-3 in Norunda only, that it why it was 
multiplied by 100 for all the available years, in order to obtain the same range than for the other 
sites. 
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Table 1: Description of the six European sites. Sources:  Fluxnet, Euroflux, Aubinet et al., 2005  
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3.2.2. Method to analyze the dataset 

 Two software packages were used, Excel 2007 (Microsoft Corporation, Redmond, US) 
and SPSS (Statistical Package for the Social Sciences; IBM, New-York, US). The data were 
analyzed with the help of different formulas and statistics tools. The maximum, minimum and 
mean of daily and summer temperatures were used, as they show very well the seasonal and 
interrannual stability or changes in GPP, respiration, NEE, SWC or VPD values. The standard 
deviation of the data was also used. The standard deviation describes the spread, or the deviation, 
of values around the mean. It corresponds to the square root of the variance (Till, 1984). The 
variance, which was not used here but which is part of the standard deviation calculation, is the 
“average squared deviation of the observations for the mean”. (Rogerson, 2010). Standard 
deviation was used to describe the variability of the values around the summer mean. In this way, 
one can easily see if the data are all close to a same value, or if they are spread around the mean 
and do not seem to follow a special trend. The use of the standard deviation was associated with 
use of the coefficient of determination R2, which is the proportion of variability in a data set 
(Wikipedia). The R2 ranges between 0 and 1. The higher it is, the higher the relationship between 
the two studied parameters is. It was very useful for the analysis of the data, and will thus be 
broadly used. The reason for this is that it permits to see easily if a relationship exists between 
two parameters. 
Linear regression was used to give an idea of the trend followed by the data. It permits to 
interpret the charts, by giving a direction to the patterns the values shows, which is not always 
obvious to see. It is also easier to say if a linear relationship exist between the two parameters 
that were analyzed. The linear regression was though used carefully, as in some cases, a couple 
of values that do not follow the general trend can modify it. The value of the slope was also used, 
for it permits to see how sensitive a parameter is to another.   
A comparison was then done between all the sites, in order to see if their common features could 
explain their responses.  
The following parameters, all coming from the Fluxnet data, will be used to analyze the data: the 
air Temperature (T), the GPP, the ecosystem respiration, the SWC, the VPD, the precipitation. 
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4- Results 
4.1- Overview 

In this part of the thesis, it will be looked at the results drawn from the analysis of the 
data. First, the GPP of the six forests will be analyzed, during a normal summer, and then during 
an abnormally warm summer. The same will be done for the ecosystem respiration. Secondly, 
the results found will be analyzed through the prism of common features between sites: are 
forests reacting in a similar way because of the evergreen/deciduous factor, the 
needleleaved/broadleaved factor (vegetation types) and/or the latitude gradient (climatic zones)? 
Beforehand, the mean temperature and the mean SWC of every site for every available year will 
be presented. 
 

 
Figure 3: Mean summer temperatures for all available years of the six studied sites. 
  
Figure 3 shows that 2003 indeed is a very warm year in Europe, as well as 1997 for some forests, 
and to a lesser extent, 2006 too. It also shows that the gradient of temperature through Europe is 
captured by the selected sites, as, in a general way, the more northern a site is, the lower the 
temperature is, which explains the study of the latitude gradient. 
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Figure 4: Mean summer SWC for all the available year of the six sites (% of the soil composition). 
 
It can be seen in Figure 4 that there is a somewhat different response of the SWC for the year 
2003 and 2006, which can be linked to the heat wave of these two years, as seen in figure 3. Here 
SWC cannot be compared between sites, as it represents a percentage of water in the soil, which 
depends on the soil type. For example, a podzolic soil like in Le Bray can contain a lot of water, 
whereas a sandy soil like in Castelporziano is characterized by an excellent drainage, and contain 
thus less water. 
 
Figure 5a and 5b below will also be used as references for the analysis of the GPP and 
respiration of the six sites. They show that the abnormally warm summers of 1997, 2003 and 
2006 have a strong effect on GPP and respiration of the forests. Nevertheless, the response of 
GPP seems much clearer than that of respiration, for it shows clearly that nearly all sites are 
affected. But it seems on Figure 5b that in 2003, only the two Italian sites show somewhat of a 
response.  
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Figure 5: Mean summer GPP (a) and respiration (b) for all the available years of every studied site 
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4.2- Summer normal and abnormally high temperatures effects on GPP and respiration 
 
4.2.1. Normal summer temperatures effects on GPP 

 Temperature is one of the main parameters to affect the functioning of photosynthesis. 
During a normal summer, GPP is either increasing following the increase of temperature or 
staying constant, in the same range, or decreasing. 
 
The increase of GPP with the increase of temperature during a normal summer can be seen for 
example in the site of Tharandt-Anchors, during the year 2005 (Table 2). The mean temperature 
for this summer is 16.1 °C, which corresponds to an average mean for a summer in this site. The 
mean of all the summer mean temperatures is 16.9 °C, with a standard deviation of 1.1 °C, which 
places the summer 2005 in a close range to the general mean.  
 
Table 2: Comparison of the mean summer temperature (Celsius degrees) for all available years in Tharandt-Anchor 

 
Year 

Number of days 

Minimum 

Temperature 

Maximum 

Temperature Mean Temperature 

1996 92 8.64 21.92 15.2571 

1997 92 7.07 23.81 17.0954 

1998 92 8.26 26.55 16.0687 

1999 92 9.67 24.13 16.5539 

2000 92 9.02 27.69 16.4843 

2001 92 6.60 26.18 16.6050 

2002 92 11.35 25.02 17.9594 

2003 92 11.33 27.81 19.2686 

2004 92 10.67 23.48 16.5621 

2005 92 6.79 25.97 16.1427 

2006 92 6.53 28.32 17.9753 
 
Figure 6a shows that for this summer, GPP is increasing following the increase of temperature. 
Maximum values for GPP are found for temperatures between 15 °C and 22 °C (except a couple 
of high GPP values, around 10 °C), and never go above 16 gC m-2 d-1. The minimum value when 
daily temperatures are the lowest (6.8 °C) is 7.63 gC m-2 d-1, and the minimum value when daily 
temperatures are the highest (around 25°C) is 12.94 gC m-2 d-1. This last observation shows that, 
during a normal summer in Tharandt-Anchor, the higher temperatures are, the higher GPP 
minimum values are, as seen on Fig. 6, where the lower limit follows a clear slope and is plainly 
visible.  
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Figure 6: Daily GPP related to daily temperature (a) and daily GPP related to the Net Radiation (b) in Tharandt-Anchor during 
the summer 2005. 
 
GPP values are also strongly correlated to light. Figure 6b shows that the higher the amount of 
daily net radiation is, the higher GPP is. The high R2, 0.6, confirms that the correlation between 
the two is important. The evolution of the GPP according to light let see the shape of an 
exponential curve; after around 12 MJ m-2 d-1, GPP stops increasing, and on the contrary slowly 
starts to decrease, which can be related to the fact that large amounts of light can lead to very 
high temperatures. 
 
This response during normal summers can be found in two other sites: Norunda and Hesse-
Sarrebourg, that is to say in the northern sites. An explanation for this common behavior is 
related to the adaptive characteristics to the species. Indeed, ecosystems are adapted to these 
ranges of temperatures, which are part of the environment characteristic.  When soil moisture 
and the amount of precipitation also are normal, this response appears to be typical for these sites 
(Oke, 1978). 
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Figure 7: GPP related to temperature in Roccarespampani, during the summer 2000. 
 
The three southernmost sites, Le Bray, Castelporziano and, as seen on Figure 7, 
Roccarespampani, show a decreasing GPP following the increase of temperature during almost 
all the normal summers, probably because summer temperatures there are already very high (see 
Figure 3) and are enough to impact the forests metabolism. 
 
 
4.2.2- Abnormally high summer temperatures effects on GPP 

 
During a summer when temperatures are abnormally high, GPP can respond in two 

different ways in the observations. 
First, it can increase, because higher temperatures stimulate photosynthesis. Temperature tends 
to become more optimal for the development of photosynthesis, which is stimulated. This case 
can be found in only one site, Norunda, for example in 1997. The mean of the mean summer 
temperatures for all the available years in Norunda is 15.8 °C, and the mean temperature during 
the summer 1997 is 17.5 °C, which is 1.7 °C higher than all the other summers. Figure 8a shows 
that a short-term trend seems to appear as, within the summer, GPP seems to increase following 
the temperature increase. The mean GPP is 5.76 gC m-2 d-1, with a standard deviation of 1.63 gC 
m-2 d-1, which is the lowest of the standard deviation for every year in Norunda. On the long-
term, compared to 1996 and 1998 which are two normal years in term of temperatures, GPP is 
almost twice as low (Fig. 5a; mean GPP values for these two years are respectively 10.83 and 
10.84 gC m-2 d-1).  GPP values are thus abnormally low, as well as their variability. It means that 
high temperatures are negatively impacting photosynthesis. Nevertheless, the R2 is here quite 
low (0.04), which means that temperature is not the main factor to drive GPP. The impact of 
light is more important than that of temperatures, as seen on figure 8b, where the R2 is 0.2. The 
negative value than can be seen on Figure 8a can be explained by the fact GPP is indirectly 
obtained by an equation, and sometimes some errors can occur (section 2.2). 
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The other major parameter which controls photosynthesis, soil moisture, is not to be relevant in 
the case of Norunda, as the site is particularly wet (Halldin et al., 1999). Nevertheless, as 1997 
was a very dry year for Norunda, it is possible that SWC has become lower than usual, which 
would have limited both GPP and respiration. 
 
Figure 8a also shows that during the three hottest days of the summer 1997, GPP values are not 
as high as during cooler days, for example when temperature is between 12 and 20 °C. During a 
normal summer, GPP normally increases following the increase of temperatures. When 
temperatures are abnormally high, the optimum for photosynthesis is reached, and higher 
temperatures seem to lead to a stable GPP (values are included in a certain range, here between 4 
and 8 gC m-2 d-1), and to the beginning of a decrease). It is interesting to see on Figure 8b that the 
low GPP values (those beyond 3 gC m-2 d-1) corresponds to days with a low amount of net 
radiation (probably due to a cloudy sky).  
 

 
Figure 8: GPP related to temperature (a) and GPP related to the net amount of radiations (b) in Norunda, during the summer 
1997. 
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The second possible behavior of forests when temperatures are abnormally high is a 
marked decrease of GPP, possibly preceded by an also marked increase. This situation was found 
in the majority of the sites (Tharandt-Anchor, Hesse-Sarrebourg, Le Bray, Roccarespampani and 
Castelporziano) during the hottest summers, especially in 2003. One (among many available) 
example is found during the summer 2003 in the forest of Hesse-Sarrebourg. 
We can see on the Figure 9a that the highest values for GPP (around 16 gC m-2 d-1) can be found 
for the middle temperature values. The four highest GPP values are thus found for temperatures 
between 20 and 20.5 °C. GPP values are very variable (between 2 and 16 gC m-2 d-1) for low and 
middle temperatures. Around 24 °C, a threshold seems to be crossed. Beyond 24 °C, GPP 
suddenly decreases, and values become low again, approaching 2 gC m-2 d-1) during the hottest 
day (29.3 °C). 
 

 

 
Figure 9: GPP related to temperature (a) and Temperature and GPP evolution day per day (b) during the summer 2003 in Hesse-
Sarrebourg. 
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In parallel of this behavior, Figure 9b shows that, during the same summer, the highest GPP 
values are found at the beginning of June, while the lowest are reached at the end of August 
(except for one value, the 18th of June). In between, GPP is decreasing, following a saw tooth 
curve. Figure 9b also shows that this GPP trend throughout the summer is not exactly fitting to 
the temperature one, which mean that temperature is not the only driver of the GPP response. 
Another driver might be the water availability. No SWC data are available for the summer 2003 
in Hesse-Sarrebourg, but Vapor Pressure Deficit shows that the GPP is indeed linked to the water 
parameter (Figure 10). 
 

 
Figure 10: GPP related to the Vapor Pressure Deficit during the summer 2003 in Hesse-Sarrebourg 
 
These graphs can be explained by the behavior of the stomata when confronted to high and 
abnormally high temperatures, as well as low soil moisture or low VPD (especially during a 
drought). Stomata are leaf cells that open or close in in such a way that the balance between CO2 
uptake and water loss is optimized (Jones, 1992). When temperature is beyond the optimum for 
photosynthesis, that is to say beyond the normally encountered temperature range, and when soil 
moisture is particularly low, stomata get closed, in order to avoid water evaporation (Jones, 
1992). But as Jones adds, the magnitude of the response depends then on the vapor pressure. 
 
Within an abnormally warm summer, the five sites showed a decrease of GPP following the 
increase of temperatures, but other parameters, in particular soil moisture (strongly influenced by 
precipitation, but also by temperature) and light availability, might also influence the change of 
GPP. It is thus not possible here to affirm clearly to what extent temperature is responsible for 
the decrease of GPP.  
Even if it is difficult to say precisely which site will have its GPP more affected by the very 
likely increase of temperatures induced by climate change, some sites still show more marked 
changes than others. It is the case for Hesse-Sarrebourg and Roccarespampani (especially during 
2003). The case of Roccarespampani is even more interesting that it is the site which shows the 
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highest values for the slope, which means that it is where the GPP is the most sensitive to the 
changes in temperatures. 
 
In a more general way, when SWC values are available, it can be seen that the link with GPP is 
quite strong in some sites during abnormally warm summers, especially when there is a drought. 
A good example can be found, again, in Roccarespampani in 2003 (Figure 11).  
 

Figure 11: GPP related to SWC for every values (a) and when SWC is above 18% (b) during the summer 2003 in 
Roccarespampani. 
 
Figure 11a shows that in this forest, GPP almost approaches zero when soil moisture is the 
lowest, and the R2 is 0.79, which is extremely high, as well as the slope (1.70, that is to say 1.70 
gC m-2 d-1 of GPP increase for an increase of 1% of the SWC). The effect of the drought is here 
well visible. Moreover, there seems to be a threshold around 18 % of water in the soil. Below 
18% the response of GPP is clear, whereas after 18% the link between GPP and SWC is less 
clear. Figure 11b shows that when soil moisture is higher than 18 %, it is not anymore an 
important driver of GPP, as the R2 is quite low (0.01). 
 
 
 
 To summarize, within a “normal summer”, GPP can either increase following the 
increase of temperatures (the three northern sites), or decrease following the increase of 
temperatures (the three southern sites). GPP is also strongly linked to light availability. Within an 
abnormally warm summer, GPP increases following the increase of temperature only in 
Norunda, the northernmost site. In the five other sites, GPP decreases following the increase of 
temperatures. In almost all the sites, the mean GPP during the abnormally warm years is lower 
than during normal years (Figure 5a). When data is available, it can be seen that this decrease is 
strongly linked to the decrease of soil moisture and water availability. It is even more marked in 
the southernmost sites, where it can be attributed to droughts. 
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4.2.3- Normal summer temperature effects on respiration 

  In most of the sites (all of them except Hesse-Sarrebourg, where the respiration does not 
especially increase or decrease following the increase of the temperatures), forests’ respiration is 
directly affected by the summer temperature, as it can be seen in Tharandt-Anchor during the 
summer 2005. It is also the case of Norunda and Le Bray. 
Figure 12 shows that, in Tharandt-Anchor in 2005, respiration is increasing almost linearly, 
following the increase of the temperatures, and ranging from 4.15 gC m-2 d-1 to 11.11 gC m-2 d-1. 
The R2, 0.72, is particularly high. It shows that here, temperature is the major parameter to 
control the evolution of the respiration throughout the summer. No SWC data is available to see 
whether the role of water in the respiration trend is major or not (but this subject will be treated 
in section 4.2.4). 
This trend shows that, during a normal summer, the higher temperatures are, the higher 
respiration will be. But although this can be seen for most sites and years, this positive trend does 
not always occur, and the data showed other respiration patterns during normal summers as well. 
 

 
Figure 12: Respiration related to temperature during the summer 2005in Tharandt-Anchor. 
 

It was found in some sites that respiration appears to be lacking a trend during the 
summer, which means that it does not seem to increase or decrease with temperature changes, 
and that the standard deviation is, in most cases, quite high. This case was for example found in 
Castelporziano during the summer 2000, in Hesse-Sarrebourg during the summer 1999, or in 
Tharandt-Anchor during the summer 1997. 
 

In contrast to this, some sites also present an inverse respiratory trend and behavior. For 
example, in Roccarespampani, during a normal summer, respiration decreases when temperature 
increases, as seen on Figure 13a. 
Here respiration ranges from 7.44 gC m-2 d-1 for low temperatures (between 17 and 20 °C) to 
1.65 gC m-2 d-1 for some of the highest temperatures (almost 29 °C). This trend can be explained 
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by the fact that soil moisture has a very strong impact on soil microbial activity, and 
consequently on respiration (Stark & Firestone, 1994; Ciais et al., 2005). When temperatures are 
high, soil moisture is likely to be reduced, which has an effect on cell dehydration and 
diffusional limitations of the substrate (the material that can be decomposed as CO2). SWC 
decreases, soil pores drain and the water films that cover the soil surface become thinner, which 
make diffusion paths for the substrate more meandering. Moreover, the decrease of cell 
hydration reduces the activity of the enzymes responsible for respiration. As a consequence, the 
microbial activity is likely to be inhibited, and respiration might thus decrease (Stark & 
Firestone, 1994). This explains why in Roccarespampani in 2001, the link between respiration 
and Soil Water Content is so strong (Figure 13b). 
 

 
Figure 13: Respiration related to temperature (a) and SWC (b) in Roccarespampani during the summer 2001. 
 
The marked decrease of respiration with the increase of temperatures can be found for every 
summer in Roccarespampani, except in 2002 (see Figure 14a). 
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Figure 14:  Respiration (a) and Temperature (b) for all the available years in Roccarespampani. 
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We can see here that, except for in 2002, respiration decreases throughout the summer, and, for 
the summers 2000, 2003, 2004 and 2006, starts to increase again at the very end of august, which 
corresponds to a slight decrease of the summer temperatures (figure 14b). The same trend can be 
found in Castelporziano. 
An explanation for the behavior of the respiration in 2002 can be found in the precipitation 
pattern. Hence, throughout this summer, temperatures are quite constant and do not vary a lot 
(the standard deviation is 2.3 °C, below the mean standard deviation of all the summers in 
Roccarespampani, which is 2.5 °C), and there is no obvious increase or decrease that can explain 
the marked increase of respiration starting around the end of June. The answer might come from 
precipitation and soil moisture.  
 

 
Figure 15: Precipitation in Roccarespampani for the summer 2002 
 
In parallel with a slight decrease in temperature in august, precipitation at the same moment 
increases (see figure 15), which makes soil moisture increasing. As explained previously, it 
directly impacts the process of respiration.  
 
 
 
 
 

4.2.4- Abnormally high summer temperatures effects on respiration 

In two sites, Norunda and Hesse-Sarrebourg, during a heat wave and/or a drought year, 
respiration increases with abnormally high temperatures. 
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Figure 16: Respiration for the hottest year in Norunda. 
 
Figure 16 shows that in Norunda, respiration follows a linear trend, and ranges from 3.82 gC m-2 
d-1 to 8.39 gC m-2 d-1. Standard deviation is not very high (1.1 gC m-2 d-1), which contributes to 
explain the high R2 value, 0.5. It means that for this year, temperature is the main parameter to 
drive respiration. Moreover, the slope is 0.26, which means than for every increase of 1 °C, 
respiration increases of 0.26 gC m-2 d-1. The R2, 0.5, shows that the relationship between 
respiration and temperature is quite important here. In Norunda in 1997, the mean summer 
temperature is 17.5 °C, which is 1.7 °C more than the mean of the mean summer temperatures 
(15.8 °C). This trend in Norunda does not differ from those during normal years, whereas the 
increase of respiration following the increase of temperatures is typical from abnormally warm 
year in Hesse-Sarrebourg (see section 4.2.3). 
 
The four other sites (Tharandt-Anchor, Le Bray, Roccarespampani and Castelporziano) show 
different trends. Figures 17c and 17d, which refer to the two southernmost sites, show a marked 
decrease of respiration, while this trend is more moderated for figures 17a and 17b. For these two 
sites, the R2 is also higher, because, as Mediterranean sites, temperatures are extremely high, and 
are thus more likely to impact respiration, even if these forests are used to it. 
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Figure 17: Respiration for the hottest years in Tharandt-Anchor (a), Le Bray (b), Roccarespampani (c) and Castelporziano (d) 
 
Soil moisture is also an important driver of respiration, especially in three sites in 2003, even if 
they are not Mediterranean. It is the case for Tharandt-Anchor, where SWC data are available 
(see Figure 18). Here, the R2, 0.3, is high, as well as the slope (0.52). The comparison between 
Figure 17a and Figure 18 shows that in Tharandt-Anchor in 2003, SWC is a more significant 
driver of respiration than temperature (even if both drivers are tightly linked). 
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Figure 18: Respiration related to SWC in during the summer 2003 in Tharandt-Anchor . 
 
 

To summarize, within a normal summer, respiration can either increase (Norunda, 
Tharandt-Anchor, Le Bray), lack any special trend (Hesse-Sarrebourg, but also for some years 
Tharandt-Anchor and Castelporziano) or decrease (Roccarespampani, Castelporziano) when 
following the increase of temperature. Within an abnormally warm summer, respiration increases 
following the increase of temperatures in Norunda and Hesse-Sarrebourg; no clear trend can be 
found in Tharandt-Anchor, and it decreases in Le Bray (slightly though), Roccarespampani and 
Castelporziano. In both situations, ecosystem respiration is very dependent water availability 
(seen through SWC, VPD, and precipitation). 
 
 
4.3- Common features 
 

The results found previously show that the six forests react differently to normal and 
abnormally warm summer temperatures. It will now be tried to classify these behavior according 
to the special characteristics and location of these forests. 
 
4.3.1- Vegetation type effect - evergreen and deciduous forests 

The results above tend to show some common features between vegetation types. Two 
sites are deciduous and four sites are evergreen, three of them are broadleaved and three of them 
are needleleaved, and they are spread over Europe, from the northernmost to the southernmost 
latitudes (table 1). The first division that can be found is between evergreen forests (Norunda, 
Tharandt-Anchor, Le Bray, Castelporziano) and deciduous forests (Hesse-Sarrebourg, 
Roccarespampani). 

 
It was seen in the results (Figures 6, 8 and 12) that only two forests which are evergreen and 
needleleaved, Norunda and Tharandt-Anchor, never show a decrease of GPP following the 
increase of temperatures during abnormally warm summers. It is even more obvious that both 
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sites are well-followed by scientists, which means that there was plenty of years to check if these 
responses were common or not. (six years for Norunda and eleven years for Tharandt-Anchor). 
The two other evergreen sites, Le Bray and Castelporziano, show a decrease of GPP with the 
increase of temperatures, but it is not possible to determine whether it is due to the evergreen 
parameter or to a latitude factor coupled with them (Norunda and Tharandt-Anchor are the two 
northernmost sites). As phenology and location are tightly linked (for example evergreen 
broadleaved forests like Castelporziano are mostly found in the southern latitudes), one can say 
they are interdependent. The fact that both Norunda and Tharandt-Anchor include one same 
species, Picea Abies, might also explain why they react the same way. 
 
It has also been found that in 2003 in three of the four evergreen sites (Tharandt-Anchor, Le 
Bray and Castelporziano), respiration does not increase when temperatures increase, but rather 
stay constant, or decrease (as seen on Figures 17a, 17b and 17d). This could be explained by the 
fact that with the increase of temperature to high levels, the metabolism of the leaves slows down 
in these forests, with makes the respiration decreasing (see section 2.1.4). Nevertheless, 
depending on the time of the year a larger part of respiration comes from heterotrophic 
respiration, which is why those results could also be explained by the fact that microbes and 
roots cannot work any more with the decrease in SWC (see section 4.2.3). This behavior was 
also found in Roccarespampani for the same year. 

 
Concerning GPP, the most marked changes were found in the deciduous forest. It could 

be explained by the fact that deciduous trees, on the contrary to evergreen trees (which most of 
the time are needleleaved), have broad leaves, which store more heat than the needle leaves. 
Indeed, the leaves of the evergreen (mostly needles) trees are smaller. Thus, their surface area is 
large, compared to their mass. Consequently, according to Oke (1978), this leaf geometry 
enables these trees to send the heat accumulated to the environment, using convection and long-
wave radiation. 
Here the link between evergreen/deciduous and needleleaved/broadleaved forest cannot be 
unraveled, as the only site that could help to distinguish these, Castelporziano, is also strongly 
influenced by its location (as will be shown below). 
 

4.3.2- Broadleaved and needleleaved forests 

The main difference between broadleaved and needleleaved forests lies in the NEE 
values. During normal years various parameters as temperature and soil moisture control these 
processes. When respiration is higher than GPP, the values of NEE are positive and there is a 
release of CO2; and when GPP is higher than respiration, the values of NEE are negative and 
there is an uptake of CO2. It is difficult to say precisely which one of the GPP or of the 
respiration controls NEE variability within a summer, as NEE varies considerably between years 
and between sites. 
Nevertheless, it was found in this study that during normal summers, the uptake of CO2 is 
dominant in nearly all the sites, and GPP is higher than respiration. A difference was found 
between broadleaved and needleleaved forests. Indeed, even during normal summers, the 
respiration of the three needleleaved forests, Le Bray, Tharandt-Anchor and Norunda, which is a 
well-known CO2-source (Halldin et al., 1999; Feigenwinter et al., 2008), is often higher than the 
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GPP, compared to the broadleaved sites (Hesse-Sarrebourg, Roccarespampani and 
Castelporziano), where it only happens when temperatures are abnormally high. This situation 
might be caused by the relatively high values of SWC in these sites, which positively affects 
respiration (see section 4.2.3). 
 
 
4.3.3- Climatic zone/latitude gradient 

The latitude gradient is important to understand the different ways that forests react 
during normal and hot summers. It is an important driving variable, as a range of factors depend 
on it, such as precipitation, temperature, radiation balance, length of the growing season 
(Valentini et al., 2000). In their study, Valentini et al. (2000) showed that the smallest GPP are 
found in the northernmost sites. 

 
Table 3: GPP (gC m-2 d-1) for a normal year, 1997, in five sites where data are available (1996 for Norunda). 

 
Site Number of days Minimum GPP  Maximum GPP  Mean GPP Std. Deviation 

Norunda 92 4.17 17.90 10.8345 3.07956 

Tharandt-Anchor 92 3.44 15.73 10.5766 2.44181 

Hesse-Sarrebourg 92 1.34 15.48 10.2956 2.81233 

Le Bray 92 2.39 13.64 8.5640 2.18491 

Castelporziano 92 2.67 8.80 5.9504 1.48099 
 
Table 3 shows that the mean GPP for a normal summer decreases with decreasing latitude. 
Moreover, the latitude gradient explains why Roccarespampani and Castelporziano, the two 
Mediterranean and southernmost forests, show common features, such as the way respiration 
decreases with temperature increase for some summers (particularly 1997, 2003 and 2004). In 
addition, respiration values are particularly low during abnormally warm summers in these two 
sites, as can be seen in table 4. 

 
Table 4 shows that during a very hot summer, both Roccarespampani and Castelporziano have 
the lowest mean respiration, as well as the lowest minimum and maximum respiration. 
Valentini et al., (2000) explain that the low rates of respiration (when compared to the other sites 
in Europe) might be caused by the drought factor, which directly limit the possibility for soil to 
respire (Valentini et al., 2000). Indeed, when temperatures become very high and water supply 
scarce, both photosynthesis and respiration decrease, as the entire metabolism of the trees is 
affected (Jones, 1992). 
These results show that for some sites, the location, for example in the north or in the south of 
Europe, and its particular characteristics (temperatures, humidity, weather…), does influence 
GPP and respiration during the summer. 
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Table 4: Respiration (gC m-2 d-1) for the hottest years in every sites – 1997 for Norunda and 2003 for the other sites. 

Site Number of 
days Minimum Respiration  Maximum Respiration  Mean Respiration  Std. Deviation 

Norunda 92 3.82 8.39 5.9668 1.11197 
Tharandt-Anchor 92 3.78 8.41 5.4771 1.03334 
Hesse-Sarrebourg 92 1.95 7.62 4.4686 1.42354 
Le Bray 92 5.13 9.37 6.7068 1.04792 
Roccarespampani 92 1.23 5.69 2.6830 1.05578 
Castelporziano 92 1.82 3.91 2.7420 .53268 
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5- Discussion 
 
5.1- Missing data 
 

One problem when analyzing the data has been the lack of some years or important 
variables. Because of this, it was not always possible to compare every site, which constrained to 
go further in the analysis of the results. 
For example, in some sites several years between 1996 and 2006 are missing. For example in 
Norunda, 2006 is not available. It let a gap when analyzing sites by common features 
(evergreen/deciduous, needleleaved/broadleaved, climatic zone), as some sites did not show a lot 
of information. 
Moreover, it was often found that some key parameters, such as SWC (missing in almost half of 
the available years in every site), GPP, ecosystem respiration, precipitation or the incoming and 
outgoing radiations are also lacking. For example, there are only two years of SWC data for 
Hesse-Sarrebourg or Le Bray (out of ten and eight years available for temperatures, 
respectively). These gaps in the data made it difficult to explain every trend and every behavior 
noticed in the sites.  
Some other important parameters were also lacking, like for example the litter availability, which 
could have been useful when analyzing the ecosystem respiration. 
 
5.2- The heterogeneity of the sites 
 

When analyzing the results, it should be kept in mind that all the sites are different, 
because of their species and location, but also because of their age, and the way humans have 
impacted them (and still do). For example, the stand age of the Roccarespampani’s forest is 
between 0 and 20 years old, while that of the Tharandt-Anchor’s forest is one hundred and eight 
years old. It has been found in some studies that maximum uptakes of CO2 occur when forests 
are between 50 and 100 years old (boreal conifer forests), or 50 and 200 years old (other forests) 
(Baldocchi, 2008). In this way, one could expect to see NEE differences between sites only by 
looking at their stand age. One of the two sites which have the highest NEE during the available 
years (Fig. 5c) is indeed a deciduous forest aged 108 (Tharandt-Anchor). But the forest of Hesse-
Sarrebourg, which also shows a high uptake of CO2 compared with the seven other sites, is only 
35 years old. In this way, the stand age factor might play a role in the CO2 balance, even if it is 
not always a decisive factor. 
 
Figures 19a and 19b are an example of the difference of forests’ stem density between two sites, 
Norunda and Roccarespampani. These differences might impact the way they react during the 
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summer, that is why one must be careful when analyzing the data. Indeed, the different layers of 
vegetation and the stem density are some parameters that impact the exchange of carbon in a 
forest.  
 

        
Figure 19: Photos of the forest of Norunda (a) (Sarah Loudin) and Roccarespampani (b) (Fluxnet) 
 
Moreover, the canopy height controls the storage volume (Aubinet et al., 2005) and is different 
in every site, which increases the heterogeneity. 
 
 
 
5.3- Interpretation of the data 
 
5.3.1- GPP  

The results confirm the findings of Baldocchi et al. (2000): deciduous forests have a 
higher rate of CO2 uptake than evergreen forests. Indeed, Figure 5a let us show that the highest 
fluxes of CO2 uptake are found in a temperate deciduous forests (Hesse-Sarrebourg). 
But some results that were found in articles and books did not match those found above. For 
example, Falge et al. (2002) found that coniferous forests (or evergreen forests) show lower 
maximum values for GPP than deciduous forests, which is not the case with the studied data. 
Indeed, table 4 shows that it is actually the contrary, the higher maximum uptake was found in an 
evergreen forest (Tharandt-Anchor, 15.73 gC m-2 d-1). 
Moreover, no strong latitude gradient for GPP (or NEE) were found in the results for every site 
(on the contrary to what was said by Valentini et al., 2000), as it was seen on Figure 5a. The 
highest values of CO2 uptake are found in Hesse-Sarrebourg and Tharandt-Anchor, two sites that 
are situated in the temperate parts of Europe. The lowest values were found for the northernmost 
and the southernmost sites (Norunda, Le Bray, Roccarespampani and Castelporziano). This 
could be related to the climate of the south of Europe (very dry during summer) and to the low 
temperatures of the north of Europe. 
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5.3.2- Respiration 

Contrary to the GPP and to the NEE, the ecosystem respiration is influenced by the 
latitude gradient (see Figure 5b), which confirms the results of Falge et al. (2002). Among the six 
sites that were studied, the boreal forest does have the highest respiration (see Figure 5b), as it 
was said by Valentini et al (2000). The importance of the location appears as a more important 
driver of respiration, compared to the life-form (even if, as said by Oke (1978), needleleaved 
trees are supposed to respire more). 
Nevertheless, life-form also plays an important role in respiration. Indeed, it explains why, in 
2003, the only three sites where respiration following temperature increase does not increase, but 
rather stay constant or decrease are three evergreen sites (Tharandt-Anchor, Le Bray and 
Castelporziano).  
Also, contrary to what was said by Ciais et al. (2005), in 2003 respiration does decrease, but not 
in every site. Thus, as seen previously, in Norunda and Hesse-Sarrebourg respiration increases 
with very high temperatures. 
It is also true that, as said by Valentini et al. (2000), that the ratio Respiration versus 
Temperature is less significant than the ratio GPP versus Temperature. If we have a look at the 
R2s of the six sites, it is not often as high as the GPP versus temperature R2s (even if for some 
years, it can be very high, for example in Norunda in 1997, as seen on Figure 16a). 
Moreover, it was said by Baldocchi et al. (2000) that Norunda, as a boreal conifer forest, might 
show small uptake and small release of CO2 during the summer (chapter 2). But the data here 
analyzed showed that the release of CO2 in Norunda is actually high, compared to the other site 
(Fig. 5b). The GPP, compared to the other site, was also found not to follow the expected 
behavior, as it is not especially low, and very variable depending on which summer is analyzed 
(Fig. 5a). 
 
5.3.3- What remains unknown 

It is important to remind that two main parameters were studied in this thesis, temperature 
and water availability (mostly through the use of soil moisture values), but that there are not the 
only one to influence GPP and respiration. When they are not related to one of these two 
parameters, one should have a look to light availability and precipitation, which also influence 
greatly photosynthesis and carbon release. It was here done some times, but in a future work 
highlight could also be put on them. Furthermore, as all the parameters that affect the carbon 
cycle vary a lot depending on years, GPP and respiration results have to be analyzed carefully. 
Furthermore, respiration is dependent on the sources of carbon produced by photosynthesis, 
which means that there is a strong link between GPP and respiration (Lagergren et al., 2008) and 
that GPP explains a part of the respiration response. This link was not studied here, as no data 
about litter or leaf area index were available. 
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5.4- General comments 
 

When putting in order the results according to common features, it was seen that it is 
often hard to say which result can be attributed to the evergreen or to the needleleaved 
characteristics (or for deciduous and broadleaved forests). The only site which could have helped 
to make the difference, Castelporziano, is strongly influenced by its location, in the south of 
Europe where temperatures already are very high in the summer and where the water factor is 
more important than the temperature one. 
 
In order to understand better these results, it would have been helpful to, first of all, have all 
years between 1996 and 2006 for all sites, as well as all the parameters available, especially soil 
moisture, which plays a major role in the response of the forests to high temperatures and can 
give key-indications. Having more years for Norunda or Hesse-Sarrebourg would have been 
helpful in order to see some common trends between the six sites. 
It would also have been helpful to have some other parameters to clarify the response of forests, 
such as, for example, the leaf area index and the way it changes throughout the year, and 
especially during the summer, which is not available through the Fluxnet network. These data 
would have helped to confirm (or possibly invalidate) what was said previously about 
photosynthesis and the growth or dying of trees during normal and hot summers.  
The use of formulas, like the use of multiple regression, to find curves fitting the results would 
also have been substantial. These curves would be based on the theoretical response found in the 
data, rather than on linear regression, as it was used in the thesis and which sometimes simplified 
too much the trends. Working on formulas might be useful and provide new information about 
the studied sites. The site of Hesse-Sarrebourg would probably be the most interesting to study, 
as it is clearly visible on some charts that changes in carbon uptake and release follow certain 
threshold and trends.  
Moreover, it would be interesting to focus on other factors induced by abnormally high summer 
temperatures and which have strong effects on forests behavior and the long-term carbon 
balance, such as tree damages, changes in the CO2 pool size or in litterfall rate (Ciais et al., 
2005). These disturbances were not studied in this thesis, but they are strongly linked to the 
carbon balance functioning. As they have consequences beyond the duration of extreme climate 
events, such as heat waves or drought (Ciais et al., 2005), they might be in some forests an 
explanation for the behavior of GPP, respiration and NEE. The study of the growing season, a 
complementary variable to the study of CO2 fluxes in the summer, would also have helped to see 
more effects of the increase of temperature over the six sites. Besides, Falge et al. (2002) pointed 
out that the interrannual variability in the growing season length might help a lot to know 
whether boreal forests are a net CO2-sink or a CO2-source. 
Finally, with the same data set that was used here, it would be interesting to focus on heat waves 
and drought specifically, and on very precise period of the summer, rather than on the entire 
summer, as it was done here. In this thesis, the attention was drawn on a comparison between 
normal and warm summers, rather than within one summer. Looking at more precise periods 
might help to clarify the picture that has been presented here, and bring more details. 
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6- Conclusions 
As previously said in the Results and Discussion part, various responses were found in the 

sites for each summer and each variable. GPP is both decreasing and increasing with temperature 
during normal summer, as well as during abnormally warm summers (except in Norunda and 
Tharandt-Anchor).  In the same way, respiration is increasing, decreasing or staying constant 
with temperature during normal summer, as well as during abnormally warm summers. The 
trend for respiration is very variable according to the site, and there is no dominant trend for all 
forests. As a result of these two parameters, NEE is very variable according to which sites we 
look at. Most of NEE values are negative, which means that CO2 uptake is more important that 
CO2 release, except in all the needleleaved forests during very warm years, and Norunda. 
When all these pieces of information were put together, several trends were then found between 
sites, dividing them according to the influence of common features. 
 
[1] To which extent the increase of temperatures in summer is going to affect the uptake and the 
release of CO2 of forests in Europe? 
 
The most marked changes of GPP appeared in the deciduous forests (with the R2 and the slope 
representing the sensitivity), which make us think that they are more sensitive to temperature 
variability, and more likely to experience possible dieback during other hot summers coming in 
the future.  
Concerning the respiration, the study showed that it never decreases following the temperature 
increase in three of the four evergreen sites, which let think that, again in a perspective of climate 
change, the respiration in the evergreen sites which belong to temperate or Mediterranean 
climate would continue to increase, until maybe reaching a certain threshold and then starting to 
decrease. From this one can deduce that, as the respiration in deciduous forests decreases more 
easily with high temperatures, again these trees might be the most affected by very high 
temperatures, as the decrease of respiration often mean that tree metabolism is shutting down to 
avoid damages. 
 
[2] Do forests react differently to normal and abnormally warm summer temperatures depending 
on their characteristics? 
 
Yes, especially depending on their phenotype, as well as their foliage and location. 
For example, the foliage parameter (needleleaved/broadleaved) plays an important role in the 
NEE changes of forests. Indeed, needleleaved forests often show positive values of NEE, which 
means that they are releasing more CO2, and more often, than broadleaved forests. The 
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respiration fluxes are more important there than the CO2 uptake fluxes. As this trend is getting 
more and more important as temperature increases, it might be that in the future, forests are 
likely to act more and more as CO2-sources during hot summers, instead of CO2-sinks. This 
statement is also valid for broadleaved forests, as during hot summers their NEE got closer and 
closer to zero and to positive values. 
Moreover, it was shown that two of the three northernmost sites never show any decrease of GPP 
with temperature, which might be related either to their location or to their phenology. 
 
 
[3] Will a GPP and respiration gradient be seen depending on the location of the sites? 
 
It does for some sites, for example in the north or in the south of Europe and its particular 
characteristics (temperatures, humidity, weather…). Respiration values showed common trends 
according to the location of the sites, following a north-south gradient. For example, during 
summers with heat waves, the more north sites are situated, the higher their respiration is (except 
for Le Bray, which has the highest values for 2003). 
 
 

In parallel of these possible changes in the coming decades, some studies also pointed out 
that the length of the growing season is expected to change in Europe (Falge et al., 2002), as 
temperatures will be hot enough earlier. Consequently, the use of the fluxnet data might be more 
and more required to help to define the parameters of new soil-vegetation-atmosphere models, as 
well as to valid them (Falge et al., 2002). Thanks to this, the scientific community will be more 
able to understand and anticipate the changes in the ecosystem processes due to climate change, 
and forecast their impact on human societies (Falge et al., 2002). And as both carbon 
sequestration by forests, but also water cycle are two key challenges for humans in the coming 
decades (Zierl et al., 2007), gaining knowledge about it will be more and more at stake in the 
coming years. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

39 

 

 
 
 
 
 
 
 

7- References 
 
Aubinet, M., P. Berbigier, C. Berhofer, A. Cescatti, C. Feigenwinter, A. Granier, T. Grünwald, 

K. Havrankova, B. Heinesch, B. Longdoz, B. Marcolla, L. Montagnani and P. Sedlak  
(2005). "Comparing CO2 storage and advection conditions at night at different 
carboeuroflux sites." Boundary-Layer Meteorology 116(1): 63-94. 

Aubinet, M., B. Heinesch and B. Longdoz (2002). "Estimation of the carbon sequestration by a 
heterogeneous forest: night flux corrections, heterogeneity of the site and inter-annual 
variability." Global Change Biology 8(11): 1053-1071. 

Baldocchi, D. (2008). "Breathing of the terrestrial biosphere: lessons learned from a global 
network of carbon dioxide flux measurement systems." Australian Journal of Botany 
56(1): 1-26. 

Baldocchi, D., J. Finnigan, K. Wilson, K.T. Paw U and E. Falge (2000). "On measuring net 
ecosystem carbon exchange over tall vegetation on complex terrain." Boundary-Layer 
Meteorology 96(1-2): 257-291. 

Baldocchi, D. D. (2003). "Assessing the eddy covariance technique for evaluating carbon 
dioxide exchange rates of ecosystems: past, present and future." Global Change Biology 
9(4): 479-492. 

Besancenot J.P, S. Havard, E. Cassagne (2006). "L'été meurtrier de 2003 en Bourgogne." [in 
french] [english title: The deadly summer of 2003 in Burgundy] Revue Géographique de 
l'Est 46(La Bourgogne: dynamique spatiales et environnement): 15. 

Burba, G. and D. Anderson (2007). Introduction to the eddy covariance method, general 
guidelines and conventional workflow. L.-c. Biosciences: 141. 

Bond-Lamberty B., C. Wang and S.T. GOWER (2004) “A global relationship between the 
heterotrophic and autotrophic components of soil respiration” Global Change Biology 10, 1756–
1766 
Campbell G.S and J. N. Norman (1998). An Introduction to Environmental Biophysics, Springer. 
Carbo Europe IP."   Retrieved 3/03/2012, from www.carboeurope.org. 
Carbon Dioxide Information Analysis Center (CDIAC). Retrieved 20/06/2012 from 

http://cdiac.ornl.gov/  
Ciais, P., M. Reichstein, N. Viovy, A. Granier, J. Ogee, V. Allard, M. Aubinet, N. Buchmann, 

Chr. Bernhofer, A. Carrara, F. Chevallier, N. De Noblet, A. D. Friend, P. Friedlingstein, 
T. Grünwald, B. Heinesch, P. Keronen, A. Knohl, G. Krinner, D. Loustau, G. Manca, G. 
Matteucci, F. Miglietta, J. M. Ourcival, D. Papale, K. Pilegaard, S. Rambal, G. Seufert, J. 
F. Soussana, M. J. Sanz, E. D. Schulze, T. Vesala and R. Valentini (2005). "Europe-wide 
reduction in primary productivity caused by the heat and drought in 2003." Nature 
437(7058): 529-533. 

http://www.carboeurope.org/
http://cdiac.ornl.gov/


 

40 

 

Curtis, P. S., P. J. Hanson, P. Bolstad, C. Barford, JC. Rnadolph, H.P. Schmid and K.B. 
Wilson(2002). "Biometric and eddy-covariance based estimates of annual carbon storage 
in five eastern North American deciduous forests." Agricultural and Forest Meteorology 
113(1-4): 3-19. 

Euroflux Project - Long term carbon dioxide and water vapour fluxes of European forests and 
interactions with the Climate System." from 
www.unitus.it/dipartimenti/disafri/progetti/eflux/euro.html 

Falge, E., D. Baldocchi, J. Tenhunen, M. Aubinet and P. Bakwin(2002). "Phase and amplitude of 
ecosystem carbon release and uptake potentials as derived from FLUXNET 
measurements." Agricultural and Forest Meteorology 113(1-4): 75-95.  

Falge, E., J. Tenhunen, M. Aubinet, P. Bakwin, P. Berbigier, C. Bernhofer, G. Burba, R. 
Clement, K.J. Davis, J.A. Elbers, A.H. Goldstein, A. Grelle, A. Granier, J. Guðmundsson, 
D. Hollinger, A.S. Kowalski, G. Katul, B.E. Law, Y. Malhi, T. Meyers, R.K. Monson, 
J.W. Munger, W. Oechel, K.T. Paw U, K. Pilegaard, Ü. Rannik, C. Rebmann, A. Suyker, 
R. Valentini, K. Wilson and S. Wofsy (2002) "Seasonality of ecosystem respiration and 
gross primary production as derived from FLUXNET measurements." Agricultural and 
Forest Meteorology 113(1-4): 53-74. 

Feigenwinter, C., C. Bernhofer, U. Eichelman, B. Heinesch, M. Hertel, D. Janous, O. Kolle, F. 
Lagergren, A. Lindroth, S. Minerbi, U. Morerow, M. Mölder, L. Montagnani, R. Queck, 
C. Rebmann, P. Vestin, M. Yernaux, M. Zeri, W. Ziegler and M. Aubinet (2008). 
"Comparison of horizontal and vertical advective CO2 fluxes at three forest sites." 
Agricultural and Forest Meteorology 148(1): 12-24. 

Fluxdata."   Retrieved 19/03/2012, from www.fludata.org. 
Fluxnet - A global network."   Retrieved 19/03/2012, from www.fluxnet.ornl.gov 
Garcia-Herrera, R., J. Diaz, R.M. Trigo, J. Luterbacher and E.M. Fischer (2010). "A Review of 

the European Summer Heat Wave of 2003." Critical Reviews in Environmental Science 
and Technology 40(4): 267-306. 

Grace, J. (2003). Carbo-Age, Age-related Dynamics of Carbon Exchange in European Forests - 
Integrating Net Ecosystem Productivity in Space and Time. European Commision, 
General Directorate XII 5th Framework: 172. 

Halldin S., S.-E. Gryning, L. Gottschalk, A. Jochum, L-C. Lundin, A.A. Van de Griend (1999). 
"Energy, water and carbon exchange in a boreal forest landscape Ð NOPEX 
experiences." Agricultural and Forest Meteorology 98-99: 5-29. 

IPCC (2007). Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and 
III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change 
[Core   Writing Team, Pachauri, R.K and Reisinger, A. (eds.)]. IPCC, Geneva, 
Switzerland: 104. 

Jansen, E., J. Overpeck, K.R. Briffa, J.-C. Duplessy, F. Joos, V. Masson-Delmotte, D. Olago, B. 
Otto-Bliesner, W.R. Peltier, S. Rahmstorf, R. Ramesh, D. Raynaud, D. Rind, O. 
Solomina, R. Villalba and D. Zhang (2007). Palaeoclimate. In: Climate Change 2007: 
The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. 
Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. . C. U. 
Press. Cambridge. 

http://www.unitus.it/dipartimenti/disafri/progetti/eflux/euro.html
http://www.fludata.org/
http://www.fluxnet.ornl.gov/


 

41 

 

Jones, H. G. (1992). Plants and Microclimate - A quantitive approach to environmental plant 
physiology, Cambridge University Press. 

Lagergren, F., A. Lindroth, E. Dellwik, A. Ibrom, H. Lankreijer, S. Launiainen, M. Mölder, P. 
Kolari, K. Pilegaard and T. Vesala (2008). "Biophysical controls on CO2 fluxes of three 
Northern forests based on long-term eddy covariance data." Tellus Series B-Chemical 
and Physical Meteorology 60(2): 143-152. 

Lindroth A., A. Grelle, A.S Morén. (1998). "Long-term measurements of boreal forest carbon 
balance reveal large temperature sensitivity." Global Change Biology 4: 443-450. 

Lindroth A., F. Lagergren, M. Aurela, B. Bjarnadottir, T. Christensen, E. Dellwik, A.  Grelle, A. 
Ibrom, T. Johansson, H. Lankreijer, S. Launiainen, T. Laurila, M. Mölder, E. Nikinmaa, K. 
Pilegaard, B. Sigurdsson and T. Vesala (2008) "Leaf area index is the principal scaling parameter 
for both gross photosynthesis and ecosystem respiration of Northern deciduous and coniferous 
forests”, Tellus, 60B, 129–142 
Luterbacher J., D. D., Xoplaki E., M. Grosjean and H. Wanner (2004). "European Seasonal and 

Annual Temperature Variability, Trends, andExtremes Since 1500." Science 303: 1499-
1503. 

Meehl, G. A. and C. Tebaldi (2004). "More intense, more frequent, and longer lasting heat waves 
in the 21st century." Science 305(5686): 994-997. 

Oke, T. R. (1978). Boundary Layer Climate, Mehtuen & Co. 
Papale, D., M. Reichstein, M. Aubinet, E. Canfora, C. Bernhofer, W. Kutsch, B. Longdoz, S. 

Rambal, R. Valentini, T. Vesala and D.Yakir (2006). "Towards a standardized processing 
of Net Ecosystem Exchange measured with eddy covariance technique: algorithms and 
uncertainty estimation." Biogeosciences 3(4): 571-583. 

Randerson, J. T., C. B. Field, I.Y Fung and P.P. Tans (1999). "Increases in early season 
ecosystem uptake explain recent changes in the seasonal cycle of atmospheric CO2 at 
high northern latitudes." Geophysical Research Letters 26(17): 2765-2768. 

Reichstein, M., E. Falge, D. Baldocchi, D. Papale, M. Aubinet, P. Berbigier, C. Bernhofer, N. 
Buchmann, T. Gilmanov, A. Granier, T. Grünwald, K. Havrankova, H. Ilvesniemi, D. 
Janous, A. Knohl, T. Laurila, A. Lohila, D. Loustau, G. Matteucci, T. Meyer, F. 
Miglietta, J.M. Ourcival, J. Pupanen, S. Rambal. E. Rotenberg, M. Sanz, J. Tenhunen, G. 
Seufert, F. Vaccari, T. Vesala, D. Yakir and R. Valentini (2005). "On the separation of 
net ecosystem exchange into assimilation and ecosystem respiration: review and 
improved algorithm." Global Change Biology 11(9): 1424-1439. 

Robine J.M., K. Siu Lan Cheung, S. Le Roy, H. Van Oyen, C. Griffiths, J.P. Michel and F.R. 
Hermann (2008). "Death toll exceeded 70,000 in Europe during the summer of 2003." 
Comptes Rendus Biologies 331: 171-178. 

Robinson, P. J. (2000). "On the definition of a heat wave." Journal of Applied Meteorology 40: 
762-775. 

Rogerson, P. A. (2010). Statistical Methods for Geography - A Student's Guide, Sage. 
Till, R. (1984). Statistical Methods for the Earth Scientist - An Introduction, MacMillan. 
Stark, J.M. and M. K. Firestone (1995). "Mechanisms for Soil Moisture Effects on Activity of 

Nitrifying Bacteria." Applied and Environmental Microbiology 61: 218-221. 
Valentini, R., G. Matteucci, A.J. Dolman, E. D. Schulze, C. Rebmann, E. J. Moors, A. Granier, 

P. Gross, N. O. Jensen, K. Pilegaard, A. Lindroth, A. Grelle, C. Bernhofer, T. Grü nwald, 
M. Aubinet, R. Ceulemans, A. S. Kowalski, T. Vesala, U. È . Rannik, P. Berbigier, D. 



 

42 

 

Loustau, J. Gu.mundsson, H. Thorgeirsson, A. Ibrom, K. Morgenstern, R. Clement, J. 
Moncrieff, L. Montagnani, S. Minerbi and P. G. Jarvis (2000). "Respiration as the main 
determinant of carbon balance in European forests." Nature 404: 861-865. 

Wikipedia. "Coefficient of determination". Retrieved 03/05/2012 from 
wikipedia.org/wiki/Coefficient_of_determination 
Zierl, B., H. Bugmann and C. Tague (2007). "Water and carbon fluxes of European ecosystems: 

An evaluation of the ecohydrological model RHESSys." Hydrological Processes 21(24): 
3328-3339. 

 
 
 

Acknowledgment 
 
This work used eddy covariance data acquired by the FLUXNET community and in particular by 
the CarboEuropeIP network. We acknowledge the financial support to the eddy covariance data 
harmonization provided by CarboEuropeIP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://en.wikipedia.org/wiki/Coefficient_of_determination


 

43 

 

 
 
 
 
 
 
 
Department of Physical Geography and Ecosystems Science, Lund University.  
 
The student thesis reports are available at the Geo-Library, Department of Physical Geography 
and Ecosystem Science, University of Lund, Sölvegatan 12, S-223 62 Lund, Sweden. Report 
series started 1985. The complete list and electronic versions are also electronic available at the 
LUP student papers (www.nateko.lu.se/masterthesis) and through the Geo-library 
(www.geobib.lu.se) 
 
199 Herbert Mbufong Njuabe (2011): Subarctic Peatlands in a Changing Climate:  

Greenhouse gas response to experimentally increased snow cover 
200 Naemi Gunlycke & Anja Tuomaala (2011): Detecting forest degradation in 

Marakwet district, Kenya, using remote sensing and GIS 
201 Nzung Seraphine Ebang (2011): How was the carbon balance of Europe 

affected by the summer 2003 heat wave? A study based on the use of a 
Dynamic Global Vegetation Model; LPJ-GUESS 

202 Per-Ola Olsson (2011): Cartography in Internet-based view services – methods 
to improve cartography when geographic data from several sources are 
combined 

203 Kristoffer Mattisson (2011): Modelling noise exposure from roads – a case 
study in Burlövs municipality 

204 Erik Ahlberg (2011): BVOC emissions from a subarctic Mountain birch: 
Analysis of short-term chamber measurements. 

205 Wilbert Timiza (2011): Climate variability and satellite – observed vegetation 
responses in Tanzania.  

206 Louise Svensson (2011): The ethanol industry - impact on land use and 
biodiversity. A case study of São Paulo State in Brazil. 

207 Fredrik Fredén (2011): Impacts of dams on lowland agriculture in the Mekong 
river catchment. 

208 Johanna Hjärpe (2011): Kartläggning av kväve i vatten i LKAB:s verksamhet i 
Malmberget år 2011 och kvävets betydelse i akvatiska ekosystem ur ett lokalt 
och ett globalt perspektiv 

209 Oskar Löfgren (2011): Increase of tree abundance between 1960 and 2009 in 
the treeline of Luongastunturi in the northern Swedish Scandes 

210 Izabella Rosengren (2011): Land degradation in the Ovitoto region of 
Namibia: what are the local causes and consequences and how do we avoid 
them? 

211 Irina Popova (2011): Agroforestry och dess påverkan på den biofysiska miljön 
i Afrika. 



 

44 

 

212 Emilie Walsund (2011): Food Security and Food Sufficiency in Ethiopia and 
Eastern Africa. 

213 Martin Bernhardson (2011): Jökulhlaups: Their Associated Landforms and 
Landscape Impacts. 

214 Michel Tholin (2011): Weather induced variations in raptor migration; A study 
of raptor migration during one autumn season in Kazbegi, Georgia, 2010 

215 Amelie Lindgren (2011) The Effect of Natural Disturbances on the Carbon 
Balance of Boreal Forests. 

216 Klara Århem (2011): Environmental consequences of the palm oil industry in 
Malaysia. 

217 Ana Maria Yáñez Serrano (2011) Within-Canopy Sesquiterpene Ozonolysis in 
Amazonia 

218 Edward Kashava Kuliwoye (2011) Flood Hazard Assessment by means of 
Remote Sensing and Spatial analyses in the Cuvelai Basin Case Study 
Ohangwena Region –Northern Namibia 

219 Julia Olsson (2011) GIS-baserad metod för etablering av centraliserade 
biogasanläggningar baserad på husdjursgödsel. 

220 Florian Sallaba (2011) The potential of support vector machine classification 
of land use and land cover using seasonality from MODIS satellite data 

221 Salem Beyene Ghezahai (2011) Assessing vegetation changes for parts of the 
Sudan and Chad during 2000-2010 using time series analysis of MODIS-
NDVI 

222 Bahzad Khaled (2011) Spatial heterogeneity of soil CO2 efflux at ADVEX site 
Norunda in Sweden 

223 Emmy Axelsson (2011) Spatiotemporal variation of carbon stocks and fluxes 
at a clear-cut area in central Sweden 

224 Eduard Mikayelyan (2011) Developing Android Mobile Map Application with 
Standard Navigation Tools for Pedestrians 

225 Johanna Engström  (2011) The effect of Northern Hemisphere teleconnections 
on the hydropower production in southern Sweden 

226 Kosemani Bosede Adenike (2011) Deforestation and carbon stocks in Africa 
227 Ouattara Adama (2011) Mauritania and Senegal coastal area urbanization, 

ground water flood risk in Nouakchott and land use/land cover change in 
Mbour area 

228 Andrea Johansson (2011) Fire in Boreal forests 
229 Arna Björk Þorsteinsdóttir (2011) Mapping Lupinus nootkatensis in Iceland 

using SPOT 5 images 
230 Cléber Domingos Arruda (2011) Developing a Pedestrian Route Network 

Service (PRNS) 
231 Nitin Chaudhary (2011) Evaluation of RCA & RCA GUESS and estimation of 

vegetation-climate feedbacks over India for present climate 
232 Bjarne Munk Lyshede (2012) Diurnal variations in methane flux in a low-

arctic fen in Southwest Greenland 
233 Zhendong Wu (2012) Dissolved methane dynamics in a subarctic peatland 
234 Lars Johansson (2012) Modelling near ground wind speed in urban 



 

45 

 

environments using high-resolution digital surface models and statistical 
methods 

235 Sanna Dufbäck (2012) Lokal dagvattenhantering med grönytefaktorn 
236 Arash Amiri (2012)Automatic Geospatial Web Service Composition for 

Developing a Routing System 
237 Emma Li Johansson (2012) The Melting Himalayas: Examples of Water 

Harvesting Techniques 
238 Adelina Osmani (2012) Forests as carbon sinks - A comparison between the 

boreal forest and the tropical forest 
239 Uta Klönne (2012) Drought in the Sahel – global and local driving forces and 

their impact on vegetation in the 20th and 21st century 
240 Max van Meeningen (2012) Metanutsläpp från det smältande Arktis 
241 Joakim Lindberg (2012) Analys av tillväxt för enskilda träd efter gallring i ett 

blandbestånd av gran och tall, Sverige 
242 Caroline Jonsson (2012) The relationship between climate change and grazing 

by herbivores; their impact on the carbon cycle in Arctic environments 
243 Carolina Emanuelsson and Elna Rasmusson (2012) The effects of soil erosion 

on nutrient content in smallholding tea lands in Matara district, Sri Lanka 
244 John Bengtsson and Eric Torkelsson (2012) The Potential Impact of Changing 

Vegetation on Thawing Permafrost: Effects of manipulated vegetation on 
summer ground temperatures and soil moisture in Abisko, Sweden 

245 Linnea Jonsson (2012). Impacts of climate change on Pedunculate oak and 
Phytophthora activity in north and central Europe 

246 Ulrika Belsing (2012) Arktis och Antarktis föränderliga havsistäcken 
247 Anna Lindstein (2012) Riskområden för erosion och näringsläckage i Segeåns 

avrinningsområde 
248 Bodil Englund (2012) Klimatanpassningsarbete kring stigande havsnivåer i 

Kalmar läns kustkommuner 
249 Alexandra Dicander (2012)   GIS-baserad översvämningskartering i Segeåns 

avrinningsområde 
250 Johannes Jonsson (2012)  Defining phenology events with digital repeat 

photography  
251 Joel Lilljebjörn (2012) Flygbildsbaserad skyddszonsinventering vid Segeå 
252 Camilla Persson (2012) Beräkning av glaciärers massbalans – En metodanalys 

med fjärranalys och jämviktslinjehöjd över Storglaciären 
253 Rebecka Nilsson (2012) Torkan i Australien 2002-2010 Analys av möjliga 

orsaker och effekter  
254 Ning Zhang (2012) Automated plane detection and extraction from airborne 

laser scanning data of dense urban areas 
255 Bawar Tahir (2012) Comparison of the water balance of two forest stands 

using the BROOK90 model 
256 Shubhangi Lamba (2012) Estimating contemporary methane emissions from 

tropical wetlands using multiple modelling approaches 
257 Mohammed S. Alwesabi (2012) MODIS NDVI satellite data for assessing 

drought in Somalia during the period 2000-2011 



 

46 

 

258 Christine Walsh (2012) Aerosol light absorption measurement techniques: 
A comparison of methods from field data and laboratory experimentation  

259 Jole Forsmoo (2012) Desertification in China, causes and preventive actions in 
modern time 

260 Min Wang (2012) Seasonal and inter-annual variability of soil respiration at 
Skyttorp, a Swedish boreal forest 

261 Erica Perming (2012) Nitrogen Footprint vs. Life Cycle Impact Assessment 
methods – A comparison of the methods in a case study. 

  
 


	Sarah Loudin
	Sarah Loudin (2012). The response of European forests to the change in summer temperatures: a comparison between normal and warm years, from 1996 to 2006
	2.1- The response of deciduous and evergreen forests to temperature changes
	2.2- Eddy covariance
	3.1- Choice of the sites
	3.2- Fluxnet, Fluxdata and data analysis
	4.1- Overview
	4.2- Summer normal and abnormally high temperatures effects on GPP and respiration
	5.1- Missing data
	5.2- The heterogeneity of the sites
	5.3- Interpretation of the data
	5.4- General comments
	Acknowledgment
	Department of Physical Geography and Ecosystems Science, Lund University.


