
 

 Swansea University E-Theses                                     _________________________________________________________________________

   

Interrogating tree response to climate forcing via high resolution

stable carbon isotope (delta13C) analysis of Pinus sylvestris L. and

eddy covariance measurements.
   

Soudant, Alex
   

 

 

 

 How to cite:                                     _________________________________________________________________________  
Soudant, Alex (2015)  Interrogating tree response to climate forcing via high resolution stable carbon isotope

(delta13C) analysis of Pinus sylvestris L. and eddy covariance measurements..  thesis, Swansea University.

http://cronfa.swan.ac.uk/Record/cronfa42353

 

 

 

 Use policy:                                     _________________________________________________________________________  
This item is brought to you by Swansea University. Any person downloading material is agreeing to abide by the terms

of the repository licence: copies of full text items may be used or reproduced in any format or medium, without prior

permission for personal research or study, educational or non-commercial purposes only. The copyright for any work

remains with the original author unless otherwise specified. The full-text must not be sold in any format or medium

without the formal permission of the copyright holder. Permission for multiple reproductions should be obtained from

the original author.

 

Authors are personally responsible for adhering to copyright and publisher restrictions when uploading content to the

repository.

 

Please link to the metadata record in the Swansea University repository, Cronfa (link given in the citation reference

above.)

 

http://www.swansea.ac.uk/library/researchsupport/ris-support/

http://cronfa.swan.ac.uk/Record/cronfa42353
http://www.swansea.ac.uk/library/researchsupport/ris-support/


 

Swansea University 
Prifysgol Abertawe

S u b m it t e d  t o  S w a n s e a  U n iv e r s it y  in
FULFILMENT OF THE REQUIREMENTS FOR THE

D e g r e e  o f  D o c t o r  o f  P h il o s o p h y

Interrogating tree response to climate 
forcing via high resolution stable carbon 

isotope (#13C) analysis of Pinus
sylvestris L. and eddy covariance 

measurements.

Supervisors:
Author:

Dr. Loader Neil J.
Alex Soudant

Dr. Kljun Natascha

2015

library



ProQuest Number: 10798061

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10798061

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



Abstract

Tree-rings are natural archives of the climate variation experienced by trees 
during their life span. Because trees actively discriminate against 13C versus 12C 
in atmospheric carbon dioxide due to environmental forcing inducing higher as
similation of 12C in optimal conditions for growth, the ratio between these two 
isotopes represents a record of climate variability occurring at the time of the 
wood formation. Therefore, the £13C can be used to reconstruct palaeoclimate 
from when the trees sampled were living. As the instrumental period from me
teorological methods to measure climate is relatively short (last 150 years), the 
calibration between £13C time series and climatic data can be used to improve the 
understanding of climate variability through longer periods. The main objective 
of this study is to produce a consistent methodology for the reconstruction of cli
mate and environmental forcing on trees from the high resolution <513C time series 
over the period 1997-2009 at three study sites in Europe where extensive eddy 
covariance measurements have been conducted. This atmospheric measurement 
technique permits a very fine resolution to observe the exchange of gases between 
the atmosphere and a land surface with additional applications in meteorology. At 
Hyytiala, dendrometer and microcore measurements were used to test if a method
ology can be developed to predict the occurrence of radial growth during years 
when dendrological data are missing. The modeling of the intra-annual rate of 
growth is then performed via the Gompertz equation. Integration of cell life time 
to match climate information with £13C time series is also assessed. The <$13C 
signature from both inter- and intra-annual resolution are tested against three 
weather variables: photosynthetically active radiation, temperature and precipi
tation. The results show stronger linear responses from the £13C time series of 
the most northern site (Hyytiala, Finland) to the weather variables while the two 
other study sites (Norunda, Sweden and Loobos, the Netherlands) did not show 
significant linear relationships at both annual and intra-annual resolution. The 
approach developed in this study represents a first step in developing a generic 
method accessible for non-specialists in dendroclimatology for the use of 513C time 
series as climate archives.
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Chapter I: Introduction

1.1 C lim ate investigation

Increasing concerns as to the impacts of climate change has highlighted the need 
for detection, modelling and prediction tools to assess climate variation. The 
development of remote sensing using satellite, airborne and ground instruments 
has provided high data quantity and quality concerning climate variations for 
numerous sites of study and climatic influences. However, for most parts of the 
world precise meteorological data are not available on a long time scale due to 
the equipment cost and complex handling (Baldocchi, 2003). Analysis of natural 
climate dependent phenomena can provide climatic indications by establishing the 
nature of the dependency to climate and its intensity (Bradley, 1999). Tree-rings 
from annual tree growth can be used as such. Although the signal from these 
records can be difficult to interpret in terms of climate. Investigations on how 
to combine dendrology and climatology for climate reconstruction purposes have 
become an increasingly important subject (Offermann et al., 2011; Gessler et a/., 
2009; King et al., 2013). The high data coverage and long dendrochronologies 
could be synchronised with on-site high-resolution weather dataset over a common 
period to benefit from all advantages of these techniques without the drawbacks. 
Therefore, this work aims to establish a methodology to analyse the climatic signal 
of tree-rings by matching observations of climate factors with carbon isotope values 
on a realistic time scale of tree growth. This approach should open this field of 
study to non-specialist laboratories by the use of simple techniques demanding 
little knowledge of tree physiology.

1.2 Tree-rings as environm ental archives

The use of tree-rings as climate archives is commonly called dendroclimatology. 
The first investigation over the potential of this technique was performed by Dou
glass (1919) during the early 20th century. The use of tree-ring patterns as a local 
record of the environment was then extensively described by Fritts (1976).
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Tree radial growth occurs each year by the initiation of cell division in the cam
bium. The timing of radial wood formation depends on tree species, latitude, 
altitude and climatic influences. In Europe, radial growth usually begins in April- 
May while the peak in growth occurs in the summer months and can last until 
October-November.

To form new cells, the cambium relies on soluble sugars brought by the phloem 
tissues. Their composition and proportion is variable through the growing season 
and can be either compounds stored from the previous year of growth or newly 
formed assimilates via photosynthesis at leaf level. As local weather conditions 
influence this process, trees record a climatic signal in tree-rings. Therefore, mea
suring tree-rings characteristics such as ring width, isotopic composition for carbon 
(<513C), oxygen (J180 ), hydrogen (J2H or <5D) or density can provide information 
about climate and are usually referred as proxies. Different time spans have been 
used to study these features: decadal, annual or even intra-annual. Tree-ring 
properties can then serve to understand tree physiology, build chronologies of past 
climatic variation or date wood material.

The use of trees as climate records benefits from their wide distribution over the 
globe which permits a more extensive sampling compared to other techniques using 
ice or sediments (Cook et al., 1994). In temperate regions, tree species selected for 
dendroclimatology show definable annual growth increments such as Pinus (pine) 
or Quercus (oak) genera growing in environments with marked seasonal climatic 
variation. This technique provides a clearer climate signal when trees are grow
ing towards the limit of their ecological range where only one climatic factor is 
the main limiting resource for tree growth (LaMarche Jr., 1974; Schweingruber, 
1996). When more than one climatic factor is limiting growth, the climate signal 
is more difficult to extract due to the interaction of the climatic factors. Addi
tionally, long records of tree-rings are influenced by the historic evolution of the 
atmospheric J13C towards more isotopically depleted values in the post-industrial 
period due to the release of CO2 from fossil fuels to the atmosphere. Hence, the 
post-industrial age is naturally depleted in 13C compared to the atmosphere of the 
pre-industrial period. This artificial trend is necessary to be removed from <513C 
time series before analysing the climate signal (Briffa, 2000; Hughes, 2002; Freyer 
& Belacy, 1983).

One of the developments in dendrology techniques consists of analysing the com
position of the main elements in the wood. Trees actively sample carbon dioxide
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and water from their direct environment and modify the source isotopic ratio via 
physiological processes in response to environmental stress. The use of the main 
wood elements isotopic composition in dendroclimatology was initiated by Urey 
(1947) who first observed the covariance of carbon stable isotope ratio in wood 
material and temperature. However, it is only by an intensive study of the plant 
metabolism processes that the relationship between tree physiology and carbon 
isotopes was clearly established (Farquhar et al., 1982, 1989).

Previous studies using isotopes as proxys identified the main climate drivers in a 
wide range of environments and tree species (Saurer et a/., 1995; Krishnamurthy, 
1996; Robertson et al., 1997a). These investigations showed that the climate forc
ing differs from site locations depending on the local conditions and the global 
climatic system. Assimilation of CO2 from the atmosphere occurs at the leaf level 
and is regulated by the intervention of two processes: the stomatal conductance 
and the photosynthetic rate. At dry sites, relative humidity and soil water sta
tus are dominant controls over these processes while at moist sites, the dominant 
controls are summer irradiance and temperature. Soil water transported by the 
xylem tissues to the leaves provides the H20  molecules necessary to the photosyn
thesis process. Evaporation, leaf transpiration driven by temperature and vapour 
pressure deficit will modify the signature of source water and therefore the isotopic 
ratio (Buhay et al., 1996; Craig h  Gordon, 1965; Dongmann et al., 1974; Barbour 
et al., 2001, 2002).

While an annual resolution is desirable for climate reconstruction purposes, it 
is not always achieved for long tree-ring chronologies due to the time consuming 
procedures to build isotope series (Kress et al., 2009; Young et a l , 2010; Treydte 
et al., 2009; Loader et al., 2003). To better understand tree physiology, some 
studies have initiated the use of isotopes at the intra-annual resolution and in
vestigated how well the information contained in the tree-rings is linked to the 
seasonal climatic variation during the tree growth processes (Wilson & Grinsted, 
1975, 1977; Leavitt & Long, 1982, 1991; Leavitt, 1993; Ogle & McCormac, 1994; 
Loader h  Switsur, 1995; Robertson et al., 1997b; Sheu et al., 1996; Walcroft et al., 
1997; Schleser et al., 1999; Porte & Loustau, 2001; Warren et al., 2001; Leavitt, 
2002; Leavitt et al., 2003; Helle & Schleser, 2004). However, these studies were 
limited by the non automation of isotope extraction techniques and the lack of 
suitable methods for a precise dissection of tree-rings with curved and non-parallel 
tree-ring boundaries which permitted only few tree-rings to be analysed.
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1.3 513C tim e series from  tree-rings at th e  annual

resolution

Analysis of the <513C variation at the annual resolution can inform about the tree 
response to climate between successive growing seasons. Climate factors such 
as temperature, light and precipitation have been identified to co-vary with the 
annual values of <513C. These analysis are mainly carried out on cellulose as the 
wholewood can be altered through time when using multi-centennial samples (Wil
son & Grinsted, 1975). As earlywood can contain an isotope signal from storage 
compounds, latewood can be isolated to obtain annual resolution (Lipp et al., 
1991; Sheu et al., 1996).

1.4 513C tim e series from tree-rings at th e  intra

annual resolution

By dividing each tree-ring into smaller sections, Leavitt & Long (1991) initiated 
the investigations over the climate signal in (P3C at the intra-annual resolution. 
Material to carry £13C seasonal analysis can be from wholewood, cellulose or 
organic m atter as their seasonal variation is similar despite possible offsets (Warren 
et al., 2001; Skomarkova et al., 2006; Helle & Schleser, 2004). The influence of 
temperature and precipitation have been investigated at this resolution. However, 
the link between the £13C at the leaf level and in the tree-rings is indirect. Post
photosynthetic processes can modify the <513C signature of the sugars used to build 
the tree-ring during their transportation by the phloem and their redistribution in 
the different tree organs (Gessler et al., 2009). Another effect mitigating the <513C 
amplitude in tree-rings comes from the mixing of phloem sugars both temporally 
and spacially before their use in tree-ring formation (Pate & Arthur, 1998; Kagawa 
et al., 2006). The use of stored carbon compounds during seasonal growth can 
also be a source of uncertainty when evaluating the climate signal. Drew et al. 
(2009) suggest that the occurrence of a water stress during tree radial growth can 
trigger the storage of carbon compounds that will be used only after the release 
of the water stress. High values of <513C when co-occurring with precipitation may 
be an indication of such effects (Chapin et al., 1990). Despite the identification 
that climate is not the main driver of the seasonal J13C variation due to the 
post-photosynthetic effects, accurately matching <P3C values with climate factors 
by scaling their relationships with the timing of tree growth could improve the 
understanding of tree physiology processes and the estimate of the climate signal 
contained in tree-rings at the intra-annual resolution.
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1.5 Tem poral properties o f  w ood grow th

When evaluating the co-occurent weather forcing on intra-annual isotopic time 
series from tree-rings, it is necessary to understand the temporal dynamics of cell 
production and maturation. This step requires specific investigations on wood for
mation performed on developing cells during xylem expansion (Wimmer, 2002). 
In temperate and boreal regions, the cambial activity responsible for the radial 
growth of trees is periodic and characterised by an alternation between an active 
period during summer and a dormant period in winter (Iqbal, 1994; Fujii et al., 
1999). Therefore, the modelling of wood growth can be restricted to the active pe
riod alone (Dufour & Morin, 2007). During the active period, the growth of xylem 
cells can be subdivided to different phases from cell division, enlargement and sec
ondary wall thickening which are separated in space and time (Rossi et a/., 2006a).

Consequent stages of formation and development of cells have been found to be in
dependent processes and their reactions to environmental factors can be different 
(Antonova & Shebeko, 1981; Antonova et al., 1983) due to different physiological 
controls (Larson, 1960; Richardson & Dinwoodie, 1960; Wodzicki, 1964; Zahner 
et al., 1964). To allow non-specialist laboratories to carry out intra-annual studies 
on isotopic time series, the approach using S-shaped curves including the Gom
pertz curve can be performed on intra-annual cell counts without distinguishing 
the different tracheid development phases (Camarero et al., 1998). Therefore, 
the use of the Gompertz equation developed by Rossi et al. (2003) to model cell 
number increase, rate of growth and periods of cell differentiation was adapted in 
this study to predict these dendrological features during years when dendrological 
information are unavailable.

A simple method to consider when wood cells can integrate climate information 
without an intensive study of wood formation is to add a period for cell activity 
corresponding to the extent of the cell phases from the date of cell formation es
timated via the Gompertz equation. As early wood cells live from a few days to 
several weeks while the latewood cells are able to stay alive months after their for
mation, this considerable difference induces that the climate information recorded 
in wood cells has a different integration period depending on the longevity of the 
cells during the growing season (Helle & Schleser, 2004; Schollaen et al., 2014).
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1.6 A  com parative approach o f three stu d y  sites  

in E urope

The evaluation of the climate impact on trees at the European scale cannot be 
based only on trees at the boundary of their geographic distribution as it will 
provide a false representation of the stress intensity experimented by the trees 
at different locations. Therefore, studies covering multiple study sites in Europe 
may permit to identify a gradient of climate responses depending on the site 
properties. Despite the evidence of a co-variance between different tree species in 
response to climate, study sites where a dominant species is present would provide 
the advantage of a homogenous landscape where each tree is equally impacted by 
the weather conditions. To record intra-annual climate variation, the presence 
of a flux-tower close to the trees sampled for <513C analysis provides the most 
accurate on-site measurements at high temporal resolution. This current work 
has selected three study sites presenting dominant Scots pine at different locations 
in Europe and with the presence of flux-towers recording environmental changes 
for more than 10 years. The most southern site was the first to be sampled at 
Loobos (the Netherlands) in 2009, then Norunda (Sweden) in 2010 and finally the 
most northern site selected, Hyytiala (Finland) in 2011. These three sites present 
different climate influences characterised by variations in temperature, light and 
precipitation. The sites should still present similar types of response to climate as 
they are all in northern Europe with however, an increase in the response intensity 
to climate forcing where the conditions are the most limiting to growth.

1.7 O bjectives and principal investigations

The present study aims at setting a simple procedure to compare inter-annual and 
intra-annual £13C time series with environmental variables for non-specialist lab
oratories. Secondly, assessment of the addition of cell longevity to the integration 
period between £13C values and co-occurrent environmental factors is carried out. 
This study profits from the improvements in laser sampling and mass spectrom
etry techniques to produce relatively long <513C time series on Pinus sylvestris to 
assess how the climate signal could be extracted with simple statistical tools after 
applying <513C corrections due to atmospheric changes. The Gompertz curve is 
then used at the intra-annual resolution to time the cell formation process with 
the addition of cell longevity integrating environmental factors on a realistic time 
scale corresponding to the time when radial cells are alive and active.
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1.8 R esearch aim s

This thesis focuses on two research aims in the dendroclimatology field:

• to build a simple methodology from isotope extraction to climate correlation 
applicable to the European scale;

•  to improve the current knowledge on the complex relationship between the 
<513C and the climate factors partially driving its variation at both inter
annual and intra-annual resolution at different study sites.

1.9 T hesis structure

The thesis is organised as the following:

1.9.1 Chapter II: Literature review

An extensive bibliography on what has been achieved so far in tree-ring research 
with a particular focus on extracting intra-annual variability of £13C is presented 
in Chapter II. The theory and techniques to produce flux-tower measurements is 
also briefly described.

1.9.2 Chapter III: D ata acquisition and collection

All datasets used for this study are presented in Chapter III with sections for tree- 
ring data, flux-tower data, dendrological information and isotopic measurements. 
A brief discussion shows how the data quality will impact the final results of this 
study.

1.9.3 Chapter IV: Investigation of wood growth properties 
and their m odelling via the Gom pertz equation.

Chapter IV focuses on how the growing season is defined by the methodology 
developed in this study. Three alternative methods are discussed with consider
ation of the uncertainties over the determination of the onset, cessation of radial 
growth and the attribution of dates to each isotope value at the intra-annual reso
lution. The method providing the most accurate dates compared to dendrological 
measurements at the study sites is selected after discussion of criteria to charac
terise the performance of each method to predict growth. The impact of this final 
method on the intra-annual correlation with climate is also assessed here.
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1.9.4 Chapter V: Linear relationships between weather and 
isotope measurements at the inter-annual resolution

Inter-annual <513C variability between sites and the amplitude of the £13C signal 
are analysed in Chapter V. The common signal from the <513C measurements of 
three trees at each site is matched with weather variables over the growing season 
calculated in Chapter IV for the period 1997-2009. The temperature, light and 
precipitation influences 011 the £13C values are then evaluated by using simple 
linear regressions. The combined influence of the weather variables is assessed by 
a multiple linear regression model to inform how well the 513C values can record 
a climate signal on the selected time period at the inter-annual resolution.

1.9.5 Chapter VI: Linear relationships between weather 
and isotope measurements at the intra-annual reso
lution

The outputs from the methodology produced in Chapter IV provide the infor
mation necessary to model tree radial growth variation during the years studied 
(1997-2009) and permit to investigate the seasonal response of trees to climate 
forcing. Intra-annual £13C time series are then matched with weather variables at 
this finer resolution at the three study sites and these relationships are evaluated 
by means of simple linear regressions. As for Chapter V, a multiple regression lin
ear model is applied to evaluate the combined interaction of the weather variables 
on the intra-annual <513C values.

1.9.6 Chapter VII: Discussion

Chapter VII discusses the results and their significance through the spectrum of 
the literature review. A particular attention is carried on the meaning of the 
results concerning the interaction between intra-annual time series and climate. 
Other points of discussion are the importance of physiological effects such as car
bon pool limitation in the <V3C signal, assessment of the methodology to reproduce 
the wood growth dynamics, the validity of the model using flux-tower data to pre
dict isotope values, the implications and further investigations that need to be 
carried to improve the use of <V3C as climate archives at the intra-annual resolu
tion.

A flow chart of the work carried out during the thesis is presented in Figure 
1 . 1 .
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Chapter II: Literature review

2.1 In troduction

The purpose of this literature review is to present the previous work that has 
been carried out in tree-ring research to predict climate with a particular focus 
011 isotope studies in dendroclimatology. The first section will briefly present the 
recent reasons for climate studies to be carried out. The use of tree-rings as climate 
archives will be then described from the first studies using tree-ring width to the 
more recent isotope theory and their applications. Finally, the flux-tower theory 
and its development will be briefly presented to explain how climate information 
is being recorded at the study sites.

2.2 T he recent anthropogen ic clim ate change and  

th e need for understanding carbon and cli

m ate in teractions

The past millennium has experienced various climatic events from cold to warmer 
periods (Williams & Wigley, 1983). However for the last century, Humanity by 
its industrial activities at an unprecedented scale has interfered with the global 
climate system. With the industrial revolution start dated at year AD 1850, the 
impact of human activities in climate records is clearly identifiable (Oldfield h  
Alverson, 2003). By releasing greenhouse gases such as carbon dioxide that can 
trap infrared radiation in the atmosphere and transforming landscapes, the indus
trial age is characterized by the increase of the globally averaged temperature and 
contributed to the greenhouse effect.

If we consider only the period between AD 1956 and 2005, mean global tempera
ture rose by 0.13 ±  0.30°C per decade. This is nearly twice the rate of increase than 
when including the 50 previous years to the record (AD 1906 to 2005) (Pachauri 
& Reisinger, 2007). The warmest period of the millennium is considered to be the

10



20th century (Jones et al, 2001; Bradley et al., 2003) due to the anthropogenic 
impact (Mann et al., 2003).

The increasing volume of scientific literature and growing public opinion made 
clear human induced climate is a complex issue needing the involvement of govern
ments and experts to better understand climate processes (Pachauri & Reisinger, 
2007). In this context, current uncertainties relating to human activities impact
ing environmental processes and the possible consequences on the climate system 
represent important scientific challenges to be addressed in the coming decades.

2.3 Tree-ring research

2.3.1 Structure of the tree-ring

The tree-ring width of a single year of growth for tree species in Europe can 
be visually appreciated as each annual ring is formed by the succession of two 
constituents: earlywood and latewood. Early wood can be described as soft and 
light coloured. Tree cells are formed rapidly during the early period of the growing 
season and are large and thin walled, they can allow great quantity of water to 
flow from roots to leaves but are poorly protected against desiccation. However, 
latewood cells growing during the summer during the year are dense and darker 
coloured due to a denser concentration of cells which are smaller and thick walled 
to resist water shortages (Domec & Gartner, 2002). Another feature varying in 
these two wood components is the shorter longevity of the earlywood cells that 
live from a few days to several weeks while the latewood cells are able to stay alive 
months after their formation. This considerable difference induces that the climate 
information recorded into wood cells has a different integration period depending 
on the longevity of the cells during the growing season (Helle & Schleser, 2004).

2.3.2 Climatic and non-clim atic influences

As the tree-ring width varies from a year to another, investigation of the dominant 
drivers of this variation has been carried out. In cold and wet conditions such as 
in the northern latitudes, trees were found to be limited by temperature (Briffa 
et al., 1988) and day length (Rossi et al, 2006b). Whereas in warmer and drier 
conditions, the limitation seems to be primarily coming from precipitation (Hughes 
& Funkhouser, 1998). Despite intra-site variation, width sequences in the tree- 
rings indicating climate influence at a same site are conserved. Although, this 
variation is also the consequence of other influences than climate. Therefore, the
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determination of individual tree growth and tree-rings presents a non-climatic 
component in ring width time series. To access only climatic information when 
considering using tree-ring width data, it is then necessary to remove the unwanted 
variability from these series. Equation 2.1 shows all components contained in tree- 
ring width series (Rt) (Cook & Kairiukstis, 1990).

Rt =  At +  Ct +  SDlt +  SD2t +  Et (2-1)

Where Rt is the tree-ring width series, A t is the age trend, Ct is the climate signal, 
6D lt is the endogenous disturbances, SD2t is the stand wide disturbance and E t is 
the unexplained variability. By increasing the number of trees investigated by site, 
the noise coming from endogenous disturbances (5D lt) and unexplained variability 
(E t) can be reduced. It is then possible to average these series and produce a 
mean value function that is representative of the tree signal at a site (Frank et a/., 
2006). By selecting trees without evident signs of injuries due to fire or pathogenic 
attacks, the stand wide disturbance (8D2t) can be considered as null. Finally, the 
most constraining element in the above equation is the removal of age trend (A t) 
from the individual ring width series. However when using isotopes extraction 
techniques from the tree-rings, this correction seems unnecessary beyond the initial 
juvenile effect of approximately 50 years (Gagen et al., 2007; Young et al., 2010; 
Esper et al., 2002). The climate signal (Ct) should then be the main explanatory 
factor in tree-ring width series (Rt).

2.3.3 W ood com position

Wood composition includes primarily carbon, oxygen and hydrogen (Griffiths,
1998). These three elements are common in living tissues. For trees, carbon 
atoms originate from the atmospheric CO2 whilst oxygen and hydrogen originate 
from the soil water. The collection of these atoms and transformation to living 
tissue is made in the tree itself by different biochemical pathways explained in the 
next sections.
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2.4 S tab le iso top es

2.4.1 Introduction

The main atomic elements present in organic m atter of trees exist naturally in 
different forms that are called isotopes. Isotopes from an element differ in the 
number of neutrons composing the atom of this same element. Carbon has two 
stable isotopes, 12C and 1 3C, twelve and thirteen representing the mass number of 
the carbon atom. It also possesses one naturally occurring unstable isotope, 1 4 C, 
being a radioactive form with a half life of 5,730±40 years. The relative natural 
abundance of the 12C and 13C are 98.93% and 1.07% respectively (De Laeter et al.,
2000). As plants, and therefore trees, do not assimilate these elements passively, 
the relative abundance of the 12C and 13 C in plant organs differs from the natural 
atmospheric abundance.

Covariance between temperature and carbon stable isotope ratio in wood ma
terial was first observed by Urey (1947) which initiated the potential to use this 
relationship in climate reconstruction. Carbon fixation in plants metabolism has 
been now intensively studied for over 30 years and permits a deep understanding of 
the relationship between plants and carbon isotopes (Farquhar et al., 1982, 1989).

2.4.2 Stable isotope ratio

To measure the difference in isotope ratio, scientists set an international standard 
value named the Vienna Pee Dee Belemnite (VPDB) (Gonfiantini, 1984; Coplen, 
1995, 2006). The measurement of the ratio 1 3 C /12C can be made by using an 
isotope ratio mass spectrometer. To express this ratio the notation delta (S) is 
used with values being dimensionless. To calculate the sample value relative to 
the standard, Equation 2.2 is used:

Where 5sampie is the isotope fractionation of the analysed sample for a specific 
atomic element, R sampie is the ratio between two isotopes of the element in the 
sample and R standard is the equivalent ratio in the standard sample.

2.4.3 Carbon uptake by trees

To explain the meaning of the sample value, it is necessary to understand how 
the <P3C varies in plants and what the metabolic processes involved are. Three

standard
(2 .2)
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photosynthetic pathways exist depending on plant species. They are described as 
C3 , C4 or CAM options and constitute the largest factor affecting carbon isotopic 
composition (O’Leary, 1981). However, the C3 pathway is the most widespread 
for trees (95%) and therefore most of dendroclimatology studies focused on trees 
with this photosynthetic mechanism.

Troughton & Card (1975) reported a mean <513C value for C3 plants of -28.1 ±  2.5 
%c. As the <i13C ratio for the atmosphere is currently close to - 8  %o , we can assume 
organic m atter will always be more depleted in 13 C compared to air (McCarroll & 
Loader, 2004). C3 plants incorporate CO2 from the atmosphere by carboxylation 
of ribulose bisphosphate (O’Leary, 1981). Both enzymatic and physical processes 
contribute to discriminate against the heavier stable isotope (1 3C) in favour of the 
lighter one (1 2C) (Farquhar et al., 1982).

The variations around the mean S13C value are due to differences at the stages 
of diffusion, dissolution and carboxylation in the Calvin cycle used by C3 plants 
(O’Leary, 1981). This biochemical cycle permits the production of organic com
pounds by the fixation of carbon coming from atmospheric CO2 to form a first pho
tosynthetic product, the 3-phosphoglycerate (Roeske & O’Leary, 1984; Mauseth,
2003).

The key enzyme in this cycle is called RubisCO (Ribulose-1,5-bisphosphate car
boxylase). Despite being light independent, this cycle requires the use of energy 
carriers ATP and NAD PH which are produced by photophosphorylation in the 
thylakoid membrane of the chloroplast during the light dependent reactions of 
photosynthesis (Noctor & Foyer, 1998).

2.4.4 Carbon isotope theory

As the CO2 enters the photosynthetic reaction by diffusion, it gets through small 
openings situated underneath plant leaves called stomata. By this mean, gases 
and water vapour are exchanged with the environment. These pores can mod
ulate the flow of gases by controlling their aperture according to the metabolic 
needs of the plant. There is a first isotope fractionation of 4.4 %o occurring due 
to the microscopic size of the stomatal aperture (Hesterberg & Siegenthaler, 1991).

The first reaction, the carbon fixation, is catalysed by the RubisCO by incor
porating a molecule of CO2 in a C5 compound called ribulose-1,5-bisphosphate to 
form two C3 molecules of 3-phosphoglycerate as shown in Equation 2.3 (Rice &
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Tenore, 1981).

C 0 2 +  R u B P  - > 2 , 3 -  PG A  (2.3)

Where RuBP is the ribulose-1,5-bisphosphate and 2,3-PGA are the two C3 molecules 
of 3-phosphoglycerate. This reaction is followed by the carbon reduction which is a 
two-step reaction where the 3-phosphoglycerate is transformed into 1,3-disphosphoglycerate 
by an enzyme called phosphoglycerokinase (PGK) and by the use of ATP energy 
carriers. Then these molecules are transformed into glyceraldehyde-3-phosphate 
by the glyceraldehyde phosphodeshydrogenase (GAPDH) and the use of NADPH 
energy carriers. Finally, the last reaction is the regeneration of the ribulose. This 
reaction occurs also in different steps, the main ones being the re-utilisation of 
the glyceraldehyde-3-phosphate to form a ribulose-5-phosphate and then finally a 
ribulose-1,5-bisphosphate which can be used again for the carbon fixation reaction.

Not all glyceraldehyde-3-phosphate molecules are re-used in the process and are 
used by the plant to produce organic material. This reaction sequence discrimi
nates against the heavier isotope of carbon and can modify the <P3C in plants up 
to about 27 %o (Vogel, 1980). The relationship between the atmospheric £13C and 
the organic £13C has been compiled by (Francey & Farquhar, 1982) in Equation 
2.4:

813CP = 513Ca -  x -  (y -  x)ci/ca (2.4)

Where 813CP is the organic <51 3 C, S13Ca is the atmospheric £1 3C, x is the discrimi
nation against 1 3C0 2  during diffusion through the stomata (^  4.4%o), y is the net 
discrimination due to carboxylation (^  27%o) and c* and ca are intercellular and 
ambient CO2 concentrations.

Therefore, the speed of the reaction sequence is controlled by two phenomena: 
the degree of conductance of carbon via diffusion through the stomata and the 
rate of photosynthesis by the enzymes during the Calvin cycle. This is affecting 
the ratio of CO2 concentration and isotope composition between the atmosphere 
and the stomatal chamber, often expressed as the ratio Ci/ca (Farquhar et al.,
1989).

Water being the essential substrate for life and therefore a limiting factor for 
plant growth, the water loss during photosynthesis must be kept to a minimum 
while holding the highest carbon gain (Cowan, 1982). At a daily scale, stomata 
open and close in response to environmental conditions such as the light intensity, 
soil water content (SWC), the vapour pressure deficit (VPD), carbon dioxide and
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ozone concentration in the atmosphere. This mechanism is controlled by the os
motic pressure in the guard cells surrounding the stomata. When the conditions 
inducing high water losses are present, the gas exchange is reduced via stomatal 
control. During the stomatal closure, the discrimination of 1 3 C 0 2  reduces as the 
lighter 1 2C0 2  molecules becomes depleted in the stomatal chamber. The stomatal 
conductance to environmental variations has been described by Jarvis et al. (1976) 
in Equation 2.5:

9s = f(Q o )f(V P D )f(T a)f(TPL) (2.5)

where gs is the stomatal conductance, Q0 is the photosynthetic photon flux den
sity, Ta is the air temperature and is the leaf water potential.

Photosynthetic enzymes are dependent on temperature, therefore the photosyn
thetic rate is directly influenced by temperature with slower biochemical reactions 
when the temperature is lower than optimal (Kramer & Kozlowski, 1960). This 
relationship may be a significant limiting factor in leaf photosynthesis, even when 
the light dependent process of photosynthesis is at its maximum rate (Treharne 
& Cooper, 1969). However, when the light becomes the limiting factor it is the 
amount of RubisCO and its regeneration rate that may lower the photosynthesis 
rate (Scheidegger et al., 2000). Therefore, stomatal conductance and photosyn
thetic rate being both involved in the carbon discrimination, it is the balance 
between the two processes that should be considered to understand the carbon 
ratio in plant photosynthesis (Farquhar et al., 1982, 1989).

Environmental factors have been studied to estimate their influences on these pro
cesses as well as tree physiology (Stuiver & Braziunas, 1987). Early studies under 
controlled conditions have shown temperature and light intensity to correlate with 
the <513C (Smith et al., 1976) by modulating the stomatal conductance and the 
different stages of the carbon fixation. As many sites have been investigated, 
it seems the limiting environmental factors hold the majority of the explained 
variation in J 1 3 C. For wet and cold sites at northern latitude, the environmental 
controls seem to be sunshine (McCarroll et al., 2003; Leavitt & Long, 1991; Young 
et al., 2010) and temperature (Wilson & Grinsted, 1977). Although on dry and 
warmer sites, it seems relative humidity (Saurer &; Siegenthaler, 1989) and vapour 
pressure deficit (Ogle & McCormac, 1994) are explaining the J 1 3 C. However, all 
these climatic variables are highly correlated (Walcroft et a/., 1997) which can 
lead to inaccurate results when considering only one climatic parameter as driver 
of the £13C variation.
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The overall range for <513C values in leaves and wood typically ranges from -2 0 %o to 
-30%o (McCarroll & Loader, 2004). However, within this range, leaves are usually 
more depleted in 13 C than the wood and therefore present a higher value for £13C 
by 2 to 3 %o (Feng, 1998). Additionally, the £13C of wood may be affected by the 
use of reserves and respiration. Woody tissue respiration is a major component 
of the carbon balance of temperate forests. If the CO2 from the stem respiration 
has the same <513C values as the organic m atter from which it was lost, this loss 
of carbon would not have an impact on the isotope content of the stem (Damesin 
& Lelarge, 2003).

2.4.5 Investigation of the relationship with environmental 
variables

Stomatal control over the photosynthesis process is partially dependent on the 
environmental conditions (Brodribb & McAdam, 2011). Therefore, considerable 
research has been carried out to establish the link between the £13C in leaves and 
environmental information. Multiple studies have shown a significant effect of 
relative humidity, temperature, light, and the atmospheric concentration of CO2 

on the <S13C composition of plant tissues (Ehleringer et al., 1986; Ehleringer Sz 
Cooper, 1988; Farquhar et a l , 1989; Toft et al., 1989; Zimmerman & Ehleringer, 
1990; Korner et al., 1991; Van de Water et al., 2002; Feng & Epstein, 1995a; Kelly 
& Woodward, 1995; Arens et al., 2009; Bowling et al., 2002; Yin et al., 2005, 
2009; Aranda et al., 2007; Cernusak et al., 2009; Treydte et al., 2009; Kranabetter 
et al, 2010). However, as mentioned above, due to fractionation processes after 
the assimilation of CO2 in the leaves, the 6 13C variation in the tree-rings differs 
significantly from the <V3C in leaves. Thus, research has also been carried out 
to observe if the environmental signal was transmitted into the annually formed 
tree-ring £13C composition (Craig, 1954).

The range of environmental variables tested covers meteorological data such as 
temperature, precipitation, relative humidity and irradiance (Wilson & Grinsted, 
1978; Mazany et al, 1980; Stuiver & Braziunas, 1987; Leavitt & Long, 1991; Lipp 
et al, 1991; Leavitt & Newberry, 1992; Yakir et al, 1994; Kitagawa & Matsumoto, 
1995; Panek & Waring, 1995; Schleser, 1995; Lipp et al, 1996; Liu et al, 1996; 
Switsur et al, 1996; Panek & Waring, 1997; Robertson et al, 1997b,a; Zimmer- 
mann et al, 1997; Hemming et al, 1998; Edwards et al, 2000; Barbour et al, 2002; 
Gefiler et al, 2001) but also soil water content (Dupouey et al, 1993; Walcroft 
et al, 1997; Panek & Goldstein, 2001; Leavitt, 2002; Hogberg et al, 1995), water 
use efficiency (Bert et al, 1997; Walcroft et al, 1997; Duquesnay et al, 1998;
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Tang et al., 1999; Matzner et al., 2001; Ponton et al., 2001; Livingston et al.,
1999), cloud cover and fog (Young et al, 2010; Roden et al, 2009), pollution 
(Peng et al, 1983; Martin & Sutherland, 1990), latitude and altitude (Stuiver & 
Braziunas, 1987; Kitagawa & Matsumoto, 1995). Results from these studies show 
no consensus over the main drivers of £13C variation in trees and over the intensity 
of the relationship with £13C in tree-rings. Gagen et al. (2008) states that no sin
gle environmental variable can explain the entire <513C signal in tree-rings which 
points out why different results are obtained in the above studies. Therefore, the 
reconstruction of a single environmental signal using only the <513C composition is 
likely to be insufficient and could be enhanced by using a second environmental 
tracer (Gagen et al., 2007).

2.4.6 Extraction of intra-annual isotope variability

The recent improvement of methods to sample subsection of tree-rings by hand- 
slicing (Leavitt & Long, 1991; Leavitt, 2002, 2007; Kagawa et al., 2003; Jahren & 
Sternberg, 2008; Roden et al., 2009), microtome sectioning (Barbour et al., 2002; 
Helle Sz Schleser, 2004; Nakatsuka et al., 2004), and laser ablation (Schulze et al., 
2004; Vaganov et al., 2009; Battipaglia et al., 2010) provided the means to anal
yse intra-annual wood samples from 10 to 240 microns and can reach up to 300 
samples in a single tree-ring (Schubert & Jahren, 2011).

One concern when extracting isotope values at the intra-annual level is that the iso
topic signature is the combination of climatic and non-climatic influences. Many 
studies found significant differences in isotope time series when separating ear
lywood and latewood for climate signal detection purposes (Wilson Sz Grinsted, 
1978; Fraser et al., 1978; Leavitt Sz Long, 1991, 1982, 1986; Lipp et al., 1991; Leav
itt Sz Newberry, 1992; Ogle Sz McCormac, 1994; Switsur et al., 1995; Livingston 
Sz Spittlehouse, 1996; Sheu et al., 1996; Pate Sz Arthur, 1998; Schleser et al., 1999; 
Leavitt, 2002). One of the physiological reasons to keep only the latewood when 
testing the relationship with environmental factors is that the isotopic signal in 
earlywood can be altered by the remobilisation of previous years reserves (Hill 
et al., 1995; Jordan Sz Mariotti, 1997; Jaggi et al., 2002; Rebetez et al., 2003; 
Saurer et al., 2000). However, these results are not always verified as remobilised 
carbon has been traced to be used mainly for new roots (85 %) (Teng et al., 1999) 
or to present no effect on the relationship with climate (Kress et al., 2009; Eilmann 
et al., 2010). Finally, Klein et al. (2005) shows encouraging results at the intra
annual resolution with <P3C time series from Aleppo pines presenting significant 
correlation with photosynthetically active radiation, vapour pressure deficit, air
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temperature, and soil water content.

A second concern to high-resolution isotopic analysis is that the quantity of wood 
material per sample is very small and can be at the limit of confidence from the 
mass spectrometry equipment. It was then necessary to assess the use of whole- 
wood instead of cellulose analysis to maximise the quantity of material for each 
sample (Schulze et a/., 2004). One early study from Wilson h  Grinsted (1977) 
found a common variation in cellulose and lignin in Pinus radiata analysed over 
two consecutive years with an offset of approximately 3%o. It was then demon
strated that this offset was consistent between wholewood and cellulose and there
fore showing similar inter-annual and intra-annual patterns (Leavitt & Long, 1991; 
Verheyden et al., 2005; Pons & Helle, 2011; Borella et al., 1998; Schleser et al., 
1999; Leavitt h  Long, 1986; Schleser, 1990; Livingston & Spittlehouse, 1996). 
Similar results were found between cellulose and lignin (Wilson & Grinsted, 1977; 
Robertson et al., 2004; Loader et a/., 2003) and between bulk wood and cellulose 
(Barbour et al., 2001; Verheyden et al., 2005; Harlow et al., 2006). Moreover, the 
use of wholewood to extract carbon isotope ratio seems to retain the strongest cli
mate signal which validates its use for dendroclimatology purposes (Borella et al., 
1998; Loader et al., 2003).

At high intra-annual resolution, the main interrogation is to quantify the influence 
of ambient environmental conditions or seasonal events on the isotope time series 
(Roden et al., 2009). For this purpose, Kress et al. (2009) found unnecessary to 
separate earlywood from latewood. However, some studies still found a possible in
fluence of storage processes on <P3C time series (Skomarkova et al., 2006; Vaganov 
et al., 2009). Helle & Schleser (2004) presented the £13C variation as a tri-phase 
pattern characterised by the switch between the storage dependent growth to the 
current year use of photosynthates. Other studies have shown that a different set 
of environmental variables to influence the <513C variation can be found depending 
on the study sites selected. McCarroll & Pawellek (2001) found summer sunshine, 
temperature and antecedent precipitation to be the main drivers in three study 
sites while the fourth site was more influenced by antecedent precipitation and rel
ative humidity. Vaganov et al. (2009) found the <P3C time series to correlate with 
vapour pressure deficit and net radiation but not temperature and precipitation. 
However, the variation of control factors between study sites seem not always to 
be detectable when investigated in a close geographic range (Brendel et al., 2002). 
When considering a large range of climatic influences and environmental proper
ties, Schubert & Jahren (2011) found that a relationship with atmospheric CO2 

and precipitation variation between the dormant and active season could provide
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a first modelling tool for a global approach at the seasonal resolution. Finally, an 
interesting hypothesis developed in Drew et al. (2009) present the possibility of 
an increase of <513C when the water stress is relieved and not necessarily during 
the peak of water stress. This would suggest that trees store intra-annually car
bon reserves when the water stress does not permit wood formation and use these 
reserves when the new water supplies are available later during the same growing 
season.

2.5 M ass sp ectrom etry  on-line m eth od s

A major improvement in analysing high-resolution isotope time series lies in the 
development of on-line methods for mass spectrometry. On-line mass spectrom
etry also described as the continuous flow IRMS method has been developed by 
interfacing an elemental analyser with a mass spectrometer (Matthews h  Hayes, 
1978; Preston & Owens, 1983, 1985). This evolution in carbon isotope analysis 
enables the sample to be prepared, purified and transferred to the mass spectrom
eter all in one manipulation by the use of a continuous flow of gas carrying the 
sample through the procedure. This automation allows a large number of samples 
to be analysed with time and cost efficiencies. However, precautions have to be 
observed concerning this specific method to obtain reliable results (McCarroll & 
Loader, 2004). The run of samples for many hours can co-occur with variations in 
the flow of carrier gas and in the combustion efficiency that can lead to a drift in 
the isotopic measurements. By regularly running standard cellulose samples be
tween a number of real samples, this possible trend can be corrected afterwards, 
when all samples have been analysed. Another precaution to take is to keep a 
relatively low variation in the sample size during a same run such that the re
lation between the reference gas pressure and the sample gas remains constant. 
Especially with small samples, a large weight variation can lead to inaccurate re
sults. It would be then necessary to run test samples of different weights to match 
the range of analysed samples and possibly correct any effect of the sample size 
variation. When correctly identifying and correcting these possible effects in the 
isotope time series, the precision of this method is comparable to offline methods 
(~  0.1 %o) (McCarroll & Loader, 2004).

Concerning carbon isotopes, the analysis can be carried out on wholewood or 
cellulose and transformed into CO2 for isotopic measurement. The preparation 
of the samples to be analysed consists in placing each sample in a tin capsule, 
to compress it, making it hermetic and removing trapped atmosphere to permit 
the sample measurement. When heated to 1000 °C with the contribution of ex-
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ogenous helium gas, the combustion of the tin capsule will release sufficient heat 
to ensure the full combustion of the sample. To remove water traces in the com
bustion products, chemical traps can be used such that the final gas produced is 
only composed of CO2 and N2 that can be segregated by the occurrence of two 
different peaks through the gas chromatography procedure. Finally, the resulting 
gas is sent to the mass spectrometer for isotopic analysis of the C 0 2. For samples 
weighted in a range of 1 0 0  to 2 0 0  fig of carbon, the full procedure takes approx
imately 8  minutes per sample and provides an analytical precision of 0.1 %o. It 
is expected that smaller samples will slightly reduce this precision (McCarroll k  
Loader, 2004).

2.6 Isotope tim e series p ost-treatm en t

When using carbon isotope time series for climate reconstruction purposes, three 
non-climatic effects are to be considered before correlating isotope values to cli
matic data:

• the effect of the variation of atmospheric <513C during post industrial times 
on the final isotopic composition of tree material;

• the effect of tree age or ’juvenile effect’ characterised by a depletion of ap
proximately 1 %oin the carbon isotope time series during the juvenile tree 
growth with a progressive enrichment for about 50 years (Gagen et al., 2008; 
McCarroll k  Loader, 2004);

• the intra-annual variation in the air <513C due to the ecosystem functioning 
during the growing season which can potentially affect the organic <513C 
variation Hemming et al. (2005).

2.6.1 Atm ospheric £13C trend

The industrial age is characterised by the release of carbon dioxide into the atmo
sphere by the combustion of fossil fuels. In addition to increasing the concentration 
of carbon in the atmosphere, the <513C signature in fossil fuels is lower than the 
natural C 0 2 from the pre-industrial age £13C (Freyer k  Belacy, 1983). There
fore, carbon isotope chronologies show an increasingly declining trend related to 
this artificial C 0 2 addition by about 1.5 %o since industrialisation (Epstein et al, 
1990; Leavitt k  Lara, 1994; Kitagawa k  Matsumoto, 1995; Raffalli-Delerce et al., 
2004; Feng k  Epstein, 1995a,b; February k  Stock, 1999; Treydte et al., 2001). To 
remove this atmospheric trend in <$13C time series, Saurer et al. (1997) proposed
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a simple solution using straight segments of correction values for different time 
spans. This method does not change pre-industrial values and can be amended 
segment by segment rather than changing the overall method if a particular time 
period diverges significantly from the proposed correction values. Francey et al. 
(1999) used only two segments from 1850 to 1961 and 1962 to 1980 with differ
ent declining trends based on records from Antarctic ice cores. Correction values 
to add during the more recent period (1981 to 2003) can be extrapolated with 
confidence as proposed in McCarroll Sz Loader (2004).

2.6.2 Effect of tree age

When building <513C time series, previous studies have observed a marked period 
during the early stages of growth where the carbon isotope values yield lower 
values than in the mature stage (Gagen et al., 2008; Duquesnay et al., 1998). 
Trees from different sites seem to display a comparable pattern which can last 
from 20 to 50 years of growth. Gagen et al. (2008) has detected a rate of change 
from 0.002 to 0.053 %o per year during the juvenile stage. The maximum rate 
has been recorded by Li et al. (2005) with a value of 4 %o in Chinese pine trees. 
Four interpretations have been proposed to explain this juvenile effect: 1) the 
recycling of respired air by young trees closer to the forest floor from the canopy 
(Schleser Sz Jayasekera, 1985). However, for study sites at altitude or in tropical 
dense forests, this hypothesis does not provide an explanation for the variation in 
£13C in the juvenile stage (van der Merwe & Medina, 1991). 2) Cernusak et al. 
(2 0 0 1 ) suggests that the contribution of the bark to photosynthesis declines with 
its hardening in the mature stage. 3) Donovan & Ehleringer (1992) suggest that 
the intercellular CO2 concentration varies differently in response to environmental 
changes during the lifetime of a plant. This effect could account for a variation 
of 3 %o when studying a tall shrub species from seedling to large adult. 4) the 
last hypothesis is linked to the observations that the increase of tree height with 
age induces changes in the hydraulic conductivity of trees (Ryan Sz Yoder, 1997; 
McDowell et al., 2 0 0 2 ). Due to these juvenile effects, a simple solution is to use 
only tree-rings formed during the mature stage of trees and avoid using the first 
50 years of growth when it is possible (Gagen et al., 2008; McCarroll Sz Loader,
2004).

2.6.3 Seasonal variation

During the photosynthesis activity, trees deplete isotopically the atmosphere in 
CO2 gas to be transformed in organic matter. As 12C is preferred to 13C during 
this process, the close surroundings of the forest can possibly get more depleted in
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12C than in 1 3 C. Therefore, if the air <513C is modified during the growing season, 
the J 13C in the trees can also be influenced by this variation in its CO2 supply. 
Another cause of variation in air <513C is that the respiration process releases 
CO2 from the trees to the atmosphere with a different <513C signature. The re
use of respired CO2 by the trees for photosynthesis would cause an enrichment in 
organic <513C that was prominent for angiosperms species but not for gymnosperms 
(Hemming et al., 2005). During 2001 and 2002, Hemming et al. (2005) investigated 
the seasonal variation of air <513C at 16 study sites mainly in Europe with a wide 
range of climatic influences, tree species and site characteristics. All these sites 
were equipped with flux-towers permitting eddy covariance measurements. During
2001, a global trend was detected for a seasonal variation in air J 13C showing an 
enrichment from 26 %o to 24.5 %o between July and September followed by a 
depletion to 30 %o in November. However, this pattern was not verified during
2002 .

2.7 In ter-tree variability

2.7.1 Characteristics of the variability between trees

Despite studying trees in a close range, previous studies observed a significant 
difference in growth and isotope values measured in trees that present similar 
characteristics (age, position in the canopy, competition). Reasons for such differ
ences between adjacent trees remain uncertain. However, McCarroll Sz Pawellek 
(1998) suggest that these differences remain stable over time causing an offset in 
isotope time series coming from different trees. For tree-ring width records, the 
difference between trees seem to be more variable from a year to another than 
for isotope time series. It is hence necessary to characterise inter-tree variability 
so a common response from trees can be extracted and assimilated to the mean 
response of trees to climate forcing (Leavitt Sz Long, 1984). An adequate method 
to fulfill this objective is to use statistical tools such as confidence intervals that 
define a range of values where the true mean is located. However, when an offset 
is present between time series, it is necessary to standardise the dataset to a com
mon mean level that will allow the characterisation of a representative standard 
deviation from the common signal (McCarroll Sz Loader, 2004).

Another consequence of using different trees to build a consistent common sig
nal is that the maximum number of isotope measurements in one tree-ring vary 
from a tree to another due to the inter-tree variation in tree-ring width. Therefore, 
when comparing long isotope time series from different trees, the ring boundaries
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will be non matching causing a time offset in the isotope signal. A simple solution 
to resolve this issue is to standardise the isotope series for each tree-ring between 
the different trees so that the same number of isotope observations is matched to 
contribute to the common signal calculation.

2.7.2 Expressed population signal (EPS)

Due to differences in inter-tree variation, the strength of the common signal needs 
to be assessed in a way that it is possible to see the contribution of additional 
time series to the quality of the signal. The expressed population signal is a 
statistic tool used to estimate the uncertainties in the mean of a set of correlated 
time series (Wigley et al., 1984). Therefore, this tool can help understanding the 
isotopic common signal at a study site. The equation of the EPS is as follows:

where n is the total number of tree series and r is the mean inter-tree correlation 
coefficient. Addition of trees increases dramatically the variation in the EPS val
ues up to a limit of ten trees where the benefit from adding new trees diminishes 
(Briffa & Jones, 1990). Despite the lack of minimum EPS threshold of acceptabil
ity, values superior or equal to 0.85 have been suggested as reasonable for a high 
common signal (Wigley et al., 1984). The EPS is usually applied at the annual 
resolution, but can be tested for intra-annual time series. However, intra-annual 
analyses are quite new in dendroclimatology and the EPS values are to be inter
preted with caution as intra-annual S13C time series from different trees can show 
high auto-correlation patterns that will increase greatly the EPS score. Moreover, 
the EPS calculation is usually applied to annual £13C time series on periods from 
a few hundreds of years to a thousand which is considerably greater than the time 
series developed in this study. When the EPS shows a good common signal at a 
study site, the averaged time series from the different trees can be considered to 
represent a significant common climatic signal at the study site.

2.8 Im pact o f  tree  species physio logy in isotop ic  

stud ies

The choice of which tree species to study influences greatly the isotope time se
ries mean level and variability due to the physiological differences in tree species. 
As many species have been studied for isotopic analysis (McCarroll & Loader, 
2004; Ramesh et al., 1986; Hemming et al., 1995), there is a solid literature for

(2 .6 )
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new isotope time series to be analysed in respect of previously published datasets. 
Conifers have shown to hold higher carbon isotope values than angiosperms (Stu- 
iver Sz Braziunas, 1987; Leavitt Sz Newberry, 1992; Leavitt, 2002). This obser
vation can be explained by the difference in the water transport system of the 
ring-porous broadleaved angiosperms that permits greater amounts of water to 
flow from the roots to the leaves but also a greater sensitivity to dessication. 
Therefore, as the hydraulic conductivity affects stomatal conductance, the isotope 
ratio in the leaves will be also affected. Other differences such as leaf morphol
ogy (Barbour et al., 2002), rooting system (Warren et al, 2001) and position in 
the canopy (Livingston et al, 1998) have been suggested to also modify photo
synthetic processes and hence isotope ratio. However, the isotope signal coming 
from different trees from the same species seems to be at least as variable as in
ter species variation (Leavitt Sz Long, 1984; Leavitt Sz Lara, 1994; McCarroll Sz 
Pawellek, 1998; Brendel et al., 2002). Moreover, different species when their iso
tope time series are standardised, can show high similarities in terms of climatic 
signal (Warren et al., 2001; Gagen et al., 2004) despite holding large differences 
in ring width chronologies.

2.9 F lux-tow er background

2.9.1 W hy flux-tower measurements /  data coverage

flux-towers are usually identifiable as metal scaffolding towers where mounted 
instruments are measuring the gas exchanges between the land surface and the 
atmosphere. The number of instruments and height of the towers can vary depend
ing on the research interests and the type of vegetation cover. The potential of this 
technique stands in its precision to measure exchanges between the atmosphere 
and the vegetation such as fluxes of carbon, water and heat while recording mete
orological information to a high temporal resolution (20 to 1 Hz). Therefore, it is 
possible to access the dynamic variations of the ecosystem gas exchanges recorded 
continuously during all year with good confidence (Baldocchi et al., 2001). This 
technique can permit the measurement of fluxes from a relatively small surface area 
(100 metres to 2 kilometres). This feature can be an advantage when studying the 
direct impact of climate at the tree level. Nowadays scientific investigations are 
conducted in forests, bogs, urban areas and agricultural areas all over the world 
on more than 500 flux-towers (Luyssaert et al., 2009).
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2.9.2 Flux measurements /  eddy covariance m ethod

Fluxes are defined as the measurements of an inert substance moving through a 
unit area per unit of time (Equation 2.7).

F = pa.Z 7?  (2.7)

Where F is the fluctuation of the vertical velocity, pa is the density of dry air and 
uj's' is the fluctuation of the mixing ratio (c/a) with c the density of the gas of 
interest on a, the air density. Only vertical fluxes are considered and result from 
the covariance of vertical velocity and gas concentration while horizontal fluxes 
are considered to be negligible. Flux measurements are widely used to estimate 
heat, water and CO2 exchange in climatic studies or ecophysiological studies. 
Flux densities are generally considered to be positive for fluxes from the surface 
to the atmosphere (the atmosphere gain material or energy). High-frequency 
measurements are needed in order to quantify the turbulence. The flux-tower data 
are usually obtained by the eddy covariance method. As fluxes are considered to 
be horizontally constant in the surface layer, proceeding to measurements in this 
layer will give a good representativeness of the exchanges between the underlying 
surface (the vegetation) and the atmosphere. This surface layer varies in height 
depending on the atmospheric conditions. It can vary from approximately 10 m 
during a stable stratification while it can rise to 20 to 50 m when the stratification 
is unstable (Stull, 1988; Garratt, 1992; Foken, 2006). As the dominant transport 
mechanism in this layer is atmospheric turbulence, the application of the eddy 
covariance has been justified and is currently the most widespread method to 
derive turbulent fluxes (Rosenberg et al., 1983; Baldocchi et al., 1988; Verma 
et al, 1989). The general principle of the eddy covariance method is to obtain a 
covariance between the concentration of interest and the vertical wind speed of 
eddies (Burba Sz Anderson, 2007).
Sir Osborne Reynolds conceptualised the Reynolds averaging which is essential to 
provide a statistical representation of turbulent wind, its non-Gaussian attributes 
and turbulent fluxes (Reynolds, 1895). The motion of a turbulent fluid, like air, 
can be defined at any instant in time as being equal to the sum of its mean state 
(x) and is fluctuation from the mean (xf). Other important properties associated 
with Reynolds’ averaging rules include:

• the mean product of two fluctuating variables is a function of the product 
of the individual means plus a covariance, xy = xy  +  x'y'\

• the average of any fluctuating component is zero, x' =  0 ;

• the average of the sum of two components is additive, x  +  y =  x  +  y.
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However, these properties can only be used when many observations are done un
der identical conditions, also called ensemble averaging. As this condition cannot 
be satisfied with atmospheric measurements, the hypothesis stating tha t time av
eraging is equivalent to ensemble averaging can provide time averages instead of 
repetition averages (Kaimal & Finnigan, 1994). Therefore, the time frame for av
eraging has also to be statistically stationary. A definition of steadiness conditions 
is that none of the statistical parameters vary in time (Panofsky & Dutton, 1984). 
Drivers of this status can be:

• changes at a daily basis of climate variables such as temperature, sunshine 
and precipitation;

• meteorology changes at the mesoscale;

• changes in the areas influencing measurements;

• changes in the internal boundary layers (especially internal thermal bound
ary layers in the afternoon);

• presence of gravity waves.

The theoretical principles for computing scalar and momentum gradients and 
fluxes in the surface layer have been conceived during the 1940s by Monin and 
Obukhov. These principles were then successfully tested on different surface rough
nesses and thermal stratification and were determinant for later studies (Foken, 
2006). However, the major advances in the field only occurred later in the 1950s 
by the improvement of the instrumentation, especially in fast responding hot-wire 
anemometry and thermometry able to record data at high-resolution with a small 
time of response.

2.9.3 M icrometeorological and ecosystem  observations

Due to the advancement in available technology enabling continuous flux measure
ments, micrometeorologists have been able to measure carbon dioxide (CO2 ) and 
water vapour (H2 O) exchange between vegetation and the atmosphere since the 
late 1950s and early 1960s (Baldocchi et al., 2001). The earliest reported microm
eteorological measurements of CO2 exchange were conducted by Inoue (1958), 
Lemon (1960), Monteith & Szeicz (1960) and Denmead (1969). These studies 
employed the flux-gradient method over agricultural crops during the growing 
season. By the late 1960s and early 1970s, a few scientists started applying the 
flux-gradient method over natural landscapes. Several flux-gradient studies of CO2 

exchange were conducted over forests (Denmead, 1969; Baumgartner, 1969; Jarvis
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et al., 1976).

Routine application of the eddy covariance method was not possible until the 
1980s, when technological advances in sonic anemometry, infrared spectrometry, 
and digital computers were made. Initial studies were conducted over crops (An
derson et al., 1984; Desjardins et al., 1984; Ohtaki, 1984), forests (Verma et al., 
1986), and native grasslands (Verma et al., 1989) for short intense periods during 
the peak of the growing season. By the late 1980s and early 1990s, the further 
technological developments, such as larger data storage capacity and linear and 
nondrifting instruments, enabled scientists to make high standard measurements 
of eddy fluxes for extended periods (Baldocchi et al., 2001). For over 40 years 
micrometeorologists focused their efforts on the development of theory, instrumen
tation and methods to measure trace gas, energy and momentum fluxes between 
the land surface and the atmosphere.

2.9.4 Derivation of the net ecosystem  exchange (N EE), 
gross ecosystem  production (GEP) and ecosystem  
respiration (Re)

Measurements from eddy covariance only record the net exchange of m atter or 
energy between the atmosphere and the vegetation. It is essential to understand 
that these observations result from two fluxes of opposite direction: vegetation to 
atmosphere and its opposite, atmosphere to vegetation. In the case of the carbon 
exchange, the eddy covariance measurements record the net ecosystem exchange 
of CO2 (NEE) which can be decomposed into CO2 uptake by the vegetation from 
the atmosphere (gross ecosystem productivity - GEP) and ecosystem respiration 
(Reco) releasing CO2 from the ecosystem back to the atmosphere as shown in 
Equation 2.8.

N E E  = G E P  +  R eco (2.8)

where NEE is the net ecosystem exchange of CO2 , GEP the gross ecosystem 
productivity and Reco the ecosystem respiration. Although NEE gives good in
dication of carbon sequestration, it is necessary to estimate its two components 
to understand the underlying processes responsible of the carbon exchange at the 
ecosystem level. One of the properties of GEP is to be zero during night conditions 
for C3 and C4 plants (San Jose et al., 2007). Therefore, Reco is the only contrib
utor to NEE measurements during the night. Despite suboptimal conditions for 
the application of the eddy covariance theory due to often stable atmosphere with
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insufficient turbulence, it is possible to extrapolate Reco measured at night to day 
time Reco and thus model GEP from Equation 2.8.

Besides studying the carbon exchange, another indication of the processes in an 
ecosystem relies on measuring the water fluxes from the vegetation. The evapo- 
transpiration can be defined as the sum of transpiration by plants and the evapo
ration of the intercepted water on leaves and shoots and the ground surface. This 
relation is presented in Equation 2.9:

Etot Epiant T  ■ E 'm t  “ 1“  Ejsoil

where ~Etot is the evapotranspiration, Epiant is the transpiration by plants, Eint 
is the evaporation of the intercepted water on leaves and shoots and Esô  is the 
evaporation of the intercepted water on ground surface. Epiant is usually estimated 
by using sapflow instruments on a sample of vegetation and scaling it to the density 
of vegetation present in the flux measurements area around the flux-tower.

2.10 Specific choices for iso top e - flux-tow er stu d 

ies

2.10.1 Site selection

It is difficult to predict which study sites will hold the clearer climate signal. How
ever, it is known that the water status in trees influences the stomatal conductance 
and therefore the isotope ratio. Soil water content and relative humidity are the 
two environmental factors causing variations in the stomatal conductance that 
can be measured at a study site. It is expected that sites with a low precipitation 
input will hold higher isotope values than moist sites. The response to climate 
variation from trees under a stronger stress from the environment is expected to 
offer a clearer relationship with isotope ratio. However, sampling solely sites ex
perimenting important stress can lead to false interpretations of the impact of 
climate variation in less extreme conditions (McCarroll Sz Loader, 2004). There
fore, conducting an analysis on a range of stress regimes at different sites can give 
a more realistic representation of the relationship between isotope time series and 
climatic variation.

2.10.2 Tree selection for sampling

When selecting trees that will provide the material for isotope analysis, there
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are three considerations to take into account: 1 ) the trees have to be positioned 
upwind of the main wind direction in a 2 0 0  m range distance from the flux-tower 
so their contribution to the flux-tower data is significant (Vesala, 1998; Dolman 
et al., 2002; Lindroth et al., 1998; Kljun et al., 2004). 2) The selection should only 
concern living trees without any visible damage to obtain a comparable signal 
between trees showing no noise signal coming from an inferior performance due 
to a physiological diminution. 3) Finally, trees should all be in the same closed 
canopy situation rather than in open spaces that could affect the availability of 
light and modify <513C values (Gefiler et al., 2001).

2.11 D endrological inform ation availability

Wood formation onset and cessation are difficult to measure and different methods 
exist to estimate the growing period. The most wide spread method used is den- 
drometer records (Yoda et al., 2000; Pesonen et al., 2004). However they measure 
stem radius rather than wood formation which can introduce a bias when water 
movement occurs in trees (Makinen et al., 2003). The second method microcor
ing (Baucker et al., 1998) involves the extraction of a very limited wood sample 
(microcore) from the tree to identify cell formation through time between two 
microcores taken at two different times during the probable onset and cessation 
of radial growth. A last technique known as the pinning method was first used by 
Wolter (1968). This method consists in provoking a local wound in the cambium 
tissue by the insertion of a pin in living wood. Xylem formation after the time 
of wounding can be then detected when extracting the surrounding wood tissue. 
These methods have been tested against each other and do not predict the same 
dates for the onset and cessation of radial growth. In general, the microcoring 
technique seems to start recording growth around two weeks before the pinning 
method does when studying Scots pine and also seems to notify a later cessation 
than pinning. Finally dendrometer records differ from both microcoring and pin
ning techniques with the earliest detection of growth (Makinen et al., 2008). The 
causes of the differences between microcoring and pinning when these methods 
are used for Scots pine have not been identified. However, the difference from 
dendrometers may be explained by increasing temperature that can trigger tran
spiration from trees while the water loss cannot be replaced from soil water due to 
soil frost (Tardif et al., 2001). When soil frost is later released, the water uptake 
by trees will then causes an increase in tree radius unrelated to wood growth (Ko- 
zlowski & Winget, 1964; Downes et al., 1999; Herzog et al., 1995; Zweifel et al.,
2001). Due to the differences in the growth determination from these methods, 
a theoretical approach to estimate onset and cessation dates of radial growth is
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necessary to provide a consistent way to estimate the growth properties applicable 
during a period of time when dendrological data is possibly unavailable. One of 
the sites selected in this study (Hyytiala) possesses both dendrometers and micro
core measurements. These records will be presented and compared in Chapter III 
Section 3.7. One application has been developed by Rossi et al (2003) to calculate 
the tree cells number increase in wood and to estimate both the rates of growth 
and periods when the cells are maturing at a daily resolution during the growing 
season. This method is based solely on the Gompertz equation which facilitates its 
use for dendrological studies and its precision can be tested against dendrological 
records.

The Gompertz curve can be performed on intra-annual cell counts without distin
guishing the different tracheid development phases (Camarero et al., 1998) which 
is an advantage when predicting wood growth with limited dendrological informa
tion. However, the timing of each stage of wood formation for individual cells is 
poorly represented with this method Dufour & Morin (2007). A better approach 
would be to calculate the time spent in each phase by all the cells which demands 
a more precise knowledge in wood development than the evaluation of the gen
eral tendency for cell development via the Gompertz approach. A comparison 
between Gompertz modelling and dendrological data will be presented in Chapter 
IV Section 4.4.

2.12 C onclusion

Tree-rings can be used as archives to date climate events and conditions as they 
record the ambient environment trees have been living in via the structural and 
chemical variations of their wood properties. Multiple studies have shown that 
stable isotopes in plant material covaries with climate conditions at the annual 
resolution. However, there is no consensus on the intensity of this relationship 
within tree-rings when considering seasonal weather events. The recent develop
ment of methodology allowing high-resolution sampling in single tree-rings can 
provide the technical frame to produce stable isotope time series over decades at 
the intra-annual resolution. In parallel, the development of the flux-tower network 
at the European scale and the availability of high-resolution weather data for the 
recent twenty years provide the means to understand how climatic events are in
tegrated into the tree-rings. The following chapter will present all datasets used 
during this study to achieve this goal.
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Chapter III : D ata

3.1 In troduction

This chapter presents the study sites characteristics and all collected data at these 
sites. The different datasets of tree-ring width (Section 3.5), carbon isotopes (Sec
tion 3.5), dendrological records (Section 3.6) and weather datasets (Section 3.7) 
will be presented separately and data quality will be discussed in each section. The 
first section of this chapter (Section 3.2) presents the three study sites: Hyytiala, 
Norunda, Loobos and their characteristics. Section 3.3 describes the fieldwork 
chronology, the collection of the climate information and the sampling of the tree 
cores which will serve for the construction of the £13C time series (Section 3.4). 
Details on the laser procedure and descriptions of the two laser systems are given 
further in Section 3.4. Section 3.5 focuses on the analysis of the £13C time series, 
the standardisation and corrections procedures. The availability of dendrological 
information at the study sites is then discussed in Section 3.6. Finally, the weather 
datasets produced at each site by the local research team is detailed in Section 
3.7. A brief data summary and their provenance are described in Table 3.1.
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3.2 S ite  se lection  and characteristics

3.2.1 Selection of the sites

The main feature necessary to carry out intra-annual climate calibration with £13C 
values is the presence of on-site weather data at high resolution. Therefore, all 
three study sites selected for this study are characterised by the presence of a flux- 
tower recording carbon dioxide and water fluxes in addition to weather data such as 
temperature, radiation and precipitation. As the 513C time series produced cover 
a common period from 1997 to 2009, the eddy covariance measurements carried 
out at the study sites should at least match this same period. Additionally, the 
average tree age at the selected study sites is superior or equal to 40 years to reduce 
a contribution of the juvenile effect to the S13C time series. The dominant tree 
species at the three selected sites is the Scots pine (Pinus sylvestris L.). The last 
characteristic is the presence of dendrological information to provide supporting 
data for determination of the period and duration of the growing season. However, 
this information is limited at the selected study sites with dendrological data only 
available for a few years. This section will present the three study sites, their 
characteristics such as location, annual weather values, soil properties, topography 
and elevation which are summarised in Table 3.2.
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3.2.2 H y y t ia la

The Hyytiala site (61°51’N, 24°17,E) in Finland is operated by the University 
of Helsinki (Figure 3.2). The flux-tower is part of the SMEAR field measurement 
station (Station for Measuring Forest Ecosystem-Atmosphere Relations). At the 

time of the sampling in 2011, the dominant Scots pines (Pinus sylvestrisL.) were 
on average 40 years old and were homogeneous for about 200 m in all directions 
from the measurement site. Only 1% of species other than Scots pine were present 
at the site. The annual mean tem perature is 4.31°C and average precipitation is 
498.25 mm over the period 1997 to 2009 at the study site. The parent material of 
the soil is coarse, silty, glacial till and the soil is a haplic podzol. The site has an 
average elevation of 170 m above sea level with a globally flat topography and a 
maximum of 10 m variation in altitude (Vesala, 1998).

F igu re 3.2: Study site at Hyytiala, Finland.
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3.2.3 N o ru n d a

The Norunda site (60°05’N, 17°29’E) in Sweden is operated by the University of 
Lund (Figure 3.3). The flux-tower has been recording data for almost 20 years 
with continuous activity. The forest composition is dominated by 50 to 70 years 
old Scots pines (65%, Pinus sylvestris L.), Norway spruce (33%, Picea abies L.) 
and other tree species in minor proportions (2%). The site has an elevation of 
70 in above sea level with a flat topography spreading at least one kilometre in 

each direction from the flux-tower. Due to evenly-aged trees, the canopy height 
only varies slightly within a range of 24 to 28 m. The soil is a sandy glacial till 

with m oderate to high occurrence of large boulders and is covered with mosses and 
stands of dwarf shrubs. A detailed description of the vegetation and soil properties 
can be found in Lagergren et al. (2008). The mean annual tem perature is 6.40°C 
and the mean annual precipitation is 416.73 mm over the period 1997 to 2009 at 
the study site (Lindroth et al., 1998).

F igure 3.3: Study site at Norunda, Sweden (Craig Mahoney).
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3.2 .4  L oobos

The Loobos site (52°10’N, 05°44’E) in the Netherlands is operated by the Uni
versity of Wageningen (Figure 3.4). The forest was planted on sand dunes in the 
beginning of the 1900’s and is now almost 100 years of age with a dominant height 
of about 15 to 17 m. The dominant species is the Scots pine (Pinus sylvestris 
L.). The soil is a sandy soil (humus podzol) with a 10 cm top layer of organic 
material (Dolman et a l 2002). Mean annual tem perature is 10.23°C and mean 
annual precipitation is 895.15 mm over the period 1997 to 2009 at the study site. 
The site has an average elevation of 52 m above sea level with a maximum altitude 

difference across the site of 10 m (Schelhaas et al., 2004).

F igure 3.4: Study site at Loobos, the Netherlands.
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Table 3.2: Location, annual weather means, soil properties, topography and elevation 
of the study sites at Hyytiala, Norunda and Loobos.

Characteristics

Study sites

Hyytiala Norunda Loobos

Location Finland Sweden The Netherlands
Coordinates 61°51’N, 24°17’E 60°05’N,17o29’E 52°10’N, 05°44’E
Average temperature 4.31°C 6.40°C 10.23°C
Precipitation sum 498.25 mm 416.73 mm 895.15 mm
Soil properties haplic podzol sandy glacial humus podzol
Topography flat flat (boulders) hilly
Elevation 170 m 70 m 52 m
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3.3 Fieldw ork

3.3.1 Chronology of the site visits and collection of the 
tree material

The first site to be visited was Loobos in 2009 and 2010 then Norunda in 2010 and 
2011 and finally Hyytiala in 2011. All trees have been sampled during the growing 
season period (April-September). The flux-tower datasets were provided by the 
local teams and covered the period of 13 years (1997-2009) necessary to achieve 
the climate analysis at the three study sites. Finally, dendrological data was also 
collected by the local teams with three years of dendrometers and microcores at 
Hyytiala (2007-2009), two years of dendrometers at Norunda (2010-2011) and two 
years of dendrometers at Loobos (2009-2010). This dendrological information will 
be further presented in Section 3.7.

3.3.2 Core sampling and preparation

Tree cores were taken using increment borers 10 and 12 mm diameter at breast 
height («  1.2 m) (Figure 3.5). This method is non-destructive for trees (Mant- 
gem & Stephenson, 2004). The location of sampled trees was recorded using a 
high-precision GPS system (Leica GX1230) (Figure 3.6) and compared with the 
flux-tower position and the main wind direction. To protect cores during transit 
from the study site to the laboratory in Swansea University, they were stored in 
sealed plastic tubes of a diameter of 14 mm to avoid damage during transportation. 
On arrival at Swansea University, cores were removed from the tubes, attached to 
wooden mounts and left drying at room temperature (20°C) for 2  weeks (Figure 
3.7). A typical wooden core from a Scots pine is shown in Figure 3.8. The surface 
of the sampled cores is sanded to permit a better observation of tree-rings and the 
determination of ring width. However, this surface is not used for laser ablation 
/  microdissection to avoid contamination from aluminium oxide traces left by the 
sand paper on the core surface.
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Figure 3.5: Coring process on a Scots pine tree by using a 12 mm borer in Finland.

F igure 3.6: Leica GX1230 GPS base system  while Natascha Kljun and Craig Mahoney 
are operating it (left). Leica GX1230 GPS Rover taking the tree position relative to the 
base while Craig Mahoney is taking a core from  a tree (right).
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F igure 3.7: Woodblock holding cores during the drying process.

F igure 3.8: Scanned image of a Scots pine tree core after drying.
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3.4 C arbon iso top e tim e series production

3.4.1 Introduction

The procedure to build the carbon isotope time series from the sample preparation 
through laser sampling and the corrections to apply to the <513C time series are 
detailed in this section. Two laser systems were used to produce the raw £13C time 
series demanding a different sample preparation. The procedure to perform the 
613C analysis with each system is described in Section 3.5.3. The resulting 513C 
time series (Section 3.5.4) differs in length from each other due to the inter-tree 
variability in ring width causing more <513C measurements in wider rings. The 
total number of measurements and each ring width is presented in Table 3.3 and 
table 3.4 respectively.

3.4.2 Sample preparation for laser procedure

To obtain high resolution stable carbon isotope series via laser sampling, the final 
step for sample preparation was to cut the cores into smaller laths that could fit 
the laser chamber. This preparation was dependent on which laser system the 
samples were supposed to be sent through and will be detailed in this section.

Two different laser systems have been used for this study. A Leica LMD7000 
system developed at GFZ Potsdam (Germany) and an ESI/New Wave system de
veloped at Swansea University (UK). For the Leica LMD7000, the cores have been 
cut into laths by microtomy to obtain subsamples of 300 microns to 500 microns 
thickness. This thickness was recommended by the Potsdam research team so the 
laser could cut quickly through the sample using low power settings and therefore 
avoiding burn traces on the edge of the cutting area. For the ESI/New Wave 
system, the cores have been cut into laths of wood of 3 mm using a double bladed 
automatic saw. As the tracheids are the dominant element in tree-rings of pine 
trees and are vertically oriented cells, vertical cuts were performed to permit a 
better observation of the annual rings. Cores are destroyed in this process when 
cutting out one or two laths. As the cores come from conifer wood, mobile resin 
and possible handling contamination were removed by an extraction using pure 
ethanol in a Soxhlet extractor for a duration of 24 hours (Loader et al., 1997). 
Remaining ethanol in the laths was first removed by bathing the samples in boil
ing distilled water in the Sohxlet extractor and then by drying the laths in an 
oven at 40°C for 1 2  hours. No further treatment was applied to the samples. 
A sample resolution of 80 microns was selected for both systems for comparable 
results. Moreover, all samples were analysed on the same SERCON 20-20 mass
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spectrometer with an analytical precision calculated to be typically in a range of 
0.1 to 0.2 %o (Loader, 2013).

3.4.3 Laser system  descrip tion

3.4.3.1 Laser m icrod issec tion

The Leica LMD7000 (Figure 3.9) is a microdissection system interfaced via a 
software controlling both the microscope and the laser system. The microscope 
allows the user to observe and identify which areas to cut on the sample. Then 
the laser will cut from above following the patterns identified by the user and the 
selected area will fall into a cup tray beneath the microscope sample platform. By 
setting the focus of the laser accurately, the laser beam should not damage the 

wood surrounding the defined pattern. A continuous sample cutting through the 
wood lath can be obtained by setting the software to cut through a succession of 
patterns.

F igure 3.9: Leica LM D1000 system  at GFZ Potsdam.
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3 .4 .3 .2  L aser a b la tio n

The ESI/New Wave system (Figure 3.10) has a moving sample platform which 
present the selected ablation area to the stationary laser for ablation. The abla
tion of wood sample takes place directly on the wood lath and will leave distinctive 
traces of where the laser ablated through the wood (Figure 3.11). As the sample 
chamber is isolated from the atmosphere, the wood coming from the combustion 
is sent into the mass spectrometry system without contamination. Each sample 
run («  1 0 0  samples per batch) sent through on-line mass spectrometry starts and 
ends with ten C3 cellulose (IAEA) test samples that have similar weight to the 
wholewood samples and have a constant 13C signature. These standards permit 
calculation of the precision in the determination of the carbon stable isotope val
ues and allow to correct for a possible sample size effect due to the choice of high 
resolution in laser sampling (80 /im) which lead to a large number of small size 
samples within a single tree-ring. Moreover, before the combustion of the ablated 
wood in the furnace, each sample analysis is calibrated by the injection of a C 0 2 

reference gas in the mass spectrometer. After combustion, the resulting sample 
gas is first sent through a Nation water trap to eliminate water trace coming from 
the wood combustion. Finally, the gas is sent to a liquid nitrogen bath trapping 
the gas into the capillary for a short period of time. As the quantity of gas coming 
from the combustion is small and at the lower limit of the recommendations for 
mass spectrometry, this step is essential for a good recovery and chromatography 
of the resulting C 0 2 during the analysis.
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F igure 3.10: E SI/N ew  Wave system  at Swansea University.

0  1 mm

'mm® "*

s

i
F igure 3.11: Sample after ultraviolet laser ablation. The straight lines show where the 
laser has been sampling through the tree-rings.
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3.4.4 Production of the £13C tim e series

The laser procedure to ensure confidence in the carbon isotope values can be time 
consuming and resulted in the production of a total of nine raw <513C time series. 
By keeping the same settings on laser and spectrometry during the carbon stable 
isotope procedure, no noticeable change in the carbon stable isotope time series 
was detected to be provoked by artefacts. Therefore, producing resin extracted 
wholewood and whole ring carbon stable isotope time series at the intra-annual 
resolution by laser sampling represent a reliable method.

When sampling each tree-ring for <S13C analysis, a different number of isotope 
measurements were obtained due to inter-tree variability in ring width. The 
wider the tree-ring is, the greater the number of isotope measurements. Table 
3.3 shows the total number of <513C measurements per tree and per site. However, 
at Hyytiala 513C time series are longer (1991 to 2010) than at Norunda (1991 to
2009) and Loobos (1996 to 2009). When considering the common period for the 
three sites (1991 to 2009), the trees sampled at Hyytiala show a greater number 
of measurements and thus wider rings than the two other sites. This is surprising 
as Hyytiala is the most Northern site out of the three study sites. However, a 
possible explanation could be that the age of the trees as Hyytiala is populated by 
the youngest trees («  40 years) while trees were older at Norunda («  50-70 years) 
and Loobos (^  100 years). Therefore, it is very probable that the difference in 
ring width depends mainly on a tree age effect rather than on an environmental 
influence.

In parallel to the carbon isotope analysis, measurements of the ring width were 
made. Each tree-ring width is presented in Table 3.4 for the three study sites. 
These measurements can be compared to inter-annual isotope values and evaluate 
if a common signal can be detected.
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Table 3.3: Total number o f d 13C measurements for each tree at Hyytiala, Norunda and 
Loobos. The value in brackets is the number of measurements for the common period 
1996 to 2009.

Tree analysed Hyytiala Norunda Loobos

Tree 1 385 (245) 206 (146) 194
Tree 2 359 (236) 262 (175) 213
Tree 3 335 (225) 271 (167) 266

Table 3.4: Tree-ring width (mm) at Hyytiala, Norunda and Loobos for the period 1991- 
2010.

Hyytiala Norunda Loobos

Year Tree 1 Tree 2 Tree 3 Tree 1 Tree 2 Tree 3 Tree 1 Tree 2 Tree 3

1991 1.62 1.80 0.84 0.84 1.08 1.14 NA NA NA
1992 1.14 0.90 0.96 0.72 0.9 0.96 NA NA NA
1993 1 . 6 8 1.62 1.44 .066 1 . 2 0 0 . 6 6 NA NA NA
1994 1 . 8 6 1.32 1.50 0.90 1.14 0.72 NA NA NA
1995 1.14 0.72 0.90 0.48 0.72 0.72 NA NA NA
1996 1.38 1 . 0 2 1.08 0.48 0.96 1.08 0.78 0.54 1.32
1997 1.62 1 . 0 2 1.02 1.44 0.96 0.78 1 . 0 2 0.48 1.62
1998 1.08 0.96 0.78 1.20 1 . 0 2 0.84 0.78 0.72 1.50
1999 0.84 0.96 0.72 0.3 0.84 0.78 0.72 0.90 2.34
2 0 0 0 1.26 1 . 2 0 0.96 0.6 0.78 0.78 1.08 1 . 0 2 0.96
2 0 0 1 1.26 1.08 0.84 0.6 0 . 6 6 0.48 0.54 0.72 0.54
2 0 0 2 1 . 2 0 0.84 1.02 0.48 0.54 0.36 0.54 0.78 1.08
2003 0.84 0.90 0 . 6 6  0 . 6 0.48 0.72 1.32 1 . 0 2 1 . 0 2

2004 1.08 1.26 0.90 0.42 0.84 0.48 0.78 0.78 0.84
2005 1.08 0.96 1.02 0.54 0.60 0.78 0.60 0.36 0.84
2006 0 . 6 6 0.78 0.96 0.72 0.84 0.84 0.96 1.56 0.90
2007 0.60 1.14 1.14 0.36 0.72 0 . 6 6 0.54 1.14 0.90
2008 0.78 0.96 1.08 0 . 6 0.78 0 . 6 6 0 . 6 6 0.84 0.84
2009 1 . 0 2 1.08 1.32 0.42 0.48 0.48 0.78 0.94 1.26
2 0 1 0 0.96 1 . 0 2 0.96 NA NA NA 0.54 0.96 NA

Average 1.16 1.08 1 . 0 1  0.62 0.82 0.73 0.78 0.85 1.14
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3.5 A nalysis o f carbon stab le iso top e

3.5.1 Introduction

This section details the processing steps necessary to obtain a stable carbon iso
tope dataset for comparison with local weather data at Hyytiala, Norunda and 
Loobos. Exploration of individual <$13C time series to characterise their properties 
is made at both intra-annual and inter-annual resolution. The use of the expressed 
population signal (Wigley et al., 1984) assesses the appropriateness of the com
mon signal between the individual 6 13C time series. The averaged <513C time series 
can then be interpreted as the mean response of the forest to climate influences. 
Trend analysis is performed to detect if non-climatic trends, such as the industrial 
effect (Freyer & Belacy, 1983), are present in the dataset. These trends should 
be removed via correction from the atmospheric <513C values to allow comparison 
with local climate data. The location of the three study sites presented in this 
study is covering a wide geographic range in Northern Europe. Therefore, inter
site comparison can bring insight on the difference of variation in climate response 
from interpreting the <513C time series depending on the latitude.

3.5.2 Intra-annual raw tim e series of $13C at each study  
site for the period 1991-2010

The raw series of £13C are examined in order to characterise the individual tree 
signal and patterns of variation through time. The length of the <513C time series 
differs depending on the study site: 19 years for Hyytiala (from 1991 to 2010), 
18 years for Norunda (from 1991 to 2009) and 14 years for Loobos (from 1996 
to 2010). For each site, three <513C series have been produced from three differ
ent trees. The £13C raw time series of each tree are presented in Figure 3.12 for 
Hyytiala, Figure 3.13 for Norunda and Figure 3.14 for Loobos. Each year in the 
<513C time series represents a single tree-ring formation. At the intra-annual reso
lution, each stable carbon isotope value represents 80 fim of ring width. Therefore, 
the <513C time series can be both represented against a time axis and a width scale 
where tree-rings with a small number of <513C measurements also represent a short 
width for the tree-rings.

The general pattern observable on the £13C time series is to have the most negative 
(depleted) values of £13C close to the rings boundaries (beginning and end of each 
year of growth) and having the less negative values (enriched) at the middle of the 
tree-rings. However, the amplitude of the <513C variation during a year can differ 
greatly in each individual £13C time series. The maximum range of amplitude is
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found at Hyytiala on the tree 1 time series between year 1992 and 2008. During 
year 1992, the amplitude is 3.81 %o while during year 2008 the amplitude is only 
0.74 %o which may indicate a large spread of responses to climate forcing or a 
larger climate variability during a year of growth at this study site.

For the period 1997-2009, the inter-tree standard deviation is small and can be 
an indication of a high common £13C signal between the trees at each site. At 
Hyytiala, the inter-tree standard deviation is 0.795 %o ranging from 0.709 to 0.838 
%o. At Norunda, it is equal to 0.654 %o ranging from 0.558 to 0.739 %o. At Loobos 
it is equal to 0.837 %o ranging from 0.684 to 1.097 %o. However, the individual 
£13C time series need to be standardised to accurately quantify the £13C common 
signal. The significance of the trends into the £13C time series are tested with 
the Fisher test with a significance level of p < 0.05. This test concludes that at 
Hyytiala, only one time series has a weak significant negative trend (Tree 3). At 
Norunda, two time series have a weak significant negative trend. At Loobos all 
three individual <513C time series have a weak significant negative trend.

The theoretical annual bell shape pattern for evergreen species (Schubert & Jahren, 
2011) is not always present in the £13C time series at the three study sites. It is 
expected that the weather variations and the tree physiology status from one year 
to another will modify this theoretical pattern into a different shape that can be 
interpreted to be the consequence of the difference in the intensity of the stress 
factors driving the carbon stable isotope variation through the growing season. 
During a same period of time, the intensity and the nature of the stress endured 
by the trees can vary from one study site to another. Differences between the 
carbon stable isotope time series of each site can then be observed. Therefore, the 
characterisation of the weather variation at each site may help to understand the 
inter-site variation.
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3.5.3 Raw inter-annual £13C and ring width tim e series

By degrading the high resolution isotope time series to obtain one average value per 
tree-ring, inter-annual time series for the sampled trees can be observed. These 
values can be compared with the variation in ring width to investigate if a co
variation exists between the two measurements in tree-rings. Inter-annual <513C 
and ring width time series are presented for each tree at Hyytiala (Figure 3.15), 
Norunda (Figure 3.16) and Loobos (Figure 3.17). Despite using relatively short 
ring width time series, the expressed population signal is high and equivalent for 
Hyytiala and Norunda (EPS =  0.89), but is below the threshold of a significant 
common signal for Loobos (EPS =  0.78). Therefore, at least for the period of time 
when isotope measurements have been produced, the two northern sites show a 
common signal in ring width time series which can be interpreted as a common 
response to environmental forcings at these sites. For the carbon isotope time 
series, the expressed population signal is high for Hyytiala (EPS =  0.97) and be
low the threshold of 0.85 for Norunda (EPS =  0.81) and Loobos (EPS =  0.83). 
Therefore only at Hyytiala presents a significant EPS values for both ring width 
and <P3 time series at the inter-annual resolution.

When comparing these two types of dendrochronological information for each tree, 
only one time series showed a significant relationship between <513C and ring width 
time series (tree 2 at Norunda) on the period considered. This time series is char
acterised by a clear decline in both the <P3C and the ring width time series from 
1991 to 2009. As this decline is not present in the other time series at the same 
study site, it is possible that this tree is experiencing a particular forcing causing 
a decrease in both measurements and increasing the correlation between the two 
time series. This effect is detrimental to the common signal at Norunda and can 
cause a lower EPS score than desired. At Loobos, tree 3 presents an increase in 
the annual <513C value for year 2003 which slowly decreases during the following 
years until 2008. This pattern is not seen in the other time series at the same 
site nor in the ring width time series. No satisfying explanation currently exists 
to justify this variability in this particular tree and similarly to Norunda, this in
dividual behaviour will affect the common signal at the study site and will affect 
the results when establishing the link between S13C time series and environmental 
forcing. The absence of correlation between ring width and carbon isotope time 
series may indicate that the intra-site variation in carbon isotope series is not due 
to different growth performance during a same year.
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3.5.4 Standardisation of the stable carbon isotope series

In this study, the approach selected for standardisation is to degrade the number of 
isotope measurements in each tree-ring to match the minimum number of measure
ments from one of the three time series analysed. The percentage of ring formation 
is calculated for each tree and the interpolation of the isotope values can be made 
in accordance with the same relative position in each tree-ring. The standardised 
time series are then matched year by year and possess the same number of isotope 
measurements. The choice of matching each tree-ring to the minimum number 
of isotope measurements avoids the introduction of an auto-correlation compo
nent when one wants to match the shortest time series to the other time series as 
the additional isotope values need to be interpolated between two measured values 
and then producing an artificial linear pattern in the final interpolated time series.

The resulting standardised three individual raw <513C time series have the same 
number of measurements per tree: 300 measurements for Hyytiala, 137 for Norunda 
and 159 for Loobos. Thus, it is possible to calculate the expressed population 
signal (EPS) to evaluate the common signal at each site at the intra-annual reso
lution. For Hyytiala, the common variability is quite high (EPS =  0.96, Eq 2.6). 
However, for Norunda and Loobos, the EPS values are equal to 0.79 and 0.83 
respectively which is below the threshold of acceptability equal to 0.85 (Wigley 
et a/., 1984). Therefore, three trees are enough to obtain a significant common 
signal at Hyytiala for intra-annual 513C time series during the period considered 
but not for Norunda and Loobos. These time series are presented in Figure 3.18a 
for Hyytiala, Figure 3.19a for Norunda and Figure 3.20a for Loobos.

3.5.5 Signal strength of the £13C tim e series at each study  
site for the period 1991-2010

By averaging the three standardised <513C time series into a unique and represen
tative <513C time series, the common <513C signal at each site is observable. These 
series are presented in Figure 3.18b for Hyytiala, Figure 3.19b for Norunda and 
Figure 3.20b for Loobos. The most <513C depleted mean value of -24.05 ±  0.754 
%o is found at Hyytiala, followed by Norunda with -24.564 ±  0.474 %o and Loobos 
with -25.419 ±  0.645 %o. The standard deviation around the mean value shows 
the intensity of the intra-annual variation. Therefore, the maximum intra-annual 
variation is observable at Hyytiala then at Loobos and Norunda. Trend analysis 
shows a significant slightly declining and trend for the averaged series at Hyytiala, 
Norunda and Loobos (F-test, p < 0.05). As these declining trends are being 
provoked by non-climatic effects, it is necessary to remove them before climate
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analysis.

3.5.6 Atm ospheric correction for stable carbon isotope se
ries applied to  $13C tim e series at each study site for 
the period 1991-2010

The correction from McCarroll & Loader (2004) to compensate for the atmospheric 
change in <513C is the method selected and applied to the <513C time series produced 
in this study. This correction procedure adds an isotope correction value year by 
year. The correction procedure used is based on Francey et al. (1999) results 
over <513C CO2 measurements in the Southern Hemisphere, see Table 3.5. By 
correcting <513C values year by year, we aim to remove post-industrial trends from 
the stable carbon isotope time series. This correction method produces an offset 
in the <S13C time series as shown in Figure 3.18b for Hyytiala, Figure 3.19b for 
Norunda and Figure 3.20b for Loobos. This offset affects the statistical properties 
of the $13C time series, the Hyytiala mean value is changed to -22.460 ±  0.741 
%o, Norunda -23.009 ±  0.434 %o and Loobos -23.756 ±  0.615 %o. However, as the 
same correction is applied to the three sites the most depleted series are still the 
ones at Hyytiala followed by Loobos and Norunda. Trend analysis at Hyytiala and 
Norunda shows that the negative trends previously found are now non-significant 
(F-test, p > 0.05). However Loobos still shows a weak negative and significant 
trend (F-test, p < 0.05). Because this site has the shortest £13C time series (1996-
2 0 1 0 ), the detection of a trend can be due to a local variation in the £13C time 
series which may be mitigated by a longer time series. Moreover, when fitting 
a trend over the same period at Hyytiala, a significant slight positive trend is 
detectable, reinforcing this hypothesis.
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Table 3 .5 : Values for atmospheric corrections from McCarroll & Loader (2004) ex
pressed in %o for the period 1991 to 2003, the corrections values from 2003 to 2010 are 
linearly extrapolated from the previous values.

Year atmospheric correction (%o)

1991 1.34

1992 1.37

1993 1.39

1994 1.42

1995 1.45

1996 1.48

1997 1.51

1998 1.53

1999 1.56

2 0 0 0 1.59

2 0 0 1 1.62

2 0 0 2 1.65

2003 1.67

2004 1.70

2005 1.73

2006 1.76

2007 1.79

2008 1.81

2009 1.84

2 0 1 0 1.87
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3 .5 .7  Seasonal correction

To evaluate the source air effect at Hyytiala, open access data of air J 13C samples 
from the NO A A Earth System Research Laboratory were used and downloaded 
at http : / / www.esrl.noaa.gov/ . The Pallas-Sammaltunturi station was selected 
for its similarity in terms of forest stand to Hyytiala and the abundant flask 
data recorded from 2002 to 2009. For Norunda and Loobos, the closest study 
site selected in this database was Hainrich (Germany). Air J 13C measurements at 
canopy height are then examined to determine if a seasonal correction is necessary.

For Hyytiala, air S13C data exist from 2002 to 2009 with numerous measurements 
during each month. It is then possible to build a monthly dataset with confidence 
intervals showing the seasonal variation through the year. For Hainich, two years 
have been intensively sampled (2002 and 2004) which permit some inter-annual 
comparison. However, the month of January has only been sampled during 2002 
while April, May and June have only been sampled during 2004. Therefore, no 
confidence intervals can be calculated for these months. Figure 3.21 shows the 
seasonal variation in air <S13C for Hyytiala and for Hainich at the monthly resolu
tion.

It is evident that both sites present a common evolution in air <513C values with 
a depletion in spring followed by an enrichment in summer and another depletion 
in winter. However, the enrichment phase starts much earlier at Hainich (from 
May to October) than at Hyytiala where it starts in July until October. This in
formation is compatible with a theoretical larger period of growth in mid latitude 
European locations compared to the northern Finland where the climate condi
tions are less permissive for growth. This would suggest that the photosynthesis 
process starts to deplete the atmosphere in 13C earlier in middle Europe than in 
northern study sites. Another important point to notice is that despite a consid
erable annual variation in £13C values (0.83 %o for Hainich, 0.89 %o for Hyytiala), 
when considering only the three summer months (June, July and August) where 
most of the tree growth is supposed to occur, the <513C seasonal amplitude is quite 
small (0.11 %o for Hainich and 0.26 %o for Hyytiala). Establishing a correction for 
intra-annual time series of tree-ring J13C from air <$13C would not modify signifi
cantly the intra-annual variation as the raw wholewood J13C seasonal amplitude 
is typically of 1.42 ±  0.59 %o at Hyytiala, 1.07 ±  0.40 %o at Norunda, 2.05 ±  0.87 
%o at Loobos. Therefore, the effect of seasonal <513C variation during the growing 
season will be considered as negligible in this study.
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w ŝocp e 
3 sh£ K

y *  CO 
EH 43

64



3 .5 .8  Sum m ary

A relatively low inter-tree £13C variability is present in the stable carbon isotope 
datasets which indicates the likelyhood that there will be a strong common signal 
at Hyytiala. This expectation is confirmed by EPS values over the 0.85 tresh- 
old at the intra-annual resolution and shows that the trees are responding in a 
common behaviour to environmental forcing. The relatively high inter-site varia
tion may indicate different climatic influences or a different response strength of 
the trees to climate events depending on their location. The effect of changing 
atmospheric £13C has been removed via the correction of McCarroll & Loader 
(2004) and resulted in the corrected <513C time series showing no significant trend 
at Hyytiala and Norunda. Loobos <513C time series being the shortest of the three 
sites, the corrected time series still present a significant trend that could be due to 
a short range climatic effect. The amplitude of the depletion in £13C time series 
varies inter-annually at each site. Hyytiala is the study site where the highest 
depletion mean level and highest variation amplitude is present in the £13C time 
series, followed by Norunda and Loobos which may indicate a clearer response to 
climate at Hyytiala possibly due to greater variations in weather conditions during 
each year.

3.6 D endrological inform ation availability and prop

erties at th e  three stu d y  sites

The microcore and dendrometer measurements recorded at the study sites can 
be used to help the determination of wood growth onset and cessation. Micro
cores record the radial cell number increase in the wood while the dendrometers 
record the radial expansion which can both be interpreted as indicators of wood 
formation. However, both techniques present limitations. Microcores have to be 
sampled in the period close to the effective onset of growth so only the first cell 
would have been formed and could be observable via microscopy. This condition 
is not always easy to obtain as sampling a large number of microcores in the prob
able period for onset is unrealistic. It is then a matter of intuition,to obtain a first 
microcore during the growing season that can provide a precise date of onset. It 
is more usual that the first microcore will show a few rows of formed cells and 
can be considered to represent a close estimation of the growth onset. When es
tablishing the date of wood growth cessation, it is also necessary to keep in mind 
that radial cell counts will only state the cessation of cell production and do not 
integrate the final period of cell maturation when cells can still be influenced by 
weather conditions. There will be then an offset between the dates obtained by
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microcores and the realistic dates of the total wood growth cessation. Dendrom- 
eter records also exhibit limits when they are used to precisely determine growth 
onset and cessation. Water content in the trunk varies during spring, known as 
the water shrinkage effect, which induces a negative variation of the radial incre
ment at the crucial period of time when the onset of wood formation can occur. 
In parallel, the temperature is also increasing during this period of time which 
can expand the wood without the formation of new wood cells. The combined 
effect of these events creates a noise signal for radial expansion which can lead to 
inaccurate estimation of wood growth onset (Makinen et al., 2003). Finally, the 
radial increment formed toward the end of the growing season is becoming smaller 
and smaller during the late summer and an absolute date for growth cessation is 
impossible to determine accurately. Therefore, the dates proposed in this section 
to estimate a realistic growing season are to take with the consideration that they 
can be relatively inaccurate but at least can be an indication of inter-annual and 
inter-site variation in the seasonal pattern of tree growth.

At the selected study sites, dendrological data are only available for a few years. At 
Hyytiala, microcore measurements have been recorded from 2007 to 2009 (figure 
3.22) with also three years of Figure measurements at the half hourly resolution 
during year 2007 (figure 3.23), 2008 (figure 3.23) and 2009 (figure 3.23) for three 
trees. It is noticeable for both type of records that tree growth can vary indi
vidually and independently from the year recorded causing an offset in the final 
number of cells or the tree radius expansion from one tree to another. When 
comparing microcores and dendrometers measurements at Hyytiala during 2007, 
2008 and 2009, microcores state a start of cell growth by the end of May, while 
dendrometer records would also state an onset of wood growth from mid May 
to end of May during these years. To determine the end of growth, microcores 
show an end of new cell expansion by the end of July to mid August. Figure 
measurements show a decrease in wood growth by the end of July with the start 
of a plateau period from the beginning of August.

At Norunda, daily dendrometer measurements were carried on eight trees for year 
2010 (Figure 3.26) and 2011 (Figure 3.27). Despite a high variation in tree radial 
expansion between the eight records, there is a good agreement in a maximum 
growth event by the 20th of July (DOY 200) during year 2010 and around the 
25th of June (DOY 176) for year 2011. For both years, the end of radial expansion 
occurs by the end of August (DOY 243) with only a small variation between the 
records. However, these measurements state that growth occurs only on short 
periods of time (one to two months only) which can question the validity of the
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use of dendrometers to characterise the seasonal wood growth at Norunda.

Finally at Loobos, two years of dendrometer measurements are available at the 
hourly resolution for 2009 (Figure 3.28) and 2010 (Figure 3.29) for one tree. Both 
years are characterised by an important water shrinkage at the end of spring which 
can hide the start of growth. The convention applied in this case is to take the 
date when the cumulated growth start to increase again which would set the start 
of growth by the middle of May for 2009 and for 2010. The end of radial expansion 
is not well defined during the measurements of 2009 with an increase in the winter 
months. However, it is possible to distinguish a plateau period starting by the 
end of September for 2009 and the middle of September for 2010.

W ithout a long period of time when dendrometer have been running, it is difficult 
to comment on the inter-annual variability in the start and end of cell growth 
or radial expansion. However, an observation to make is that during these few 
recorded years, the onset and cessation of wood growth estimated via dendrom
eter or microcore techniques can be offset from a few days to a couple of weeks 
depending on the year observed. This variation is high enough to consider that 
estimated dates of onset and cessation of growth for each year are necessary to 
estimate when matching isotope time series with eddy covariance measurements 
on the same time scale.

To detect a latitudinal effect, the comparison of the dates of onset and cessation 
of wood growth via the dendrometer between the three study sites shows that 
Hyytiala and Loobos have similar dates for radial growth onset estimates while 
the estimated cessation dates of radial expansion differ greatly with Hyytala show
ing a plateau in radial expansion in August while growth last until September for 
Loobos. The comparison with Norunda can be doubtful as only a very short pe
riod of growth is detectable with the dendrometer records which would induce that 
this site has the shortest period for growth than Hyytiala and Loobos. However, 
Hyytiala would theoretically be more restricted in wood growth due to low tem
perature limitations at this latitude. There could still be a water supply effect to 
consider at Norunda to be the cause of such short growing period but it is likely 
that the dendrometer records only give an approximate information on growth 
duration. All dendrological information are resumed in Table 3.6.
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3.7  W eather datasets

3.7.1 Introduction

Flux-tower data were exclusively used to compare <513C time series and climatic 
factors. The advantage of such data is that it measures on-site weather variation 
at a very high resolution. For example, when comparing temperature and precip
itation data from Norunda with the nearest weather station at Uppsala (data not 
presented). It was clear that the data recorded by the flux-tower differed signif
icantly both in mean and variance. The forest ecosystem alter the local weather 
enough to provoke such differences.

Before proceeding to the comparison between the <513C time series and climatic 
factors, it is necessary to characterise the different local climatic datasets at each 
site. The flux-tower stations located directly at the study sites have been running 
since 1996 and recorded fluxes and meteorological data. As flux-tower data are 
kept in various formats, the procedure to build a homogenised dataset will be first 
presented in this section. The weather data will be then presented in tables and 
climate diagrams showing the properties of the main climatic drivers and its sea
sonal variation through the study period. Finally, each site will be characterised 
in comparison with the two others to investigate which environmental stresses are 
more pronounced at what sites.

This section will present:

• the procedure to build subsets of weather data usable for weather forcing 
investigations;

• the overview of the available weather dataset at each site;

• the variability of the weather dataset through the study period and between 
the study sites;
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3.7.2 Procedure for data handling

Scripts in R have been created to assist in the post-processing and exploration 
of the flux-tower data (Figure 3.30). The focus was to create matching time 
series of climatic information to compare with the stable carbon isotope values. 
Because the different flux-tower research teams maintain their data in a variety 
of formats, most of the functions are site specific. Generally, the variables are 
given as character strings and the values as numbers. The first step in processing 
the data is to transform the external dataset from each site to a standard format 
from which the functions can extract the relevant information. For that purpose, 
it is necessary to read the original files provided by the research teams at the 
study sites and store the data into a R dataframe. Cleaning and manipulation 
processes take place after the import: variables of interest were renamed and not- 
used variables and observations were dropped to ease the use of the dataset for 
the intended analysis and standardise the datasets between the different sites into 
a similar data format. Data gaps through the datasets were recorded as -9999 
for all variables. These values are filtered so they do not appear in the time 
series and do not enter in the calculation of mathematical indices. In a similar 
way, outliers were removed to avoid their contribution in calculations. The range 
of variation selected to discard outliers was set up depending on the climatic 
variable considered and is presented in Table 3.7 for each variable. The addition 
of a day of the year (DOY) variable in the dataset permits the visualisation of the 
data into various time resolutions (day, month, year) by mathematical operations 
(averages, quartiles) depending on the desired analysis. Selection of the radial 
growing season period to match carbon stable isotope measurements with weather 
variables needed to exclude flux-tower data prior and after the estimated growing 
season. Each isotope measurement is then matched with the weather variables 
on the time span calculated via the Gompertz procedure. Selected weather data 
for the comparison with stable carbon isotope time series are air temperature, 
photosynthetic active radiation (PAR) and precipitation.
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T able 3.7: Filtering threshold values fo r  weather and flux variables. A ny values below
the lower or above the treshold values areremoved from  the initial dataset.

Variable lower threshold upper threshold units

Temperature -50 50 °C
PAR 0 2 0 0 0 /zinol m - 2  s- 1

Precipitation 0 1 0 0 mm
NEE 30 -50 /miol m - 2  s - 1

Evapotranspiration 0 6 /imol m - 2  s - 1

Processing

Upload

•Read datafiles 

•Store in dataframe

r
Summarize

( view dataset properties)

Process data

► Rename variables

 ̂ Discard unwanted 
* variables/observations

 ̂ N\A and -9999 
"management

► Outlier management

Analysis

Data handling 

Trend extraction 

Statistical tests 

Subsets creation 

Add new variables

I
Output

Graphics 

Subsets 

Time series

F igure 3.30: Typical sequence of data analysis.
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3 .7 .3  H y y tia la

3.7.3.1 Tem perature datasets at the H yytiala site for the period 1997- 
2009

Temperature records are available at Hyytiala for the full study period at the half 
hourly resolution. Temperature is expressed in degree Celcius (°C). The variation 
of this weather variable is high through the year. The average minimum temper
ature calculated over the study period is -23.67 ±  5.01 °C ranging from -32.12 to 
-14.80 °C. The average mean temperature for each year is 4.31 ±  0.57 °C ranging 
from 3.26 to 5.19 °C. The average maximum temperature for the study period 
is 26.91 ±  1.15 °C ranging from 25.48 to 28.77 °C. All temperature inter-annual 
values are presented in Table 3.8. The minimum temperatures have the great
est variation which suggests a larger variability in the winter temperatures than 
during the other seasons. Figure 3.31 presents a climatic diagram with monthly 
mean temperature values averaged over the period 1997-2009. The evolution of the 
temperature during an average year consist of an increase from winter with three 
months experiencing negative temperatures (January, February, March) with the 
minimum value in February (-6.52 °C) till a maximum value in July (16.2 °C) and 
then another decrease leading to a return to negative average values in November 
and December.

3.7.3.2 Radiation at the H yytiala site for the period 1997-2009

Photosynthetically active radiation (PAR) records at Hyytiala cover the full study 
period at the half hourly resolution. As the seasonal cycle presents a high variation 
in the sunshine exposure, this weather variable is highly variable through the year. 
The average minimum PAR matches the night conditions and is always equal to 
0 //mol m - 2  s-1 . The average mean PAR for the study period is 298.61 ±  15.45 
//mol m - 2  s - 1  ranging from 274.80 to 325.30 //mol m - 2  s- 1  between years. The 
average maximum PAR for the study period is 1752.69 ±  97.70 //mol m - 2  s - 1  

ranging from 1621 to 1939 //mol m “ 2 s-1. These standard deviation values show 
that mean and maximum PAR remains relatively stable through the years which 
suggest that the amount of light exposure does not vary much inter-annually. The 
PAR annual values for each year are presented in Table 3.8. Figure 3.31 presents 
the climatic diagram with the monthly mean PAR values averaged over the period 
1997-2009. During winter, two months experience low PAR (January, February). 
The monthly PAR values increase with particularly high values during May, June 
and July with its maximum in June (620.86 //mol m - 2  s_1) and then decrease 
again with low values in October, November and December reaching its lowest 
value in December (11.39 //mol m - 2  s-1).
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3.7.3.3 Precipitation at the H yytiala site for the period 1997-2009

Precipitation records are available for the full study period at Hyytiala. Precip
itation is expressed in millimetres (mm). Variation in the amount of rain falling 
on the ecosystem varies from 0 to 100 mm. To understand precipitation effect, it 
is more common to consider the sum of precipitation than the average for a given 
resolution. At the inter-annual level, the average precipitation sum for the study 
period is 498.24 ±  106.10 mm ranging from 255.71 to 694.98 mm. This is a con
siderable variation between years, showing that the effect of droughts can impact 
the growth of trees during dry spring/summer periods. Inter-annual precipitation 
sums are presented in Table 3.8. Figure 3.31 displays the monthly mean precipi
tation values averaged over the period 1997-2009 as part of the climatic diagram. 
During the winter and spring transition, four months are characterised by low pre
cipitation (January, February, March, April) with the lowest value being February 
(29.23 mm). Precipitation increases during summer reaching a maximum in July 
(93.13 mm) and then decreases steadily to reach lower values in winter at the 
exception of October. This information is critical considering the amount of water 
that will be available for trees during the growing season. If low rain events occurs 
in spring, it is likely that the trees will rapidly deplete the water in the soil and 
then rely on summer rain events to continue growth.

Table 3.8: Temperature (°C), PAR (pmol m 2 s 1)  and precipitation (mm) measure
ments at Hyytiala for the period 1997-2009.

Year

Temperature (°C) PAR (/imol m 2 s - 1) Precipitation (mm)

Minimum Mean Max Minimum Mean Max Sum

1997 -20.81 4.321 27.42 0 287.2 1939 400.47
1998 -23.96 3.265 25.88 0 283.7 1755 694.98
1999 -32.12 4.304 28.69 0 315.5 1797 542.97
2 0 0 0 -17.62 5.193 27.54 0 295.6 1674 488.61
2 0 0 1 -28.38 3.899 26.66 0 303.0 1662 477.63
2 0 0 2 -28.79 4.010 25.78 0 325.3 1916 495.76
2003 -27.17 3.715 28.28 0 288.8 1696 455.65
2004 -21.08 4.134 26.22 0 283.9 1790 255.71
2005 -2 0 . 8 8 4.599 26.72 0 309.4 1826 544.59
2006 -26.54 4.859 28.77 0 319.7 1678 598.10
2007 -26.09 4.839 25.55 0 292.9 1739 456.47
2008 -14.80 5.008 25.48 0 274.8 1621 593.79
2009 -19.53 3.899 26.90 0 302.1 1692 472.49
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3 .7 .4  N oru nd a

3.7.4.1 Tem perature datasets at the Norunda site for the period 1997- 
2009

Norunda temperature records are available for the study period. Variation in the 
recorded values is less extreme than at Hyytiala with a tighter range from -25 
°C to 35 °C. When considering the annual averages of temperature, the mini
mum value calculated over the study period is -17.43 ±  2.928 °C ranging from 
-22.35 to -12.47 °C. The average mean temperature for the study period is 6.40 
±  0.43 °C ranging from 5.51 to 7.23 °C. The average maximum temperature for 
the study period is 28.28 ±  2.30 °C ranging from 23.75 to 30.74 °C. All inter
annual temperature values are presented in Table 3.9. A different pattern than at 
Hyytiala is observable with a greater inter-annual variation in temperature. Fig
ure 3.32 presents the monthly mean temperature values averaged over the period 
1997-2009 in a climatic diagram. During winter, two months experience mean 
negative temperatures (January, February) while the minimum average value is 
occurring in February (-2.30 °C). The temperature increases until its maximum in 
July (16.26 °C) and then decreases again to reach negative values in December. 
At Norunda, the period when the photosynthesis cannot occur due to temperature 
limitation seem to be shorter than at Hyytiala while the maximum temperature 
is also occurring in July.

3.7.4.2 Radiation datasets at the Norunda site for the period 1997- 
2009

The PAR records at Norunda are also available for the study period. Compared to 
Hyytiala, the range of variation of PAR is tighter. The average PAR for the study 
period is equal to 190.05 ±  18.04 //mol m - 2  s_ 1  ranging from 190.06 to 220.50 
/imol m - 2  s-1. The maximum PAR for the study period is 1631.08 ±  105.94 /imol 
m - 2  s - 1  ranging from 1377 to 1773 /xmol m - 2  s-1 . Despite having lower values at 
Norunda, the standard deviation from mean and maximum values are equivalent 
at Hyytiala and Norunda. Therefore, the inter-annual variation is similar at both 
sites but the sunshine intensity is greater during a typical year at Hyytiala. All 
inter-annual PAR values are presented in Table 3.9. The low mean value for 
year 1998 is due to missing data and is not representative of a realistic mean 
level, this year is therefore excluded from other calculations. Figure 3.32 presents 
the monthly mean PAR values averaged over the period 1997-2009 in a climatic 
diagram. During winter and spring transition, three months experience low PAR 
values (January, February and March). The PAR increases with particularly high 
values during May, June and July until its maximum in July (385.77 /xmol m - 2
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s-1) and then decreases again with low values in October, November and December 
reaching its lowest value in December (10.56 //mol m - 2  s_1). This variation shows 
a similar pattern than at Hyytiala however the PAR reaches lower values during 
the summer time.

3.7.4.3 Precipitation datasets at N orunda site for the period 1997-2009

Precipitation records at Norunda are only available for 5 years during the study 
period (1997, 1998, 2000, 2001, 2002). When considering these years, the average 
annual precipitation sum is 404.27 ±  70.47 mm ranging from 300.97 to 476.79 mm. 
The sum of precipitation for these five years are presented in Table 3.9. Figure 3.32 
presents the monthly mean precipitation values in a climatic diagram considering 
only the five years available. Compared to Hyytiala, the monthly precipitation sum 
seems to be more evenly distributed during the year with still a detectable pattern 
with an evolution from a drier winter towards a wetter summer. Two months are 
experiencing lower precipitation (April, December) with the lowest value being in 
December (8.18 mm). The maximum in precipitation occurs in July (75.12 mm) 
and then decreases steadily to reach lower values in winter (with the exception of 
October reaching values close to the July maximum). The input of precipitation 
in March to supply trees during the potential start of photosynthesis seems to be 
a considerable factor that could explain less depleted J 13C values at Norunda.

Table 3.9: Temperature (°C), photo synthetic active radiation (pmol m  2 s l ) and
precipitation (mm) properties at Norunda for the period 1997-2009.

Year

Temperature (°C) PAR (//mol m 2 s - 1) Precipitation (mm)

Minimum Mean Max Minimum Mean Max Sum

1997 -16.01 6.57 29.66 0 220.50 1773 429.63
1998 -12.47 6.62 23.75 0 81.28 1743 476.79
1999 -20.65 6.40 29.51 0 216.00 1749 NA
2 0 0 0 -16.34 6 . 0 0 23.89 0 154.40 1666 447.46
2 0 0 1 -22.35 5.51 29.37 0 183.50 1671 300.97
2 0 0 2 -19.26 6.41 27.18 0 206.90 1643 366.49
2003 -21.13 6 . 2 0 28.70 0 194.80 1680 NA
2004 -17.43 6.17 28.67 0 185.60 1678 N A
2005 -17.43 6.52 30.66 0 189.20 1556 NA
2006 -16.44 7.23 30.42 0 173.40 1377 NA
2007 -17.08 6.58 27.84 0 185.90 1541 NA
2008 -12.70 6.92 30.74 0 185.90 1579 NA
2009 -17.34 6.09 27.26 0 184.60 1660 NA
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3 .7 .5  L oobos

3.7.5.1 Tem perature datasets at the Loobos site  for the period 1997- 
2009

Temperature records are available at Loobos for the full study period. Out of 
the three study sites, the variation range of temperature at Loobos is the tightest 
due to more elevated minimum temperatures during winter. At the inter-annual 
resolution, the minimum temperature calculated over the study period is -11.06 
±  3.00 °C ranging from -17.35 to -7.19 °C. The mean temperature for the study 
period is 10.18 ±  0.35 °C ranging from 9.59 to 10.65 °C. The average maximum 
temperature for the study period is 32.07 ±  1.67 °C ranging from 29.66 to 35.19 
°C. Therefore, Loobos experiences the warmest temperatures out of the three 
study sites. All inter-annual temperature values are presented in Table 3.10. It is 
noticeable that the inter-annual temperature variation remains low. Figure 3.33 
presents the monthly mean temperature in a climatic diagram. This study site 
does not present months with negative temperature averages like the two other 
study sites. The minimum average value is found in January (3.12 °C). The 
temperature increases until its maximum in August (17.58 °C) and then decreases 
again to lower values in winter. The maximum temperature is shifted from July 
to August compared to the two other sites with a higher value reached.

3.7.5.2 Radiation datasets at the Loobos site for the period 1997-2009

Photosynthetically active radiation (PAR) records are limited at Loobos to nine 
continuous years during the study period (2001 to 2009). The maximum intensity 
of PAR seems to be the highest out of the three site (2100 /imol m - 2  s-1). The 
annual PAR average is 238.91 ±  14.96 /imol m - 2  s - 1  ranging from 212.50 to 253.40 
/imol m - 2  s-1. The annual PAR maximum for the study period is 1965.38 ±  78.33 
/imol m - 2  s - 1  ranging from 1801 to 2051 /imol m - 2  s-1 . Therefore, inter-annual 
PAR averages are greater than at Norunda but lower than at Hyytiala while the 
inter-annual PAR maximum is greater than both at Norunda and at Hyytiala. This 
inter-annual pattern shows that the light is not as intense than at Hyytiala but 
the maximum values reached at Loobos are greater during the summer time. The 
standard deviation is small and shows that the inter-annual variation is small. All 
PAR inter-annual values are presented in Table 3.10. Figure 3.33 presents the 
monthly PAR averages for the available eight years in a climatic diagram. During 
winter, two months experience mean low PAR (January, February) with its lowest 
value in January (31.86 //mol m - 2  s-1). The PAR increases with particularly high 
values during May, June and July with its maximum in June (439.99 //mol m ~ 2 

s-1), it then decreases again with low values in October, November and December.
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The occurrence of the maximum PAR in June is the earliest of the three study 
sites. Therefore, the availability of light declines much earlier than at the northern 
sites.

3.7.5.3 Precipitation datasets at the Loobos site for the period 1997- 
2009

Five years of precipitation records are available at Loobos (1997, 1998, 2000, 2001, 
2 0 0 2 ). At the inter-annual resolution, the average precipitation sum for these five 
years of available data is 895.15 ±  200.93 mm ranging from 613.60 to 1256.11 
mm. Therefore, Loobos receives the greatest precipitation amounts out of the 
three study sites with an average value nearly double the amount recorded at 
Hyytiala and Norunda. All annual values are presented in Table 3.10. Figure 3.33 
presents the monthly precipitation averages over the period 1997-2009. During 
the whole year, precipitation stays high with just three months having lower pre
cipitation (April, May, June), the lowest value being in April (54.10 mm). The 
month with the maximum precipitation is July (89.65 mm).

Table 3.10: Temperature (° C), photosynthetically active radiation (p,mol m 2 s 1) and 
precipitation (mm) properties at Loobos for the period 1997-2009.

Year

Temperature (°C) PAR (//mol m 2 s-1) Precipitation (mm)

Minimum Mean Max Minimum Mean Max Sum

1997 -17.35 9.797 31.09 NA NA NA 768.05
1998 -8.72 9.592 30.78 NA NA NA 1256.11
1999 -10.42 10.530 29.66 NA NA NA 909.42
2 0 0 0 -8.78 10.430 32.75 NA NA NA 1051.12
2 0 0 1 -14.31 9.685 31.46 0 115.9 1834 1160.90
2 0 0 2 -9.41 10.430 31.77 0 212.5 1906 973.20
2003 -12.14 10.280 35.19 0 243.9 1801 663.60
2004 -7.19 1 0 . 0 1 0 31.73 0 219.4 2051 984.20
2005 -14.66 10.250 32.11 0 253.4 2018 794.60
2006 -8.40 10.640 34.54 0 247.9 1979 825.40
2007 -8.95 10.650 30.58 0 240.2 1973 1004.40
2008 -10.49 10.060 30.94 0 242.5 1997 632.40
2009 -12.89 9.990 34.26 0 251.5 1998 613.60
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3 .7 .6  Sum m ary

The availability of weather data at Hyytiala, Norunda and Loobos permits the 
characterisation of the variability of the weather between years and sites. For 
the study period, the weather variables are relatively stable through the years. 
However, the minimum temperature recorded at Hyytiala shows high inter-annual 
variation that may be an indication of more or less intense winters and would 
be a factor to consider for ice melting occurrences and the release of tempera
ture constraints on growth. It is also interesting to note that Norunda shows the 
lowest precipitation amounts while having a lesser constraint coming from temper
ature with a longer period when temperatures exceed 0 °C. It is therefore possible 
that the water constraint may become the primary driver of isotope variability 
at this study site. Finally, Loobos shows the highest values of both temperature 
and precipitation which would suggest that this study site is relatively protected 
against water stress and cold temperature constraints. Average weather data are 
summarised for each study site in Table 3.11.

Table 3.11: Summary of mean Temperature (°C), mean photo synthetically active ra
diation (pmol m~2 s~l )  and mean precipitation (mm) properties at the three study sites 
averaged over for the period 1997-2009.

Temperature (°C)

Year Minimum Mean Max

Hyytiala -23.67 ±  5.01 4.31 ±  0.57 26.91 ±  1.15
Norunda -17.43 ±  2.93 6.40 ±  0.43 28.28 ±  2.30

Loobos -11.05 ±  3.00 10.18 ±  0.35 32.07 ±  1.67

PAR (//mol m - 2  s-1)

Year Minimum Mean Max

Hyytiala 0 298.61 ±  15.45 1752.69 ±  97.70
Norunda 0 181.69 ±  34.77 1639.69 ±  106.07

Loobos 0 225.24 ±  43.33 1950.78 ±  85.36

Precipitation (mm)

Year Sum

Hyytiala 498.25 ±  106.10
Norunda 404.27 ±  70.47

Loobos 895.15 ±  200.93
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3.8 C onclusion

The greatest attention was taken to produce reliable and replicable high resolu
tion carbon isotope series using a new methodology involving the presented laser 
systems. At the inter-annual resolution, the raw <513C time series show no sig
nificant correlation with tree-ring width measurements during the study period. 
EPS values at the inter-annual and the intra-annual resolution show a signifi
cant common signal at Hyytiala but not at Norunda and Loobos according to 
the 0.85 threshold test on the EPS statistic. After the time series corrections of 
post-industrial atmospheric changes in £1 3 C, no significant trends are present in 
the corrected datasets with the exception of Loobos which presents the shortest 
length of isotope measurements. The seasonal variation of atmospheric <S13C values 
has been investigated and judged negligible over the three main months of growth 
(June to August) and no seasonal correction has been applied to the <$13C time 
series. The availability of dendrological information being limited and relatively 
imprecise at the study sites for the period considered, a method is required to be 
developed to model the growth period and the rate of growth to compensate for 
these limitations. The dates obtained via the dendrological methods will serve 
for parametrisation of the model during the years when the data are available. 
Finally, the weather dataset has been characterised for the three study sites with 
the identification of the possible weather forcings. Hyytiala experiences high vari
ability in temperatures while at Norunda, the precipitation amounts are the lowest 
of the three study sites. Finally at Loobos, the weather records show abundant 
rain events coupled with temperature above 0 °C during the longest period of the 
year suggesting a lack of stress coming from either temperature or water limita
tion. The following chapter will focus on the determination of the growing season 
period and wood growth modelling.
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Chapter IV : Investigation of 
wood growth properties and their 
m odelling via the Gom pertz 
equation.
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4.1 Introduction

To allow comparison between stable carbon isotope time series and climate datasets 
at the intra-annual resolution, the timing of the wood formation onset and ces
sation is required to match a common time scale between the different datasets 
within the growing season. Instead of using raw dendrological measurements that 
can be relatively unprecise, normalisation and smoothing techniques will be ap
plied to ease the characterisation of the seasonal wood growth during the years 
when dendrological data are available (Section 4.2). However, due to the lim
ited availability of dendrological information during of a few years, a range of 
methods has been tested against the dendrological measurements to provide the 
most accurate estimates for onset and cessation dates and to determine the ra
dial growth during the years when dendrological data are unavailable at Hyytiala, 
Norunda and Loobos (Section 4.3). These estimates will then be used to constrain 
a Gompertz model aiming at obtaining the growth rate and duration of wood cell 
formation during the period 1997 to 2009 (Section 4.4). Finally, this chapter will 
present a simple method to test the inclusion of cell life time in the modeling of 
the relationship between <513C and climate (Section 4.5)

The objectives of this chapter are to:

• normalise the dendrological data available at each site;

• investigate the dates of growth onset and cessation during years with den
drological information to build a method capable of predicting these dates 
during years when dendrological data are unavailable;

•  characterise intra- and inter-site variability of the wood growth onset and 
cessation;

• model the growth rate during each year by applying the Gompertz equation;

• include the life time of radial cells during the growing season into the growth 
model.
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4.2 N orm alisation  o f dendrological inform ation  

at each stu d y  site  for th e  period  2007-2010

4.2.1 Dendrom eter measurements

Due to inter-tree variability, the seasonal radial growth of individual trees presents 
differences in the rate of growth and the maximum growth attained during each 
year. Therefore, normalising the dataset in percentage of growth and averaging 
all trees into a unique growth curve will provide a clearer display of the com
mon growth signal at each study site. As dendrometer measurements are affected 
by external factors such as temperature and sap flow in the trunk, the use of a 
smoothing tool will permit reducing the effect of unwanted non-climatic variation. 
It is then possible to smooth the signal by the use of smoothing splines to represent 
the seasonal growth of each year at each study site. This particular smoothing 
tool has been suggested by Cook & Peters (1981) for tree-ring and dendrologi
cal purposes which profit from an absence of assumptions about the shape of the 
curve that will be fitted to the data and its flexibility in the smoothing intensity 
which provides a better fit to environmental data than polynomial fitting. When 
not specified, the smoothing procedure in this study is performed with the span 
parameter tuning the smoothing intensity equal to 0 . 8  to keep the best represen- 
tativity of the variation in the time series while providing an adequate smoothing 
power.
The convention to estimate onset dates by observing dendrometer measurements 
in this study is to select the inflexion point from null growth to positive growth 
during the period previous to the rapid radial increment in summer. For cessation 
dates, the day of the year (DOY) representing the best the transition from the 
rapid growth period to the winter plateau is selected. Figures 4.34, 4.35 and 4.36 
display the normalised dendrological dataset for Hyytiala for the years 2007, 2008 
and 2009. The estimated dates of onset and cessation are shown as green dashed 
vertical lines. For Hyytiala, the onset dates are found to occur on DOY 125, 120 
and 115 while cessation dates are selected on DOY 210, 235 and 220 respectively, 
for the years 2007, 2008 and 2009. At Norunda, onset dates occur on DOY 137 
and 148 and cessation dates on DOY 258 and 280, respectively, for years 2010 and 
2011 (Figures 4.37 and 4.38). Finally at Loobos, DOY 105 and 107 are selected 
to represent the onset of wood formation while cessation dates are found to be on 
DOY 265 for both 2009 and 2010 (Figures 4.39 and 4.40). Despite the dendrom
eter records of 2009 showing no stable plateau period at the end of the year, the 
date selected seems reasonable as it matches a decrease in the rate of growth after 
the summer period.
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The subsequent dates are summarised in Table 4.12. Due to the limited time 
period when these measurements are available, no statistical test was performed 
to quantify the relationship between growth dates and study sites. However, the 
simple observation and comparison of these dates shows that for the years avail
able, a gradient exists between the study sites with Loobos presenting the earliest 
dates of onset followed by Norunda and lastly by Hyytiala. The cessation dates 
are closely located at Loobos and Norunda but not at Hyytiala, where cessation 
can occur approximately a month earlier than at the two other sites. In Section 
4.3, these dates will serve to test which approach can best model the growing 
season when dendrological information is not available.

Table 4.12: Onset, cessation and length of radial growth period in days of the year at 
Hyytiala, Norunda and Loobos estimated by using the available dendrometer measure
ments.

Hyytiala

Year Onset (DOY) Cessation (DOY) Length (DOY)

2007 125 2 1 0 85
2008 1 2 0 235 115
2009 115 2 2 0 105

Norunda

Year Onset (DOY) Cessation (DOY) Length (DOY)

2 0 1 0 137 258 1 2 1

2 0 1 1 148 280 132

Loobos

Year Onset (DOY) Cessation (DOY) Length (DOY)

2009 105 265 160
2 0 1 0 107 265 158
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4 .2 .2  M icrocore m easu rem ents

Due to the availability of both dendrometer and microcore measurements at 
Hyytiala, the comparison of the two types of measurements to obtain wood growth 
onset and cessation dates can be carried out to assess if both records lead to sim
ilar results in terms of wood growth characterisation. Similar to the dendrometer 
technique, the microcores are subject to inter-tree and inter-annual variability. 
The inter-tree variability can be suppressed by normalising the measurements in 
percentage of growth instead of number of cells and proceed to averaging many 
tree microcore records to obtain a unique growth curve representative of the study 
site for each year. No smoothing spline procedure is needed for microcore mea
surements to visualise growth onset and cessation as no external factor should be 
interfering with the number of cell and therefore there is no necessity to atten
uate unwanted noise. Figure 4.41 displays these operations for the three years 
(2007 to 2009) at Hyytiala. To determine the dates for onset and cessation of cell 
increment, the first date to be located just before the first count of new cells is 
selected to be the onset date for wood growth while the date when a maximum of 
cells are counted before the start of a decline is selected to be the cessation date. 
W ith this method, the following dates have been determined to be the extent of 
wood growth for years 2007 to 2009 at Hyytiala by using microcores (Table 4.13). 
When comparing the dates obtained from dendrometers and the ones obtained 
via microcore measurements, it can be observed that the dates vary considerably 
from one method to the other. A difference from 19 to 26 days is found for onset 
events while the cessation dates differ from 5 to 18 days. Due to this difference, 
the selection of the dendrological technique may provide different results when 
evaluating the climate forcing at Hyytiala. Therefore, dates from both techniques 
will be used in the next sections to assess which method is the more appropri
ate to produce wood growth dates during the years when dendrological data are 
unavailable.
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Table 4.13: Onset, cessation and difference with the dendrometer measurements at 
Hyytiala observed by microcore measurements for the period 2007-2009.

Year Onset (DOY) Difference (Days)

2007 151 26
2008 142 2 2

2009 134 19

Date Cessation (DOY) Difference (Days)

2007 228 18
2008 230 5
2009 231 1 1

4.3 D eterm ination  o f w ood grow th w hen den

drological data  are unavailable

4.3.1 Introduction

A range of approaches can be carried out to estimate when wood growth occurs 
at the study sites thanks to the availability of CO2 flux data and measurements of 
environmental variables during the years supplied with dendrological information. 
The first approach uses the NEE, representative of the photosynthetic activity, 
to characterise the period of wood growth. A Similar approach can be carried 
out with evapotranspiration and have been previously described by Cocozza et al. 
(2012). Finally, recurrent environmental conditions during onset and cessation 
can be investigated and could serve as triggering conditions for a model predicting 
wood growth when the dendrological data are unavailable. This final approach 
includes the use of smoothing splines and cumulative variables to investigate which 
thresholds are the most successful in predicting wood growth.

4.3.2 Estim ation of radial growth by using daily average 
net ecosystem  exchange.

The first investigation to determine radial growth dates consists in the exami
nation of the relationship between the net carbon exchange (NEE) of the forest 
ecosystem and the dendrological data. The fluctuation of the NEE represents the 
measurement of the carbon flux exchange between the plants and the atmosphere 
during a period of time. Therefore, using the NEE to determine the period when 
the vegetation is performing its photosynthetic activity and respiration could be 
related to the period when radial growth occurs. Another parallel investigation is
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to consider the relationship between the temperature variation and the NEE. As 
photosynthetic and respiration processes are temperature dependent, a close link 
between temperature and NEE is expected and can provide an additional tool to 
estimate growth periods at the study sites. The typical variation for NEE during 
a year of observation is characterised by a bell shape pattern. Each year starts 
by a winter dormancy period with positive values of NEE driven by respiration 
until the photosynthesis starts which will be detectable in the NEE time series by 
the occurence of more negative values. These negative values will reach a peak 
in summer and will then progressively return to positive values of NEE with the 
cessation of the photosynthetic activity for the following winter. The three years 
when dendrological information is available at Hyytiala have been used to test 
if a model of growth based on NEE is valid. The study sites of Norunda and 
Loobos were not analysed for this method due to the absence of NEE records for 
the period considered.

Figures 4.42a, 4.43a and 4.44a display the temperature records for year 2007, 
2008 and 2009 respectively. To better understand the influence of temperature 
on the photosynthetic activity, temperature values have been processed into daily 
maximum and minimum values. Therefore, cold limitation to growth will ap
pear in the minimum temperature records while warm limitation involving water 
shortage may be detectable by observing the maximum temperature values. To 
ease the observation of the NEE variable, daily averaged values are represented in 
Figures 4.42b, 4.43b and 4.44b for year 2007, 2008 and 2009 respectively. Daily 
averaged values provide an indication of growth performance as they will better 
show the transition period from positive to negative NEE values during spring due 
to short periods when carbon assimilation occurs at the daily scale at the start of 
photosynthesis. Following the convention from atmospheric sciences, NEE is rep
resented as negative values and states the depletion of C 0 2 from the atmosphere 
at the profit of the vegetation. Finally, Figures 4.42c, 4.43c and 4.44c show the 
cumulated daily averages from NEE for 2007, 2008 and 2009 respectively. To ease 
the comparison with dendrometer records, the cumulated NEE is represented as a 
positive increment. Threshold values for the cumulated curve have been selected 
to characterise the main period when photosynthesis occurs. The date for onset 
of the photosynthesis is attributed when 2  % of the annual maximum cumulated 
NEE is reached. The selection of 2 % instead of 1 % or 5 % is made as it matches 
the transitional period between winter dormancy and the following rapid increase 
in cumulated NEE values. The threshold of 99% is selected to match the period 
when the cumulated NEE curve is close to meet the characteristic plateau period 
when the photosynthetic activity has ceased.
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All dates produced by this method are presented in Table 4.14 for the period 
1997 to 2009. During the three years when dendrological data are available, it is 
noticeable that the dates produced by this method are quite different than the 
ones coming from dendrological information. Estimated onset dates via NEE are 
systematically set earlier, DOY 82 for 2007, DOY 93 for 2008 and DOY 104 for 
2009 than the dates from dendrological records. Estimated cessation dates also 
occur later, DOY 291 for 2007, DOY 294 for 2008 and DOY 286 for 2009. These 
dates are significantly different from those from the dendrological records and do 
not show a pattern where NEE records could be used to set up radial growth dates 
at Hyytiala. Therefore, a more precise method would be preferable to obtain esti
mated dates during the years when dendrological data is unavailable at the study 
sites.

Table 4.14: Onset, cessation and length of radial growth at Hyytiala estimated by the 
method of the daily average net ecosystem exchange for the period 1997-2009.

Year Onset (DOY) Cessation (DOY) Length (Days)

1997 116 285 169
1998 104 284 180
1999 95 292 197
2 0 0 0 103 291 188
2 0 0 1 1 0 0 293 193
2 0 0 2 91 281 190
2003 104 289 185
2004 99 298 199
2005 97 291 194
2006 106 291 185
2007 82 291 209
2008 93 294 2 0 1

2009 104 286 182
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4.3.3 Estim ation of radial growth by using evapotranspi- 
r at ion

Cocozza et al. (2 0 1 2 ) proposes the use of evapotranspiration to estimate the period 
when tree radial growth is occurring instead of using NEE. Similar to the previ
ous method, Figures 4.45a, 4.46a and 4.47a display the temperature records via 
maximum and minimum daily values, Figures 4.45b, 4.46b and 4.47b shows the 
daily average evapotranspiration flux while Figures 4.45c, 4.46c and 4.47c shows 
the cumulative evapotranspiration flux for each year of growth. Unfortunately 
at Norunda and Loobos, evapotranspiration data were unavailable at the time of 
the study. Therefore, this method is tested on the three years when dendrologi- 
cal data are available at Hyytiala (2007 to 2009). The intra-annual behaviour of 
evapotranspiration is quite similar to NEE with a bell shape pattern from winter 
dormancy to a summer peak and a progressive return to a winter plateau period. 
Therefore, a similar approach can be tested and was first conducted by Cocozza 
et al. (2 0 1 2 ) which stated a close link between temperature, dendrometer records 
and cumulative evapotranspiration at two study sites in Italy on olive trees during 
year 2005 and 2006. The advantage of such a procedure consists in using multiple 
environmental information in parallel to dendrological measurements to establish 
dates of wood growth with a greater confidence.

At Hyytiala, a close link is observable between the daily minimum temperature 
and the edges of the bell shape pattern from the intra-annual evapotranspiration 
as shown in Figures 4.45, 4.46 and 4.47 respectively, for the years 2007, 2008 and 
2009. When setting a threshold at 10% of cumulated evapotranspiration to rep
resent the onset of radial growth, it also matches the transition from negative to 
positive daily minimum temperature. This behaviour is also happening at the 
other edge of the bell shape, with a 95% threshold value. This relationship may 
then be used as a convention for determining radial growth dates during the study 
period from 1997 to 2009. When comparing the dates from dendrological informa
tion, it is noticeable that estimated onset dates are more realistic than when using 
NEE. However, the difference between the two sets of dates is still considerable 
with the evapotranspiration method estimating onset dates on DOY 107, DOY 97 
and DOY 110 for year 2007, 2008 and 2009. In terms of cumulated evapotranspi
ration, this represents a variation from less than 1% (year 2009) to 5% (year 2007 
and 2008), but as the slope increases slowly at the start of the growing period, 
it represents a difference of 23 days in 2008. In the case of the cessation dates, 
the difference with dendrological datasets is even greater. The cessation dates 
estimated on DOY 291, DOY 315 and DOY 281 by using the evapotranspiration
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method are more than two months later than when estimated by the dendrologi
cal data. There is also a major difference in the cumulated evapotranspiration at 
cessation dates estimated by the dendrological information with values from 63 % 
to 78 % compared to the selected 95% threshold. Therefore, even if this method 
seems to provide acceptable onset dates for the characterisation of the growing 
season, there is still significant differences with the dates found by dendrological 
means especially for cessation dates. Estimated dates for onset and cessation are 
found using this method are in Table 4.15 for Hyytiala.

Table 4.15: Onset, cessation and length of radial growth at Hyytiala estimated by the 
evapotranspiration method for the period 1997-2009.

Year Onset (DOY) Cessation (DOY) Length (Days)

1997 1 0 2 248 146
1998 116 263 147
1999 109 250 141
2 0 0 0 1 2 2 263 141
2 0 0 1 1 2 0 249 129
2 0 0 2 1 2 0 251 131
2003 124 250 126
2004 116 254 138
2005 117 259 142
2006 119 267 148
2007 107 262 155
2008 97 275 178
2009 1 1 0 260 150
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4.3.4 Estim ation of radial growth by making use of co- 
occuring environmental conditions

4.3.4.1 Co-occuring weather conditions w hen radial growth is deter
m ined by dendrom eter m easurem ents

An alternative method to estimate the period of wood growth consists in selecting 
environmental variables that covary with the tree physiological activity during the 
annual cycle. Literature shows evidence of a temperature effect on wood growth 
at the treeline for both high altitude and northern latitude with critical thresh
olds ranging from 0 °C to 10 °C for air temperature and 3 °C to 5 °C for soil 
temperature depending on tree species (Korner, 2003a). Photoperiod as a control 
over phenology such as bud burst and leaves unfolding (Chuine, 2010; Korner & 
Basler, 2010) and on wood growth (Wodzicki, 1964) has also been investigated. 
This method proposes to determine if common environmental conditions can be 
found during different years of growth for events such as the onset and cessation 
of wood production. Therefore, if these conditions are found, they can be used as 
thresholds to wood growth formation. To permit a clearer observation of the intra
annual variation for PAR and temperature, these variables have been smoothed 
using smoothing splines as described in Section 4.2 (span =  0.8). By suppressing 
the noise from daily variation, each day of the year is characterised by a unique 
value of smoothed temperature or PAR.

The values found on the dates for onset and cessation of wood growth estimated 
via the dendrometer information are presented in Table 4.16. When analysing 
the environmental characteristics at the dates selected for radial growth onset, it 
is noticeable that all three sites present similar values of PAR with values from 
370 to 389 fimol m - 2  s - 1  (mean: 376.00 ±  6.69 //mol m - 2  s-1) while tempera
ture values are more variable with a range of values from 6.25 to 12.40 °C (mean: 
9.08 ±  2.59 °C). When analysing inter-site variability, a temperature gradient is 
observable with Hyytiala presenting the lowest temperature recorded during the 
onset of growth while Norunda and Loobos show higher values. Cessation values 
of smoothed PAR and temperature are more variable. PAR values spread from 145 
to 356 //mol m - 2  s - 1  (mean: 251.67 ±  80.83 //mol m ~ 2 s-1) and the temperature 
range is also considerable with values from 10.96 to 16.50 °C (mean: 13.65 ±  2.19 
°C). Due to the high variation of temperature values during both the wood growth 
onset and cessation between the different years, this environmental variable seems 
to be unwise to use in the perspective of setting a threshold value determining 
wood growth properties. However, using PAR seems to be reliable for wood onset 
formation.
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While it is not possible to statistically test the stability of such a relationship 
between PAR and the onset of radial growth due to the small sample of years 
when the dendrological data is available, this method has the potential to pro
vide radial growth onset dates with a better accuracy than the approaches based 
on flux data. However, establishing cessation dates using smoothed PAR seems 
unreliable and would suggest that another method is necessary to obtain realistic 
wood growth cessation dates.

When PAR data quality is not high enough to support these findings as the 
smoothing splines technique does not allow any gaps in the PAR data, a procedure 
of gap filling is performed by using the calculation of the potential downwelling 
shortwave radiation at the surface according to Stull (1988) assuming no cloud 
cover (Figure 4.48). This procedure determines what radiation level should be 
occurring during a typical year of growth according to the latitude and longitude 
of the study site. However, it is expected that the use of gap filling during the 
critical period of radial growth onset and cessation will lead to less accurate date 
estimation.

The threshold value selected to trigger wood growth onset is the average value 
of 376 /unol m - 2  s - 1  found at the three study sites. The set of estimated dates 
for wood growth is presented in Table 4.17 with the indication of when gap filling 
can be a source of uncertainty. Figures 4.49, 4.50 and 4.51 show the procedure for 
the date determination during year 2007, 2008 and 2009 at Hyytiala.
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Table 4.16: Photo synthetically active radiation ((im ol m~2 s-1 ) and temperature (°C) 
at Hyytiala, Norunda and Loobos at the dates estimated by the available dendrometer 
measurements.

Year

Onset

Hyytiala Norunda Loobos Hyytiala Norunda Loobos

PAR (/xmol m - 2 s - 1) Temperature (°C)

2007 375 6.50
2008 376 8.50
2009 375 372 6.25 12.40
2 0 1 0 370 389 11.80 9.02
2 0 1 1 NA NA

Cessation

2007 339 16.50
2008 214 1 2 . 0 0

2009 356 239 15.97 13.57
2 0 1 0 145 217 10.96 12.87
2 0 1 1 NA NA

Table 4.17: Onset of radial growth in days of the year at Hyytiala, Norunda and Loobos 
estimated by the method of smooth splines applied on photo synthetically active radiation 
for the period 1997-2009 by using dendrometer measurements. Gap filling procedure 
when performed during the critical period for onset dates are followed by (gp).

Year Hyytiala Norunda Loobos

Onset (DOY)

1997 113 (gp) 134 126 (gp)
1998 133 135 (gp) 126 (gp)
1999 123 125 126 (gp)
2 0 0 0 1 2 2 132 (gp) 126 (gp)
2 0 0 1 127 (gp) 1 2 0 127 (gp)
2 0 0 2 124 125 114 (gp)
2003 127 (gp) 136 106 (gp)
2004 1 1 0 127 134
2005 129 136 123
2006 114 152 116
2007 125 146 95
2008 1 2 0 132 108
2009 115 130 104
2 0 1 0 NA 139 103
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4.3.4.2 Co-occuring weather conditions w hen radial growth is deter
m ined by m icrocore m easurem ents

Following the same procedure as described above, threshold values for temperature 
and PAR during the dates for onset and cessation of wood growth estimated from 
the microcores information are presented in table 4.18 for Hyytiala for the years 
2007 to 2009. Similar to the dates found with the dendrometers, critical PAR 
values found during the onset events are within a small range while temperature 
seems more variable with a high variation between 2007 (14.18 °C) and 2008 and 
2009 (9.72 °C and 9.94 °C). For cessation dates, no clear critical values could be 
found on a inter-annual basis for both PAR and temperature. If thresholds are to 
be chosen to characterise wood formation, the average of the three years for PAR 
values is 435 //mol m ~ 2 s - 1  and seems to represent well the onset dates. However, 
when creating the dates for the period 1997 to 2009 using this threshold, some 
years (1998, 2000, 2003 and 2004) do not always reach this value of smoothed PAR 
which then cannot be attributed onset values. Therefore, to complete the set of 
dates, a threshold on air temperature at 10 °C is used despite being probably less 
accurate than the PAR method due to higher inter-annual variation. For cessation 
dates, temperature values from 1 2  to 16 °C have not been previously stated in the 
literature to be limiting to growth. Therefore, the same 10 °C threshold is used 
to determine wood growth cessation and to build a complete set of dates for 
microcores. The set of onset dates produced is shown in Table 4.19.

Table 4.18: Photosynthetic active radiation (fimol m~2 s~l )  and temperature (°C) at 
Hyytiala at the dates estimated by the available microcore data.

Onset

Year PAR (//mol m 2 s *) Temperature (°C)

2007 431 14.18
2008 437 9.72
2009 437 9.94

Cessation

2007 337 16.23
2008 236 12.97
2009 302 14.57
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Table 4.19: Onset, cessation and length of radial growth in days of the year at
Hyytiala estimated by the method of smooth splines applied on PAR and temperature 
for the period 1997-2009 at the dates of wood growth determined using microcores. On
set dates determined with temperature instead of PAR are indicated by (T). All dates 
for cessation of wood growth are determined by temperature.

Year Onset (DOY) Cessation (DOY) Length (Days)

1997 145 256 128
1998 154 (T) 238 141
1999 148 265 136
2 0 0 0 138 (T) 247 1 2 2

2 0 0 1 156 263 142
2 0 0 2 134 255 1 2 0

2003 138 (T) 233 127
2004 156 (T) 261 141
2005 160 266 144
2006 156 271 145
2007 151 246 141
2008 141 244 128
2009 132 259 115

4.3.5 Estim ation of radial growth on the basis o f cumu
lated environmental variables

4.3.5.1 Cum ulated weather variables when radial growth is determ ined  
by dendrom eter m easurem ents

The cessation of wood growth is still a challenging topic for dendrology and phe
nology studies (Menzel et al., 2006). However, the assumption usually made is 
that trees have the necessity to finish the maturation of latewood cells before the 
return of cold temperatures prevents the photosynthesis cycle. Therefore, it is re
alistic to think that trees time the release of growth inhibitors via environmental 
controls with the objective to maximise the growth period without risking winter 
frost to stop the maturation process before its end. Photoperiodic conditions were 
found to influence the content of growth inhibitors as well as auxins (Nitsch &: 
Nitsch, 1957; Phillips & Wareing, 1958; Kawase & Nitsch, 1958).

Wodzicki (1964) presented evidence that a decrease in the photoperiod induced 
the production of growth inhibitors and transition to latewood cells inducing mat
uration via cell thickening. However, as shown in Table 4.16, the values of PAR at 
cessation dates do not seem to present a good agreement over a theoretical value 
that would be triggering wood growth cessation. Another investigation is to assess 
if the cumulation of environmental variables such as degree days after the onset
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of growth can lead to a threshold amount when the growth cessation will occur.

The method used for this study is to cumulate only air temperature above 5 
°C which represents a limitation for enzymes to perform photosynthesis. How
ever, all PAR values were cumulated without restrictions. Table 4.20 presents the 
cumulated temperature and PAR values at the observed cessation date using den
drometer records for 2007 to 2010. Figures 4.52 and 4.53 display the cumulated 
temperature and PAR at Hyytiala during the period 2007 to 2009. As for the 
previous method using smoothed variables, it is noticeable that the cumulated 
temperature presents a greater variability in cumulated values than PAR at dates 
selected for growth onset and cessation. However, when analysing the values from 
cumulated PAR, it is observable that years 2008 and 2009 at Hyytiala present very 
similar values for both growth onset and cessation while showing a great differ
ence in the total amount of PAR received during each year. It is then a possibility 
that these values of cumulated PAR may serve as an indication for growth onset 
and cessation. However, year 2007 does not fit well this pattern and would show 
a difference of 17 days for onset (estimated DOY 108 instead of DOY 125) and 
13 days for cessation (estimated DOY 223 instead of DOY 210) if thresholds are 
set at growth onset: 620,000 //mol m - 2  s - 1  and cessation: 2,700,000 /zmol m - 2  s-1 .

Having just one year of dendrometer measurements to analyse at Norunda (2010) 
does not permit inter-annual comparison of cumulated variables at this study site. 
However, the cumulated PAR is very similar to year 2008 at Hyytiala and it may 
be interesting to compare the two study sites due to their relative geographic 
proximity. When applying the same thresholds, the difference for onset would be 
of 18 days (estimated DOY 119 instead of DOY 137) and for cessation of 20 days 
(estimated DOY 238 instead of DOY 258).

Finally at Loobos, two consecutive years are comparable (2009 and 2010) and 
present close values for both onset and cessation dates while following a very sim
ilar pattern for the cumulated PAR. Although these values are in a close range 
of the ones found at Hyytiala for growth onset, they are significantly greater for 
growth cessation. Therefore, it is expected that Loobos being the most southern 
site out of the three selected study sites, the annual light input is greater than 
at Norunda and Hyytiala and possibly induces a shift in the threshold value for 
growth cessation. It is also expected that the probability of frost damage does not 
occur until later in the winter due to higher temperature and that later growth 
cessations are an acceptable risk. If thresholds for growth are selected as equal 
to 750,000 //mol m - 2  s - 1  for onset and 3,900,000 //mol m - 2  s - 1  for cessation, the
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onset date difference would be one day for both 2009 and 2010 (DOY 106 instead 
of DOY 105 or DOY 107) while the cessation date difference would be four days 
for 2009 (DOY 261 instead of DOY 265) and two days for 2010 (DOY 267 instead 
of DOY 265). When applying these thresholds to the period 1997-2010, a new 
set of dates can be produced to provide growth onset and cessation at the three 
study sites and is shown in Table 4.21. As for the previous method, gap filling is 
sometimes necessary and is indicated when critical for determining growth dates.

Table 4.20: Values of cumulative temperature and PAR at Hyytiala, Norunda and
Loobos at the dates of onset and cessation observed by dendrometer measurements for 
the period 2007-2010.

Year Hyytiala Norunda Loobos

Onset Cessation Onset Cessation Onset Cessation

Cumulative Temperature (°C)

2007 7567 63000
2008 4746 73344
2009 1546 66907 18415 132302
2 0 1 0 12109 101196 15335 126547

Year Hyytiala Norunda Loobos

Onset Cessation Onset Cessation Onset Cessation

Cumulative Radiation (//mol m 2 s ' 1)

2007 849139 2466372
2008 619619 2678576
2009 621923 2700360 731725 3956545
2 0 1 0 915471 2885676 773589 3867336
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OS ~£3• <0 HO
Cs oCO rs
CJ
S 3

OS 

t>s "cjcs g cs.
©} Ci; 
5s ^  

^  &s

is ^
'■S ®

153 |
s o  O

S3 ©
HO
g

^  gcj 53,g CJ

g
g
CJ

ts
f t ,

5s
s
O

"5
O

CoCJ CJ
g. Hoj

03 s5O cj •£?
■g 5• • co

M  «  b
LO ^  §

~CS ^
H O

0) g  " §
5h o  e3 N §
M  k  ,

r’"1 °  Ofe -c s
127



Hi "cs
2  Hi

54,

&

"53
O

-C3-+o
Hi

SP 5$S to 
2  H i 

" 5 3  5 J

Hi "CS
O ss

<3
S-

^  e4 £ Ŝ as g
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4.3.5.2 Cum ulated weather variables w hen radial growth is determ ined  
by m icrocore m easurem ents

When observing the cumulated temperature and PAR using the wood growth dates 
obtained via microcore measurements, no clear pattern seems to be matching the 
onset and cessation dates of the period 2007 to 2009 (Figure 4.54 for temperature 
and Figure 4.55 for PAR). Cumulated values are displayed in Table 4.22. There
fore, no threshold values using these cumulated variables can be determined with 
confidence.

Table 4.22: Cumulated Photo synthetic active radiation (pmol m~2) and temperature 
(°C) at Hyytiala at the dates estimated by the available microcore data.

Onset dates

Year cumulated PAR (//mol m 2) cumulated Temperature (°C)

2007 1306224 20233.74
2008 1053186 12954.82
2009 976750 8881.41

Cessation dates

2007 2768762 78537.29
2008 2654028 70047.27
2009 2886978 74361.51
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4.3.6 Comparison of the performance of the m ethods to  
estim ate radial growth onset and cessation

The use of different types of dendrological records to assess wood growth formation 
at Hyytiala does not provide a similar selection of dates for onset and cessation. 
When running a Wilcoxon rank-sum test on the two sets of dates, they are sig
nificantly different from each other for both onset and cessation (p value < 0 .0 1 ). 
The growing season is longer when using dendrometer records with earlier onset 
dates and later cessations.

To compare the different methods predicting radial growth, Table 4.23 lists the 
estimated dates of onset and cessation for each method and study site. The use 
of NEE and evapotranspiration fluxes to predict wood growth has been tested at 
Hyytiala and does not show a good potential. It is then likely that wood growth 
cannot be directly linked to carbon and water fluxes over the canopy at this study 
site. It appears that the two approaches using PAR provide closer matches to the 
dates for growth onset and cessation estimated by the dendrological information. 
While the smoothing splines method seem more accurate with growth onset dates, 
it is not able to produce cessation dates. Moreover, this method requires the high
est data quality for PAR to be trustworthy. The use of gapfilling when this quality 
is not met (data gaps) can result in additional uncertainties if performed during 
the critical period for onset and cessation dates determination. The cumulated 
PAR method has the advantage of being able to provide both onset and cessation 
dates. It also seems more robust when only few missing data points are present 
but will still provide inaccurate date estimate when data gaps are occuring during 
the potential period for onset or cessation of wood growth. However, using the 
smoothing splines method or the cumulated method provide significant differences 
in the dates of growth onset (Wilcoxon rank-sum test, p value < 0.01).

Finally, using the 10 °C temperature threshold or the 435 /imol m - 2  s - 1  PAR 
threshold to build the onset dates using microcore measurements does not make 
significant differences (Wilcoxon non parametric test, p value =  0.45). Therefore, 
three sets of onset dates and two sets of cessation dates can be tested to provide 
the best wood growth estimate for climate correlation.
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4.3.7 Inter-site variability of the growing season properties

When using the dendrometer records to provide growth dates and then extend 
the period of study to 1997-2009 by using PAR thresholds, the three sites can be 
compared in terms of estimated onset and cessation of wood growth. The onset 
dates at Hyytiala are found to be significantly similar to onset dates at Loobos 
while Norunda dates are significantly greater than at the two other study sites 
(Wilcoxon rank-sum test, p value < 0.01). However, when using the cumulated 
PAR approach, the onset dates at Hyytiala are found to be significantly similar 
to onset dates at Norunda while onset dates at Loobos are significantly set earlier 
than at the two other study sites (Wilcoxon rank-sum test, p value < 0.01). This 
result appears to be in better agreement with the expectation that the climate 
at Loobos is being more permissive for growth and would allow earlier dates of 
growth onset. Therefore, only this set of dates will be used further for dendrome- 
ters measurements.

For cessation dates, a symmetric response can be observed at Hyytiala and Norunda 
cessation dates being significantly greater than the dates at Loobos (Wilcoxon 
rank-sum test, p value < 0.01). This pattern also seems in better agreement with 
the weather observations that show earlier drops in temperature at northern loca
tions while Loobos shows higher temperature longer during autumn. Therefore, 
the growth formation dates obtained by the cumulated PAR in better agreement 
with the expectation that weather forcing is stronger in northern latitudes and 
act by limiting the growing period at both onset and cessation dates.

4.3.8 Summary

The use of different methods to estimate the occurrence of radial growth onset and 
cessation produced a range of dates that have been statistically tested (Section 
4.3.6). The use of fluxes to determine the growing season detects the start of the 
photosynthetic activity and not the radial wood increment. By using a method 
based on temperature and PAR thresholds, the estimated dates were closer to 
those found by using the dendrological measurements. However, the limited pe
riod of time where dendrological data are available at the study sites does not 
permit to conclude on the accuracy of this method. Despite the uncertainties on 
its precision, this method is selected to produce the dates of wood formation, per
mitting to estimate radial growth at each site. The selected wood growth dates 
by the cumulated PAR method present a pattern where generally Hyytiala and 
Norunda show late onset and early cessation compared to Loobos which seems 
to agree with the weather forcing expectations. When using microcore records,
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a statistically different set of wood growth dates have been produced, it is then 
possible to carry out the climate analysis on both sets at Hyytiala to observe if 
matching weather at the inter-annual and intra-annual scale will correlate better 
using a particular type of wood growth information.

4.4  U sing th e  G om pertz equation  to  M odel th e  

rate o f w ood  grow th

The Gompertz model developed by Rossi et al. (2003) to model cell,number in
crease, estimate rate of growth and periods of cell differentiation was adapted in 
this study to predict wood growth during years when dendrological information 
are unavailable. For that purpose, the Gompertz model was constrained by using 
the number of isotope measurements as the maximum growth limit while esti
mated onset and cessation dates were used to delimit the period of growth. The 
Gompertz equation is then run with fixed parameters to obtain a growth curve 
that can be used to match isotope values with a date of wood formation. The 
evolution of the growth rate through the year shows a first period with no growth 
before the estimated date for the growing season onset, followed by a short pe
riod with a slow increase in the rate of growth until the Gompertz curve reaches 
its maximum rate for the centre period of the growing season. Finally, the rate 
of growth is slowly decreasing in the second part of the growing season until it 
reaches the estimated cessation date where the growth decreases again to zero for 
the winter period (Studhalter et al., 1963). Therefore, the distance between two 
dates of wood formation is greater at the beginning and at the end of the growth 
period while the central period is characterised by rapid growth and greater dis
tance in days between two isotope measurements. When matching weather and 
isotope time series on the same scale, the integration of climate information will 
be then occurring on different time spans depending on the position of the isotope 
values in the tree-rings.

When comparing the Gompterz fit with the initial wood increment measure
ments at the study sites, the Gompertz method does not always fit perfectly 
the dendrological data. For microcore mesurements, when comparing both the 
fitted Gompertz curve and the dendrological information in percentage of growth, 
the Gompertz curve fits quite well the microcore measurements during 2009 at 
Hyytiala (Figure 4.56). The curve is nearly always within the confidence intervals 
represented by the standard deviation from the mean measurements calculated 
over the four trees analysed for cell growth. However, during 2007 and 2008, the
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Gompertz fit is less accurate. For 2008, the first five values are correctly fitted but 
the following observations do not follow a similar slope with a decrease in growth 
rate and cause the Gompertz curve to overestimate the percentage of growth in 
the central period of the growing season until it reaches DOY 216 where the data 
points and the Gompertz curve start again to be similar (Figure 4.57). The worst 
adjustment occurs during 2007 with the Gompertz curve underestimating wood 
growth during the first microcore measurements until DOY 176 where the fit will 
then overestimate wood growth until DOY 215 when the fit starts finally to be 
satisfying for the last measurements (Figure 4.58). For dendrometer measure
ments, the Gompertz curve fitted to the wood growth of 2009 overestimate the 
rate of growth between DOY 135 to DOY 185 (Figure 4.59). However, growth 
during year 2008 is correctly fitted by the Gompertz procedure (Figure 4.60). A 
mismatch between the Gompertz curve and the dendrometer records during 2007 
seems to occur essentially due to an earlier onset date estimated via the method 
of cumulated PAR (DOY 108 instead of DOY 125) (Figure 4.61). However, if the 
Gompertz curve is shifted to the true onset location, the rate of growth is correctly 
predicted.

Therefore, the procedure adopted to predict wood growth seems not to always 
provide the best estimate of growth rate and the determination of wood growth. 
However, it is noticeable that if all years were recorded with dendrological infor
mation, it would be possible to fit correctly the Gompertz function according to 
the wood growth properties. It is then not the Gompertz method that fails to pre
dict wood growth but the procedure to obtain realistic onset and cessation dates 
via the available dendrological data for each year by using common environmental 
characteristics occuring during these events. Therefore, the procedure proposed in 
this work provides an approximate technique to characterise wood growth when 
dendrological data are absent leaving scope for further improvements. The con
sequences to such deviation between modeled wood growth and the dendrological 
measurements are that weather variables and isotope measurements will be mis
matched when the relationship between these time series will be assessed and 
therefore may cause a lower degree of fit than expected between climate forcing 
and isotope variation.
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4.5 Cell life tim e

The final consideration to characterise wood growth properties is to possibly in
clude the duration of the wood cell life in the procedure to match weather variables 
with isotope measurements. As proposed by Schollaen et al. (2014), wood cells 
can integrate climate information over a variable period after the formation of 
cells which should match the time when the cells are alive and active. Therefore, 
a theoretical time of life when cells will be affected by weather variation can be 
estimated by using the wood properties. It is known that wood cells live a different 
time span depending on their position in the tree-rings due to the transition from 
soft and short living earlywood cells to hard and long living latewood cells. The 
range of variation proposed by Schollaen et al. (2014) starts from five days of cell 
life for the earliest cells to 50 days for the last latewood cells with a regular incre
ment during the growing season. This current study will use these suggestions to 
test if the life span of cells influences the integration of climate forcing in isotope 
time series. Figure 4.62 shows a possible evolution of the tree cell life span during 
an average year of growth and the quantity of days that will be used to integrate 
weather information against the relative wood growth in percentage. To analyse 
the effect of the addition of cell life time in the evaluation of the relationship be
tween isotope time series and climate forcing, the integration of weather variables 
will be performed both with and without the additional life time generated by this 
method.
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4.6 C onclusion

By normalising dendrological measurements, two different sets of dates for onset 
and cessation of wood growth have been produced. Dendrometer measurements 
present at the three study sites can serve to obtain comparable growth information 
while microcore measurements only present at Hyytiala record the cell number in
crease and provide a different set of onset and cessation dates. Different methods 
have been tested to predict wood growth in the absence of dendrometer measure
ments with better results found when cumulating PAR and determining thresholds 
values for onset and cessation events. However, for microcore measurements only 
a combination of smoothed PAR and temperature can be used to estimate wood 
growth, but with questionable confidence. The fit of the Gompertz curve to each 
year of wood growth is not optimal when using estimated dates of onset and cessa
tion and would benefit from improvements in the determination of wood growth. 
Consequently, the match between weather variables and isotope measurements on 
the same time scale can be impaired by non representative growth rates during 
the growing season. Finally, the consideration of implementing cell life time has 
been described to increase the integration period of weather information for each 
isotope measurement with the addition from 5 to 50 days depending on the posi
tion of isotope measurements in the tree-ring width. Chapter V will present the 
correlation between the weather variables and the isotope measurements at the 
inter-annual resolution depending on the onset and cessation dates estimated via 
dendrometers or microcores and the inclusion of cell life time in the integration 
period of weather information.
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5.1 Introduction

The carbon stable isotope time series show seasonal variations that contain a cli
matic signal of past weather change. By matching the weather information with 
the stable carbon isotopes at the inter-annual resolution, it is possible to evalu
ate the validity of the dates chosen to delimit the wood growth period. Therefore, 
both set of dates built from dendrometer and microcore measurements will be used 
to match weather information to isotope values. It is expected that a stronger re
lationship will be present if the growing season selection is more accurate which 
will help determine if the use of a particular set of dates provide a more realistic 
match between weather and <513C time series. Addition of cell life time in the 
integration period for weather information will also be evaluated. The potential 
improvement of the strength of the relationship between weather variables and 
£13C may indicate that the cell life time theory is worth applying when matching 
weather information to <513C values. Finally, the influence from the combination 
of light, temperature and precipitation will be assessed by a multiple linear re
gression.

This chapter will present:

• the relationship between weather variables and stable carbon isotopes at the 
inter-annual resolution;

• the effect of cell life time addition in the integration of weather information;

• the use of a multiple linear regression model combining the three tested 
weather variables to interpret the stable carbon isotope variation at the 
inter-annual scale.
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5.2 C orrelation o f w eather variables at H yytia la  at 

th e inter-annual resolution

5.2.1 $13C tim e series over the period of wood growth es
tim ated by using dendrometer measurements

5.2.1.1 Simple linear regression betw een S13C tim e series and weather 
variables

To compare weather variables with stable carbon isotope time series at the annual 
resolution, the annual weather values are integrated over the full wood growth 
period estimated using the method presented in Chapter IV. For temperature 
and PAR, the annual values represent the average of temperatures or PAR values 
met during the growing season, while for precipitation they represent the sum of 
millimetres of rain that has fallen during the growing season. The use of linear 
regressions present a simple approach to model the relationship between weather 
variables (independent) and <P3C time series (dependent variable) and to deter
mine causality.

At Hyytiala, when dates from dendrometer measurements are used to build a 
growing season dataset, the relationships between <513C time series at the annual 
resolution and both temperature or PAR are low and not significant (p value > 
0.05). However, with precipitation, the linear regression shows a significant and 
negative fit with the annual <513C values (R2 =  0.47, p value < 0.05). Therefore, 
the only significant linear fit is obtained with precipitation when using growing 
season dates estimated via dendrometer measurements at the annual resolution 
(figure 5.63).

When integrating the cell life time period to the match between <P3C time series 
and the weather variables, the linear regression scores change drastically. Both 
temperature and PAR linear regressions become significant and show a positive 
linear relationship with a R2, respectively, equal to 0.51 and 0.52 (p value < 0.05). 
However, the regression with precipitation decreases in intensity while still being 
significant (R2 =  0.37, p value < 0.05). Therefore, including the cell life time 
period when matching weather and isotope values provides potentially a better 
linear fit than without (figure 5.64). As all three weather variables are significant 
in the linear single relationship with annual <513C time series, a multiple linear 
regression from these variables may be built to evaluate if <P3C values would be 
better predicted by the combination of all three weather variables.
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5.2.1.2 M ultiple linear regression fit betw een <513C tim e series and 
weather variables

When building a multiple linear regression based on the three weather variables 
(temperature, PAR, precipitation) as explanatory factors by using forward step
wise regression, the linear adjustment between measured <513C time series and the 
modelled £13C time series is reasonably large (R2 =  0.51, p < 0.05) at the inter
annual level (Figure 5.65). However, the increase of fit from the combination of 
the three variables is only slightly better than with the single regression with pre
cipitation only (R2 =  0.47, p < 0.05). This is due to the fact that the single linear 
regressions with temperature and PAR are not significant. Using the Akaike infor
mation criterion (AIC) to compare models based on the combination of the three 
selected variables (Table 5.24) shows a minimum value of AIC obtained when hav
ing temperature, PAR and precipitation in the multiple linear model predicting 
the inter-annual <513C variation. Therefore, this criterion-based method suggests 
that a model based on the three variables is justified when predicting <51 3 C.

When using the weather variables integrated with the cell life time period, the 
fit of the multiple linear model increases compared to the model without cell life 
time (R2 =  0.71, p 0.05) and provides a better fit than with the single linear 
regressions (figure 5.66). The Akaike information criterion suggests that a model 
based on precipitation only is the best in terms of balance between model size 
and the number of parameters used to predict the 613C variation. However, the 
adjusted R squared is the highest when using the three variables in the multiple 
linear regression for the cost of a small increase in AIC.

Table 5.24: Akaike’s information criterion (AIC) for each variable and variable com
bination in a multiple linear regression model at Hyytiala for the period 1997-2009 when 
dendrometer measurements are used to estimate the growing season with and without 
cell life time (CLT).

Variables AIC without CLT AIC with CLT

Temperature 17.12 26.00
PAR 20.14 24.82
Precipitation 20.35 18.20

Temperature Sz PAR 15.00 25.42
Temperature Sz Precipitation 16.74 19.28
PAR & Precipitation 15.97 20.08

Temperature & PAR & Precipitation 14.25 21.16
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5.2.2 $13C tim e series over the period of wood growth es
tim ated by using microcore measurements

5.2.2.1 Simple linear regression betw een £13C tim e series and weather
variables

Similar to the previous section, an analysis of the influence of each single weather 
variable on annual <P3C time series can be carried out when using the microcore 
measurements to predict the growing season at Hyytiala. The fit suggested by the 
R2 value shows great differences with the regression obtained using the dendrom
eter estimated growth dates. Temperature still does not presents a significant 
relationship with the annual <$13C values but the relationship with PAR becomes 
strong (R2 =  0.73, p < 0.05) while the precipitation that was previously reason
ably large (R2 =  0.47, p < 0.05) turns not significant. Therefore, the method 
chosen to estimate the growing season extent influences greatly the results from 
the single linear regressions between <S13C time series and weather variables (figure 
5.67).

When including the cell life time integration period for the weather variables, 
the results of the single linear regressions change to having a significant relation
ship with temperature (R2 =  0.25, p < 0.05) with also a decrease in the fit with 
PAR (R2 =  0.51, p < 0.05). However, the precipitation linear regression remains 
not significant. Therefore, applying the cell life time theory seems to improve 
the relationships for not significant variables but decreases the fit when a variable 
already possesses a strong relationship with the annual <513C values (figure 5.68).
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5.2 .2 .2  M ultiple linear regression fit betw een <513C tim e series and 
weather variables

Building a multiple linear regression model based on the three weather variables 
integrated over the growing season estimated using the microcore measurements 
(figure 5.69) and by using forward stepwise regression, the fit between the mea
sured and the modelled <P3C annual values is dramatically high (R2 =  0.83, p < 
0.05). However, the single relationship with PAR was already high (R2 =  0.73, 
p < 0.05) which then makes the increase of fit quite small and coming from the 
inclusion of temperature and precipitation which were first not significant with 
the £13C annual values. The Akaike information criterion presents a minimum 
value when using PAR and precipitation in a multiple linear model with PAR 
being the single variable having the highest adjusted R squared (Table 5.25). A 
PAR only model holds a quite similar AIC value and would permit to use only one 
variable. Therefore, using the three variables into a multiple linear model is not 
necessary to obtain the best model to predict <P3C values at the inter-annual level.

With the inclusion of cell life time in the integration period for weather vari
ables (figure 5.70), the fit is high (R2 =  0.61, p < 0.05) but as previously only 
shows a slight increase from the single PAR relationship (R2 =  0.51, p < 0.05). 
Using the Akaike information criterion to evaluate which variables provide the 
best model for <513C prediction shows a minimum AIC value for the combination 
of PAR and precipitation while the AIC for the three variable combination is in 
a close range (Table 5.25). Therefore, either using PAR and precipitation or all 
three variables allows to predict the £13C values when including cell life time in 
the climate analysis.

Table 5.25: Akaike’s information criterion (AIC) for each variable and variable com
bination in a multiple linear regression model at Hyytiala for the period 1997-2009 when 
microcore measurements are used to estimate the growing season with and without cell 
life time (CLT).

Variables AIC without CLT AIC with CLT

Temperature 2 2 . 6 8 24.69
PAR 17.00 9.14
Precipitation 24.08 24.66

Temperature & PAR 18.78 23.03
Temperature & Precipitation 20.85 23.03
PAR & Precipitation 16.66 5.84

Temperature h  PAR & Precipitation 18.17 7.02
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5 .2 .3  Sum m ary

At Hyytiala, the availability of both dendrometer and microcore measurements 
allowed to compare of the linear regression performance to predict the annual 
<P3C variation. Using one or the other type of measurements provided different 
results but instead of having a better linear fit in one case, the results from the 
single linear regressions revealed a shift in the importance of the weather variables 
with a greater weight of temperature and precipitation when using dendrometer 
measurements while the PAR linear fit is reasonably large when using micro
core measurements. Applying the cell life time theory to the time integration of 
weather variables causes an increase in the fit of variables that were previously 
not significant while it tends to decrease the fit of the ones that were already 
showing a strong relationship with 513C annual values. One suggestion can be 
that the weather variables do not influence the <P3C on the same time span and 
that different integration periods should be used for each variable to obtain an 
optimal single linear fit with <513C time series. Evaluating the combination of 
the weather variables in a multiple linear regression model using a criterion-based 
method (AIC) shows that all three variables are not always necessary to predict 
realistically inter-annual <513C values. Using microcore measurements provides a 
higher adjusted R squared without cell life time while the integration of cell life 
time is better modelled when the climate analysis is carried out with the growing 
season estimated using dendrometer measurements. Therefore, it is possible that 
each weather variable needs to be integrated on a different time span to optimise 
the fit with <513C time series.
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5.3 C orrelation o f w eather variables at N orunda  

at th e  inter-annual resolution

5.3.1 £13C tim e series over the period of wood growth es
tim ated by using dendrometer measurements

5 .3 .1 .1  Sim ple linear regression betw een d13C tim e series and weather 
variables

At Norunda, only dates from dendrometer measurements are available to examine 
the linear regressions between annual £13C values and weather variables. All three 
single linear regressions show not significant fit for temperature, PAR and precip
itation (p value > 0.05). Only the years 1997, 1998, 2001 and 2 0 0 2  are available 
for precipitation. None of the variables present a significant linear relationship at 
the annual resolution when using the available dendrometer measurements (figure
5.71).

Adding the cell life time period to the cell formation dates when matching weather 
variables and annual <513C values does not improve the previous linear regression 
fits. All three weather variable relationships remain not significant. Therefore, 
including the cell life time period when matching weather and isotope values at 
Norunda does not provide an improvement in the understanding of the weather 
influence over the annual <513C values by observing single linear regressions (figure
5.72).
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5 .3 .1 .2  M ultiple linear regression fit between <513C tim e series and 
weather variables

When building a multiple linear regression based on temperature and PAR, the 
goodness of fit between the measured and the modelled <513C annual values is 
low and not significant as expected from the single relationships (R2 =  0.03, p = 
0.263). Therefore, both single and multiple linear regressions fail to predict the 
annual S13C values (figure 5.73).

With the inclusion of cell life time, the fit is still low and non significant (R2 

=  0.07, p =  0.191). Therefore, even with the inclusion of the cell life time in the 
calculation of the matching period between <513C and weather factors, the mul
tiple linear regression model seems not to show a significant fit and presents no 
confidence in its capacity of predicting annual carbon isotopic variation (figure 
5.74).
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^  a
O

a  
a s  
a 2  cu asa 2

a
-a

TS 
V.
a
g e aa ad a  w
a  a  s?

a  
©

• - a  cr\

aa
CO

'Ca

I
a

O

a a•e* -C5

c 1co ~a 
a a a »o

b-
lO
03
Sh
3

_bC

ba 53
a a

•2  e
0)

^  CC
2  a
a a>_ -a  a co
CO
a a

aco a
a  a,

OZZ- OPZ- 0 9 Z -

( ° % )  P 8 | | 0 P O IU  9QdA 0 c l 9

166



5.3 .2  Sum m ary

As none of the weather variables present significant single linear relationships with 
the annual 513C values, the application of a multiple linear regression to increase 
the prediction of the £13C variation at the inter-annual resolution is inadequate. 
The reasons of such a difference with the results obtained at Hyytiala may be 
explained by the dates chosen to represent the growing season as only one year 
of dendrometer measurements was tested in Chapter IV. Investigation of the best 
set of dates for this study site would surely improve the matching procedure be
tween weather variables and annual <S13C values. When applying cell life time, 
no improvement is shown in the linear regression fits which is also unexpected 
when observing its influence over the 513C dataset at Hyytiala. If the growing 
season was shorter than the set of dates proposed in this study, the integration of 
weather over a larger period due to cell life time to each £13C value would improve 
the linear fit by the inclusion of a realistic matching period between the weather 
variable and the £13C values.
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5.4 C orrelation o f w eather variables at L oobos  

at th e  inter-annual resolution

$13C tim e series over the period of wood growth es
tim ated by using dendrometer measurements

Simple linear regression betw een <513C tim e series and weather 
variables

At Loobos, the linear regression between annual £13C values and weather vari
ables are examined based on the growing season estimated by using dendrometer 
measurements. Temperature and precipitation present not significant single linear 
regressions with the annual <513C values (p value > 0.05). Years 1997 to 2000 are 
missing for the PAR variable. Nevertheless, this variable show a significant linear 
relationship (R2 =  0.45, p < 0.05). However, in contrast to Hyytiala where the 
PAR relationship is also significant, the linear regression presents a negative trend 
with lower annual values of PAR than the range met at Hyytiala. Only the PAR 
variable presents a significant and negative linear fit at the annual resolution when 
using the available dendrometer measurements at Loobos (figure 5.75).

When adding the cell life time period to the cell formation dates to match weather 
variables and annual <P3C values, the previous linear regression fits are not im
proved. Temperature and precipitation still present not significant relationships 
while the fit of PAR decreases (R2 =  0.38, p < 0.05). Therefore, including the cell 
life time period when matching weather and isotope values at Loobos does not 
provide an improvement in the understanding of the weather influence over the 
annual <P3C values when analysing single linear regressions (figure 5.76).

5.4.1

5.4.1.1
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5 .4 .1 .2  M ultiple linear regression fit betw een <513C tim e series and 
weather variables

When building a multiple linear regression based on the three weather variables 
(figure 5.77), the fit between the measured and the modelled £13C annual values 
is average and significant as carried out mainly by the single relationships from 
PAR (R2 =  0.51, p < 0.05). Using the Akaike information criterion to evaluate if 
a combination of variables provides a better model to predict £13C values shows 
that a single regression based on PAR represents the best model due to its low 
AIC value. The addition of temperature is also an option as the increase in the 
AIC is minimal (Table 5.26).

The inclusion of cell life time does not significantly improve the fit of the lin
ear regression than without it (R2 =  0.58, p < 0.05). The use of the Akaike 
information criterion shows a similar result than without cell life time with the 
best model being based on PAR only due to its low AIC value. Therefore, in both 
cases the use of the three variables in a multiple linear regression model is not 
necessary to predict inter-annual (P3C values at Loobos (Table 5.26).

Table 5.26: Akaike’s information criterion (AIC) for each variable and variable com
bination in a multiple linear model at Loobos for the period 1997-2009 with and without 
cell life time (CLT).

Variables AIC without CLT AIC with CLT

Temperature 19.70 19.97
PAR 2.87 3.92
Precipitation 20.03 20.55

Temperature & PAR 2.99 4.46
Temperature & Precipitation 20.99 21.97
PAR & Precipitation 4.78 4.96

Temperature & PAR & Precipitation 4.98 4.38
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5 .4 .2  Sum m ary

Only the PAR variable shows a significant single linear regression at Loobos during 
the period 2001 to 2009 at the inter-annual resolution. However, this relationship 
with the annual £13C values is negative and with lower values of PAR than for 
Hyytiala. The application of a multiple linear regression model to increase the 
prediction of the £13C variation at the inter-annual resolution shows only a slight 
improvement to the single PAR linear regression. The reasons for the non sig
nificance of the relationships with the annual <513C values may be explained by 
the uncertainties linked to the method producing growing season dates as only 
two years of dendrometer measurements where available to build a growing season 
model. However, this does not explain why PAR shows a negative linear relation
ship with a lower range of PAR values than at Hyytiala. A shift in the trend of 
the relationship between 6 13C values and PAR at the inter-annual resolution may 
be explained by a different water status of the trees during the growing season. 
The multiple linear regression model shows only a slight improvement to the single 
linear model using PAR and is possibly not necessary for improving the prediction 
of annual £13C values. When applying the cell life time theory, the single linear fit 
decreases for PAR while the multiple linear model shows an equivalent fit. There
fore, there is no improvement in the prediction of annual <513C values when adding 
the cell life time period to the time integration of weather variables at Loobos.
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5.5 C onclusion

Depending on the study site where weather variables and annual <513C values have 
been matched by the estimation of growing season dates, the fit of both single and 
multiple linear regressions change drastically. Hyytiala presents the best results 
in terms of the significance of the linear regressions and the improvement of the 
different relationships by the application of cell life time. However, at Norunda 
the results are poor when using linear regressions to evaluate the weather forcing 
on annual <P3C values. Different factors can be involved in the lack of fit from 
the weather variables : the methodology to match growing season dates to the 
<513C time series suffers from the lack of confidence in the procedure due to the 
absence of dendrological information for most years studied and the quality of 
the data collected at the flux-tower site. Finally, at Loobos the only significant 
relationship is present with PAR and both multiple regression and the addition 
of cell life time do not improve the relationship with <$13C values. However, this 
relationship shows a negative trend which is in contrast to the relation observed 
at Hyytiala. To understand this shift in the relationship between PAR and an
nual <513C values, it would be interesting to evaluate the water status of the trees 
and observe if water stressed trees would present a negative relationship with light 
variables because of the stress induced by an increase in the rate of photosynthesis.

Chapter VI will present a similar approach using linear regressions to establish 
the causality between weather variables and <513C time series at the intra-annual 
resolution.
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Chapter VI : Linear relationships 
between weather and isotope  
m easurem ents at the intra-annual 
resolution
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6.1 Introduction

Following the inter-annual analysis between climate forcing and annual <513C val
ues, a similar analysis can be carried out at intra-annual resolution. The previous 
results show reasonably large variance explained by the linear regressions tested 
at Hyytiala which could be an indication that the selection of the radial growth 
dates in Chapter IV is accurate and that the trees show a response to climate forc
ing which can be quantified via the <513C variation. However, these results were 
not verified at Norunda and Loobos not displaying significant linear regressions 
and so presumably dates used to predict the growing season may be inaccurate. 
Therefore, the expectations to observe the effect of climate forcing on intra-annual 
<S13C time series are high at Hyytiala but are low for Norunda and Loobos.

This chapter will present:

• the relationship between weather and stable carbon isotopes at the intra
annual resolution;

• the effect of cell life time addition in the integration of weather information 
at this resolution;

• the use of a multiple linear regression model combining the three tested 
weather variables to interpret stable carbon isotope variation at the intra
annual scale.
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6.2 C orrelation o f w eather variables at H yytia la  at 

th e  intra-annual resolution

6.2.1 <S13C tim e series over the period of wood growth es
tim ated by using dendrometer measurements

6 .2 .1 .1  Simple linear regression betw een <P3C tim e series and weather 
variables

At the intra-annual resolution, each isotope value of 80 fim is matched with a 
weather component integrated via the Gompertz function as presented in Chapter 
IV. For temperature and PAR, the intra-annual values represent the average of 
temperatures or PAR values calculated over the time of wood formation of the 80 
fim sampled via the laser system, while for precipitation they represent the sum 
of millimetres of rain that has fallen during this same period.

At Hyytiala, when dates from dendrometer measurements are used to build the 
growing season dataset, the relationships between <513C time series and tempera
ture is zero and not significant (p value =  0.240) while PAR (R2 =  0.02, p value 
< 0.05) and precipitation (R2 =  0.06, p value < 0.05) show weak relationships at 
a significant level. Similarly, only weak significant linear regressions are observed 
with PAR and precipitation while the temperature influence is not significant 
when using growing season dates estimated via dendrometer measurements at the 
intra-annual resolution (Figure 6.79).

When integrating the cell life time period to the match between £13C time se
ries and the weather variables, the linear regression fit changes slightly. All three 
linear relationships are now significant but temperature (R2 =  0.05, p value < 
0.05) and precipitation (R2 =  0.03, p value < 0.05) still present a weak fit, while 
the relationship with PAR is stronger (R2 =  0.19, p value < 0.05). Therefore, in
cluding the cell life time period when matching weather and intra-annual isotope 
values provides potentially a better linear fit for PAR (Figure 6.80).
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6 .2 .1 .2  M ultiple linear regression o f <513C tim e series and weather vari
ables

When all three weather variables (temperature, PAR and precipitation) are used 
as explanatory factors into a multiple linear regression model at Hyytiala, the 
linear behaviour between measured <P3C time series and the modelled <P3C time 
series is not significant (R2 =  0.00, p =  0.758) at the intra-annual level. This is due 
to the single linear regressions with temperature while PAR being not significant 
while the precipitation relationship is too weak to provide a strong fit. Therefore, 
it is unwise to use a multiple linear regression model as displayed in Figure 6.81 
to predict £13C variation at this resolution.

When using the weather variables integrated with the cell life time period, the fit 
of the multiple linear regression model increases slightly compared to the model 
without cell life time (R2 =  0.09, p < 0.05) but provides a weaker fit than with the 
PAR linear regression alone (Figure 6.82). By running a criterion-based method 
(AIC) to evaluate which variable is worth including into a multiple linear regres
sion model (Table 6.27), the combination of the three weather variables provides 
the lowest AIC value when considering wood growth independently of the inclusion 
of cell life time. Therefore in both cases, this method would suggest to combine 
the three variables to predict <P3C intra-annual values.

Table 6.27: Akaike’s information criterion (AIC) for each variable and variable com
bination in a multiple linear regression model at Hyytiala for the period 1997-2009 when 
dendrometer measurements are used to estimate the growing season with and without 
cell life time (CLT).

Variables AIC without CLT AIC with CLT

Temperature 393.20 384.39
PAR 369.38 355.49
Precipitation 383.01 387.46

Temperature & PAR 370.90 352.64
Temperature & Precipitation 382.48 349.48
PAR & Precipitation 365.40 355.44

Temperature & PAR & Precipitation 364.68 335.60
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6 .2.2 <513C tim e series over the period of wood growth es
tim ated by using microcore measurements

6 .2.2.1 Sim ple linear regression betw een £13C tim e series and weather
variables

Similar to the previous section, an analysis of the separate influence of each 
weather variable on intra-annual £13C time series can be carried out when using 
the microcore measurements to predict the growing season. The goodness of fit 
described by the R 2 value shows slight differences with the dendrometer estimated 
growth dates. Temperature presents a weak but significant relationship with the 
intra-annual J 13C values (R2 =  0.07, p < 0.05) while the relationship with PAR 
becomes slightly higher (R2 =  0.12, p < 0.05) and the precipitation stays low (R2 

=  0.09, p < 0.05). Therefore, the choice of which method to estimate the grow
ing season dates influences the results from the single linear regressions between 
<513C time series and weather variables at the intra-annual resolution (Figure 6.83).

When using the cell life time integration period for the weather variables, the 
results of the temperature linear regression change to having a relatively small 
variance explained (R2 =  0.25, p < 0.05) with also a slight increase in the good
ness of fit with PAR (R2 =  0.17, p < 0.05). However, the precipitation linear 
regression remains weak (R2 =  0.03, p < 0.05). Therefore, applying the cell life 
time theory seems to improve the linear relationships for temperature and PAR 
while the precipitation fit stays low (Figure 6.84).
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6.2.2.2 M ultip le linear regression fit betw een <513C tim e series and 
w eather variables

When building a multiple linear regression model based on the three weather 
variables integrated over the growing season estimated by using microcore mea
surements (Figure 6.85), the fit between the measured and the modelled £13C 
intra-annual values is weak (R2 =  0.16, p < 0.05). However, the single relation
ship with PAR is quite similar in terms of variance explained (R2 =  0.12, p < 
0.05) which then makes the increase of fit quite small. The use of the Akaike 
information criterion shows that the combination of the three variables provides 
the lowest AIC value when cell life time is not included (Table 6.28). Therefore, 
a multiple linear regression based on these three weather variables represents the 
best model to predict S13C intra-annual values.

With the inclusion of cell life time in the integration period for weather vari
ables (Figure 6 .8 6 ), the fit is greater (R2 =  0.29, p < 0.05) but as previously 
shown, it only provides a slight increase from the temperature only relationship 
(R2 =  0.25, p < 0.05). In this case, the Akaike information criterion suggests that 
a model based on temperature and PAR is the best to predict the (513C variation 
(Table 6.28).

Table 6.28: Akaike’s information criterion (AIC) for each variable and variable com
bination in a multiple linear regression model at Hyytiala for the period 1997-2009 when 
microcore measurements are used to estimate the growing season with and without cell 
life time (CLT).

Variables AIC without CLT AIC with CLT

Temperature 63.68 342.60
PAR 65.60 361.90
Precipitation 62.24 388.70

Temperature & PAR 64.72 334.62
Temperature & Precipitation 58.20 335.41
PAR & Precipitation 64.20 361.96

Temperature & PAR & Precipitation 57.17 335.34
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6.2.3 Application of sm oothed splines to measured and 
m odelled #13C tim e series

To attenuate the small time scale variation, smoothing splines can be applied with 
a low smoothing power (span =  0 .2 ) to the modelled and measured £13C time series 
(Figure 6.87). With the attenuation of high frequency variability, the R2 value 
increases from 0.29 to to 0.35 which is not a considerable increase. However,the 
smoothed modelled <513C time series predict correctly the direction of the variation 
(towards more negative or more positive <513C values) for most years while the lack 
of fit occurs when a sharp variation is present in the measured £13C time series 
usually during the late section of the tree-rings with either higher values (years 
1999, 2000, 2006 and 2009) or lower values (years 2003 and 2004) than predicted 
by the multiple linear regression model.
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6 .2 .4  Sum m ary

Similar to the inter-annual resolution, testing growing season dates from dendrom- 
eter or microcore measurements do change the fit from the linear regressions at 
the intra-annual resolution (Table 6.29). Using microcore measurements improve 
slightly the results of the single linear regression from PAR and precipitation 
while providing significance to the temperature regression. Although the increase 
in the fit of each single regression is small, when comparing the multiple linear 
regression the fit from the dataset using the dendrometer measurements is not 
significant while using microcores to predict the growing season provides a low 
but significant fit (R2 =  0.16, p < 0.05). When applying the cell life time to the 
dataset, the temperature single linear regression changes dramatically between the 
two dendrological measurements. For dendrometer measurements, only the PAR 
linear regression benefits from the addition of cell life time (R2 =  0.19, p < 0.05), 
while for temperature (R2 =  0.05, p < 0.05) and for precipitation (R2 =  0.03, p < 
0.05) the fit stays low. For microcore measurements, the temperature regression 
benefits the most from the cell life time (R2 =  0.25, p < 0.05) while PAR (R2 =  
0.17, p < 0.05) and precipitation (R2 =  0.03, p < 0.05) are equivalent to the fits 
obtained with dendrometer measurements. When the multiple linear regressions 
are compared, the addition of cell life time provides a significant improvement 
(R2 =  0.29, p < 0.05) for the microcore measurements. However, only tempera
ture and PAR are selected by the Akaike criterion-based method to form the best 
model predicting £13C intra-annual values. The increase in the fit when including 
cell life time when dendrometer measurements are used is more modest (R2 =  
0.09, p < 0.05) but the Akaike information criterion suggest the use of the three 
variables to predict <P3C intra-annual values. Therefore, at Hyytiala and at the 
intra-annual resolution, using microcore measurements to estimate the growing 
season with the addition of the cell life time provides the best linear fits to predict 
£13C intra-annual values (Table 6.29). Applying smooth splines to attenuate the 
high frequency variation in the <P3C time series results in a small but significant 
improvement to the fit.
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6.3 C orrelation o f w eather variables at N orunda

at th e  intra-annual resolution

6.3.1 <513C tim e series over the period of wood growth es
tim ated by using dendrometer measurements

6.3.1.1 Sim ple linear regression betw een £13C tim e series and weather 
variables

At Norunda, only dates from dendrometer measurements are available to examine 
the linear regressions between intra-annual <513C values and weather variables. All 
three single linear regressions present not significant fits from temperature, PAR 
and precipitation (p value > 0.05). Precipitation data are only recorded during 
year 1997, 1998, 2001 and 2 0 0 2 . None of the variables present a significant linear 
fit at the intra-annual resolution when using the available dendrometer measure
ments (Figure 6 .8 8 ).

Adding the cell life time period to the cell formation dates to match weather vari
ables and intra-annual J13C values does not improve the previous linear regression 
fits. All three weather variables relationships remain not significant. Therefore, 
including the cell life time period when matching weather and isotopes values at 
Norunda does not improve the understanding of the weather influence over the 
intra-annual <i13C values for single linear regressions (Figure 6.89). As for the sin
gle weather variables presenting no significant relationship with the <513C values, 
the multiple linear regression is also not significant and will not be displayed as 
its capacity in the prediction of £13C values is negligible.
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6.4 C orrelation o f w eather variables at L oobos

at th e  intra-annual resolution

6.4.1 <513C tim e series over the period of wood growth es
tim ated by using dendrometer measurements

6 .4.1.1 Simple linear regression betw een £13C tim e series and weather  
variables

At Loobos, the application of linear regressions between intra-annual <513C values 
and weather variables provides similar results to the ones observed at Norunda 
with the three single linear regressions being not significant (Figure 6.90).

Including the cell life time period when matching weather and £13C values at 
Loobos does not provide an improvement in the understanding of the weather 
influence over the intra-annual £13C values by observing single linear regressions 
(Figure 6.91). As none of the weather variables presents a significant relationship 
with the <513C values, the multiple linear regression will also be not significant and 
will not be displayed as its capacity in the prediction of 513C values is negligible.
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6.5 C onclusion

At the intra-annual resolution, the linear regression fits between <513C and weather 
time series show weaker relationships than at the inter-annual resolution. At 
Hyytiala, the linear regressions still present the best fits compared to Norunda and 
Loobos that show no significance in the linear relationships between the weather 
variables and <V3C values (see Section 6.2.4, Table 6.29). The dataset based on 
the microcore measurements still produces better fits than the ones based on the 
dendrometer measurements. The application of cell life time also provides an 
improvement in the fit of both single and multiple linear regressions. The match 
between the measured and modelled <513C values can be further improved when 
applying light intensity smooth splines to the £13C time series which decreases 
the low frequency variation. It can then be seen that the smoothed modeled 
time series struggles mainly to predict the £13C values at the end of each tree- 
ring section. However, the smoothing procedure also change the climate signal 
property and the increase in the adjustment of the linear regression cannot be 
directly linked to an increase in the quality of the signal. Measured 513C values 
can be either overestimated or underestimated by the modelled <513C values in the 
late tree-ring section depending on the years. However, when referring to Figure 
3.21 in Chapter III, it seems unlikely that a difference between modelled and 
measured <513C values that greater than 1 %o could be explained by the difference 
in air <513C values between August and September that has an amplitude less than 
0.5 %o. Therefore, physiological influences are to be considered to explain this 
unpredicted variation in latewood as the weather influence seems out of cause. 
Chapter VII will now present the discussion for this study.
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Chapter VII : D iscussion

7.1 E valuation  o f th e  m eth od  for estim atin g  w ood  

form ation  dates

Wood formation is the product of the cambial cell differentiation during a short 
time window where environmental factors and the physiological activity can in
fluence the cell formation process into a final tree-ring (Frankenstein et a l , 2005). 
Therefore, researchers are trying to track these influences by analysing tree-ring 
width, carbon pools and isotope composition of the wood. How relatively short 
weather events are recorded by trees during the growing season is still a new field 
to explore (Rossi et a/., 2 0 1 2 ). As the time frame for the calibration between 
climate and wood formation is changing from one year to another, it is critical 
to understand the onset of wood formation as well as the cessation and rate of 
growth during each year.

Previous studies have investigated the link between tree growth and climate; they 
are usually focusing on either tree height growth by observing phenological changes 
(apical activity, leaves sprouts) or radial growth by the use of radial increment mea
surements (dendrometers, microcores). Interestingly, the same climatic controls 
are mentioned in the literature for both growth processes: temperature (Moser 
et al., 2010) and photoperiod (Chuine, 2010; Korner & Basler, 2010). Most stud
ies have focused on estimating dates for the onset of either height or radial growth 
formation while the cessation of growth has been left aside (Gricar et al., 2007; 
Rossi & Deslauriers, 2007; Seo et al., 2008; Turcotte et a l , 2009). The reason for 
the lack of knowledge on the radial growth cessation is principally due to its poor 
correlation with climate or physiological activity. There are only few studies on 
radial growth cessation estimation procedures (Menzel et a l , 2006).

The first investigation was conducted by Garner & Allard (1923) on the effect 
of the photoperiod on height growth cessation. The cessation of height growth 
has then been characterised by the co-occurrence of critical short photoperiod
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(Weiser, 1970; Kramer, 1936). However, no equivalent link was established in the 
current study between estimated dates of radial growth cessation and PAR. A 
second hypothesis based upon temperature made the observation that height ces
sation in boreal forest was induced by sudden cold nights (Korpilahti, 1988). More 
recent studies seem to agree on the combined effect of night length and air tem
perature (Hanninen & Kramer, 2007). Kalcsits et al. (2009) also insisted on the 
importance of cold night time temperature having a greater impact on growth ces
sation than day time temperature. However, the importance of warm temperature 
co-occurring with short photoperiod was also pointed out in a range of latitudes 
for different tree species (Tanino et al., 2010; Dormling, 1989; Heide, 2003). For 
Scots pine, another method using temperature sum accumulation seems to have 
been a valid method to estimate height growth cessation (Koski & Sievanen, 1985). 
Interestingly, an early start of height growth seems to be generally followed by an 
early growth cessation (Koski & Sievanen, 1985; Vihera-Aarnio et al., 2005). This 
pattern would suggest that the temperature sum accumulation method could be 
used to characterise both onset and cessation dates, an early onset provoked by 
the effect of higher temperature sum in spring being carried over to determine an 
early cessation in autumn (Hanninen & Tanino, 2011). Recent investigations tried 
to verify the possible control on the cessation of growth indirectly by the date of 
wood onset which would set the time that is available for cells to form during the 
growing season (Lupi et al., 2010). However, this hypothesis was not verified when 
correlating directly onset and cessation dates (Rossi et al., 2 0 1 2 ). The correlation 
between each stage of the growth process makes sense when considering that the 
effect of warm night temperature tends to diminish the time to achieve growth 
(earlier date of growth cessation). Therefore, the cessation date may not be set 
up by a specific climate factor or physiological process but could be the result of 
the weather conditions affecting the rate of growth during the growing season.

These findings could not be confirmed at the three selected study sites of the 
current study. The simple approach using direct temperature and PAR effect on 
growth onset provided more accurate estimates assessed by dendrological records. 
However, radial growth cessation dates did not seem to co-occur in a consistent 
manner with weather in late summer. Therefore the method proposed in this 
study with threshold values still constitutes an improvable technique. A method 
using cumulative temperature degree days has been tested at the study sites and 
seems to be relatively accurate in estimating wood growth when using dendrome
ter measurements. However, this method did not succeed in predicting onset and 
cessation dates estimated when using the microcore measurements. The use of this 
method for deriving the radial growth onset could be inappropriate as the sum
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of degree days is not coupled with an active and co-occurring biological process 
constrained by temperature or light (Bonhomme, 2000).

Despite altitude or latitude changes, the time range in which the onset and cessa
tion are occurring seems to be quite short. Rossi et al. (2012) states onset dates 
from mid-May to mid-June (DOY 138-177) and cessation dates from mid-July to 
beginning of September (DOY 189-250) for black spruce (Picea mariana) of the 
boreal forest of Quebec, Canada. For the year 2010 in the central Swiss Alps, 
Simard et al. (2013) calculated mean onset dates within a range from mid-May 
(DOY 138 ±3.0, altitude 1300m, Larix decidua) to start of June (DOY 159 ±3.5, 
altitude 2200m, Larix decidua) and mean cessation dates from end of October 
(DOY 302 ±6.0, altitude 2200m, Larix decidua) to beginning of November (DOY 
311 ±0.0, altitude 1300m, Larix decidua). Despite the difference in location and 
tree species, the dates for growth onset and cessation are in a similar range than 
the ones estimated at the study sites based on the methods presented in Chapter 
IV. Therefore, the approach selected in this study can provide a realistic range of 
wood growth dates while the inter-annual variation may not be reproduced cor
rectly.

Canopy level carbon dioxide and water fluxes also seem to be uncorrelated from 
the tree-ring <V3C variation over the period 1997-2009 at both annual and intra
annual scales. This has been previously observed by Offermann et al. (2011). 
They suggest that storage compounds are characterised by a different <513C sig
nature than the one from the current photosynthates and can be integrated in 
the tree-ring at the same time. Therefore, the final tree-ring <513C signature is 
resulting from the combination of the different carbon compounds. The post
photosynthetic fractionation processes can also alternate the <513C signature from 
the phloem stable isotopes ratio to the final tree-ring (Offermann et al., 2011). 
While the above approach is not detailed in the present study, preliminary results 
showed no potential to use atmospheric carbon dioxide and water fluxes to predict 
intra-annual £13C variations.

A study from Tanja et al. (2003), focusing on the determination of the onset 
of the photosynthesis by the mean of NEE measurements found that air temper
ature was the best predictor at northern locations in Scandinavia. The study 
site from Norunda was selected and did not present a significant relationship be
tween temperature and photosynthesis onset. This information ties-in with the 
results presented in Sections 5.3 and 6.3. Another approach tested in Tanja et al. 
(2003) was to correlate the photosynthesis onset with soil temperature and the
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snow melt. However, no relationship was found which could indicate that these 
two environmental variables cannot be used to predict the photosynthetic onset. 
The availability of records from these variables at a study site may then not be 
an essential feature to predict wood growth.

The use of Gompertz curve to model wood growth when dendrological data are 
available show a good adequation with the normalised wood growth from den- 
drometers or microcores. However, due to the uncertainties in the determination 
of onset and cessation dates by the method of the thresholds on temperature or 
PAR presented in Chapter IV, the Gompertz curve can mismatch the realistic 
period of growth when dendrological data are unavailable. An alternative ap
proach to this method may lie with the application of existing models such as 
the Vaganov-Shashkin model (VS) (Vaganov et al., 2006), the simple biosphere 
model (SIB) (Sellers et al., 1986) or the TREERING model applied to isotopes 
(Hemming et al., 2001).

7.2 513C variation as a link to  physiological ac

tiv ities

As the weather amplitude during the year is becoming greater when moving to
wards the northern latitudes in Europe, trees need to be able to endure the cold 
and dark season and restart growth and physiological processes each year at the 
onset of the warm and sunny season (Leavitt, 1969; Heide et al., 1985; Leinonen 
&; Hanninen, 2 0 0 2 ). Therefore, trees rely on an annual development cycle to sur
vive in unfavorable weather conditions in winter and perform growth in favorable 
weather conditions in summer (Weiser, 1970; Perry, 1971; Sarvas, 1972; Fuchigami 
et al., 1982). This cycle has to be synchronised with the weather variation of each 
year to trigger growth when the potential conditions causing frost damage are no 
longer occurring (Koski & Sievanen, 1982). Evergreen species keep old needles 
from one year to the next and do not need to produce fresh leaves before the start 
of photosynthesis and stem growth. While the cycle for growth is occurring, the 
concentration of sugars in the cambial zone increases. These sugars in a soluble 
state can either come from previous year remobilised starch or from the early 
photosynthesis production and are essential to growth. Highest concentration co
occur at the end of the radial increment, matching the peak in the lignification 
process (Simard et al., 2013). Previous studies investigated the relationship be
tween the concentration of sugars (or pool of carbon compounds) and the altitude 
/  latitudes of trees. The hypothesis being that greater concentration of sugars or
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larger pools of carbon reserves would be an adaptation of trees to survive harsh 
conditions in high elevations /  latitudes (Fajardo et al., 2013). However no link 
between the variation through the season of the available sugars and the gradient 
of altitude /  latitude was found (Hoch et al., 2002; Pomeroy et al., 1970; Fischer 
& Holl, 1991, 1992). Therefore, the growth process seems not to be limited by the 
carbon supply (Korner, 2003b) and could be more sensitive to environmental con
trols when one wants to explain the variation in growth performance of the trees 
between low and high altitude /  latitude (Simard et al., 2013). Another study 
by Uggla et al. (2 0 0 1 ) reported no correlation between the availability of carbon 
compounds and the latewood initiation suggesting that the wood formation cycle 
could also be internally independent on the carbon pool.

These studies support the hypothesis that trees, even at the limit of their geo
graphic distribution, are not limited by carbon supplies (Korner, 2003b; Fajardo 
et al., 2013). Other control factors on the cambial activity may be involved like the 
conversion from the carbon compounds to the tissues and a temperature limita
tion at the highest altitude/ latitudes limiting growth processes below 5 °C (James 
et al., 1994; Korner, 2006; Solfjeld &; Johnsen, 2006; Alvarez-Uria & Korner, 2007). 
This would suggest that at the thermal treeline, growth is controlled by tempera
ture restrictions preventing the formation of wood tissues under the 5 °C treshold 
(Fajardo et al., 2013). However, the trees growing at the selected study sites 
are not experiencing temperatures that could critically impair their probability of 
survival during the growing season but still show annual patterns of growth with 
winter cessations. If the carbon pool is not limiting for trees and the weather is 
permissive to growth for most of the year, it is still necessary to find the appro
priate controls on the radial growth cycle for the studied trees. These controls 
could vary for the different locations depending on which environmental variables 
are limiting the conversion of carbon compounds to tree tissues. Therefore, more 
studies on physiological processes at the intra-annual resolution are needed to 
understand how the tree-ring J 13C time series can be influenced by non-climatic 
factors and permit the extraction of climate driven only <513C variation.

7.3 Interpretation  o f th e  513C variation at dif

ferent tim e resolutions for th e  th ree stu d y  

sites

The common wood compound used for isotope analysis is cellulose despite a high 
correlation between wholewood and cellulose carbon isotope signal (Leavitt &
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Long, 1986; Schleser, 1990; Livingston & Spittlehouse, 1996). Some studies also 
analysed earlywood /  latewood isotope ratios instead of the whole-ring as a pos
sible correlation from the earlywood to the previous year isotope values could 
be present in some tree species (Hill et al., 1995; Rebetez et al., 2003; Saurer 
et al., 2000). Variation between tree species is also a factor to take into considera
tion when analysing the differences in carbon isotope ratio. Previous publications 
cover a vast range of locations and the comparison of the £13C time series from this 
study with previous studies can help to understand how the isotope ratio varies 
accordingly with its location. Vaganov et al. (2009) found a strong latitudinal 
effect in 613C annual time series of Picea abies when comparing values coming 
from Italy, Germany and Sweden. When restricting the range of publications to 
carbon isotope analysis on wood from Scots pines, most study sites were selected 
in northern Scandinavia. Therefore, the effect of latitude on S13C time series from 
Scots pine trees has not been assessed at the European scale. Brendel et al. (2002) 
did a study in Scotland natural stands of Scots pine trees varying in altitude and 
landscape. No differences in the mean wood cellulose £13C values were found de
spite significantly different weather conditions at the stand locations. The results 
presented in the current study show a similar range of annual values of <513C time 
series from Scots pines over the period 1997 to 2009 for the study sites. How
ever, the year to year variation in the mean annual value of 513C shows a gradual 
pattern where Hyytiala has the greatest variation in <P3C inter-annual time series 
followed by Norunda and finally Loobos. If climate is to be considered to be the 
main driver of the <513C variation, a common variation between £13C and climate 
records at the inter-annual scale would have been detected at the three study sites 
while the procedure including cell life time should have provided an improvement 
in the quality of the signal. However, during the growing season at Hyytiala av
erage temperature and average PAR values are less variable inter-annually in the 
period 1997 to 2009 than at the two other sites. Only the mean precipitation sum 
is varying in a larger proportion during these years. One possible explanation 
is that Hyytiala holds the lowest mean temperature and mean PAR of the three 
study sites and that even a small variation in limiting weather conditions can have 
a considerable effect on the <513C variation.
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7.4 D eterm in ing  th e  link betw een  carbon iso

top e  and clim ate at th e  three stu d y  sites: 

m odel assessm ent

Kozlowski & Pallardy (2002) identified that the tree growth requirements are car
bon dioxide and oxygen from the atmosphere, water and minerals from the soil, 
light and temperature as catalysts of the growth process. Considering that the 
carbon pool is not limiting for trees at the study sites in northern Europe, the 
construction of a model to predict growth should focus on these environmental 
factors as constraints on the speed of conversion from carbon compounds to tree 
tissues. The variation in the <S13C time series should reflect how the combined 
effect of these factors are impacting the growth processes. However, comparing 
single environmental variables with the <513C time series provided only a limited 
explanation of the <513C intra-annual variation in this work at Hyytiala. Moreover, 
the combination of the three tested weather variables only provided a small im
provement in the prediction of the 513C variation.

Rigling et al. (2 0 0 2 ) showed that the relationship between a single variable and 
the <513C time series can vary from a positive to a negative relationship when a 
second variable is causing a strong limitation to tree growth. Barbour et al. (2002) 
also reported a shift in the importance of environmental variables when correlating 
carbon stable isotopes at different study sites. <513C time series can present a sig
nificant correlation with a single environmental variable at a specific study site but 
the same relationship will not be significant at another study site. In the current 
study, the £13C time series show significant linear relationships with the three se
lected climate factors (temperature, PAR and precipitation) at Hyytiala while the 
relationships are not significant at Norunda and Loobos. Therefore, it is essential 
to consider a wider range of environmental influences to be able to explain the 
climatic variation contained in the <513C time series. As the combination between 
water, temperature and light availability presumably is key to understanding the 
relationship of 513C time series with other environmental variables, it is surprising 
that none of the tested weather variables present a significant relationship with 
<513C time series. Light limitation of photosynthesis has been reported to affect 
the £13C values (Leavitt & Long, 1986; McCarroll & Pawellek, 2001) as well as 
the combined effect of water and light availability (Gefiler et al., 2001; Farquhar 
et a/., 1989). The nitrogen availability in the soil has also been reported to en
hance the impact of water stress in the variation of <513C (Hdgberg et al., 1995; 
Livingston et al., 1999). These results suggest that an appropriate use of multiple
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linear regression models could explain seasonal <513C variation at the study sites 
presenting significant relationships with environmental variables.

When applying the cell life theory to the <P3C time series, different results oc
curred depending on the resolution used to observe the <P3C variation. At the 
inter-annual resolution, the additional time for climate integration induced by the 
inclusion of cell life duration provided an improvement of the linear regressions 
when the weather variables where not previously showing a significant relation
ship. Therefore, the proposition made by Schollaen et al (2014) to include cell 
life time in intra-annual isotopes studies seems legitimate when the goal is to ob
tain the best explanatory power from the combined effect of these three weather 
variables. However, as the integration period from each climate factor seems to 
vary as shown by the use of both dendrometer and microcore measurements, it is 
recommended to observe the climate time series integrated over different time pe
riods and select the integration window matching best the <P3C variation. At the 
intra-annual resolution, there is a clear improvement to the fit obtained by single 
and multiple linear regressions suggesting that the application of cell life time is 
mandatory to obtain a climatic signal from these weather variables in the intra- 
annual <513C time series. However, the application of the cell life time procedure at 
Norunda and Loobos did not present any improvement in the linear regressions. 
A better understanding of the non-climatic influences in the intra-annual <513C 
variation could then provide a clue to the weak climate signal detected at these 
study sites.

At the inter-annual resolution, the choice to use either dendrometer or micro
core measurements to estimate the growing season influences significantly the 
regression fits between weather variables and annual <P3C values. At Hyytiala, 
when using dendrometer measurements, temperature and PAR present a higher 
adjusted R squared value than precipitation (temperature, R2 =  0.51; PAR, R2 

=  0.52; precipitation, R2 =  0.37) with the application of cell life time. However, 
when using microcore measurements, PAR is clearly showing a stronger linear re
gression than temperature and precipitation (temperature, R2 =  0.25; PAR, R2 =  
0.51; precipitation, R2 =  0.16). The results of Chapter V follow the pattern pre
dicted by McCarroll & Loader (2004) for northern Europe which is more influenced 
by light and low moisture stress than at southern locations. Young et al. (2010) 
also reported the <P3C series to better predict sunshine or cloud cover rather than 
other climate variables on long scale chronologies in northern Scandinavia. This 
would suggest that the principal process driving the 513C signature in tree-rings 
at Hyytiala is coming from the photosynthetic rate as itself is driven by the effect
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of temperature and light on the enzyme production and its activity (McCarroll 
& Pawellek, 2001). However, these results were not confirmed at Norunda and 
Loobos where the relationships between the weather variables are found to be not 
significant at both annual and intra-annual resolutions. The fact that the temper
ature relationship with <513C values is weaker when using microcore measurements 
to predict radial growth could suggest that different time integration periods are 
needed to match each weather variable to annual £13C values instead of a unique 
set of onset and cessation dates. However, The multiple linear regression model 
shows that the modelled annual <P3C values provide a high adjusted R squared 
value for both dendrological records which induce no preference for one or the 
other method of recording tree growth when predicting annual <513C values.

Unlike the results obtained at the inter-annual scale at Hyytiala, the use of mi
crocore measurements show clearly an improvement in the linear regression for 
temperature compared to dendrological measurements at the intra-annual reso
lution. It is noticeable that the adjusted R squared values are lower than the 
ones found at the inter-annual resolution. This can be partially explained by mis
matches when modelling the seasonal growth period via the Gompertz equation 
due to its sensitivity to onset and cessation dates estimation. As demonstrated by 
using the Akaike information criterion, both temperature and PAR variables can 
be considered as explanatory factors to the intra-annual <P3C variation when cell 
life time is applied. Hence, modelled Hyytiala values (by multiple linear regres
sion) reproduce a similar pattern of variation than measured <P3C values. However, 
this model fails to predict the intra-annual <P3C variation with confidence. The 
lack of relationship between intra-annual S13 C values and climate was already de
scribed by Skomarkova et al (2006) who found only the central period of the 
growing season to relate with the concurrent assimilation and climate. As storage 
processes and cell maturation are occurring at the same time during this period, 
non-climatic influences may be a reason for the differences between modelled and 
measured <513C time series. The slight improvement in the fit when smoothing the 
modelled and measured 6 13C time series can come from a resilience of the <P3C 
time series to record small scale weather events at the intra-annual resolution.

Another clue to understand why the model applied in this study does not ex
plain a greater part of the variability of the measured <513C time series results 
from the observations of the years 1999 and 2006 at Hyytiala where the £13C 
values are increasing nearly till the end of the tree-ring while the weather con
ditions are favourable for growth during most of the estimated growing season 
with temperatures above 10 °C and increasing precipitation events. Therefore,
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instead of showing a negative trend between <513C time series and precipitation 
inducing more negative <P3C values during the release from water stress, the £13C 
values become less negative with the increase in rainfall. This phenomenon can 
be explained by a higher rate of photosynthesis that could be resulting from the 
presence of optimum conditions for growth. This would suggest the <513C time 
series can record undistinguishably water stress induced by a lack of rainfall and 
increases in the rate of photosynthesis due to the presence of favorable weather 
conditions. By measuring the daily wood increment and scaled <513C values over 
three years on Eucalyptus nitens in Tasmania, Drew & Downes (2009) presented a 
strong relationship between the rate of growth and the <513C time series. Moreover, 
Drew et al. (2009) proposed a theory showing that the trees could possibly use 
the stored carbon compounds accumulated during a stressed period to incorporate 
into the tree-ring after the release from a water stress which then show high <P3C 
while co-occurring during the release of water stress (Chapin et al., 1990). The 
relationship between the climate and the <513C time series can only be assumed 
to be direct when the tree-ring is formed from current photosynthate. When the 
tree uses stored photosynthate or increases its rate of growth, the £13C signature 
is then impaired by physiological and storage processes (Helle & Schleser, 2004; 
Schulze et al., 2004; Skomarkova et al., 2006). This kind of study may be the 
answer to the unexplained variance of <P3C time series at the northern Europe 
study sites.

7.5 R esearch  im plications and further investiga

tion s

The relationship between J13C time series and weather variables at Hyytiala presents 
a strong linear behaviour at the annual resolution. Therefore, the methodology 
seems valid to produce growing season onset and cessation. However, at the intra
annual resolution the linear fit decreases considerably while still being significant. 
The linear response of the <513C time series to co-occurent temperature, PAR and 
precipitation time series appeared to vary depending on which measurements of 
growth were selected to estimate the growing season. It is then a possibility that 
the integration period for weather variables should be individualised to obtain the 
highest fit with <513C time series. The application of cell life time has shown some 
encouraging results to improve linear fits and therefore enhance the capacity of a 
multiple linear regression model to predict £13C time series with good confidence 
at the inter-annual resolution and show a small but significant improvement at 
the intra-annual resolution. At Norunda and Loobos, the linear pattern between
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513C time series and weather variables is not significant at both annual and intra
annual resolution. Therefore, the use of linear regressions at these two study sites 
is inappropriate to inform about the relationship between climate and <513C values. 
Because of the possibly stronger involvement of physiological processes at these 
study sites, a mechanistic approach may bring a deeper understanding of the cli
mate signal in the <513C time series at these locations. However, current stomatal 
models are designed to simulate the £13C from the leaves and fail to significantly 
correlate with measured £13C chronologies from the wood (Bodin et al., 2013).

Another approach to improve the understanding of the isotope variation in wood is 
to produce a dual carbon and oxygen isotope chronology. As oxygen isotope time 
series (£1 8 0 ) are being reported to be closer to precipitation and relative humidity, 
a dual isotope approach would provide information on the stomatal conductance 
variation through the growing season (Gessler et al., 2009). Barbour et al. (2 0 0 2 ) 
suggest that when the water is not limiting for the tree growth, the <$13C time 
series would not show an enrichment in its values while the <5180  time series would 
present large increases in relationship to the relative humidity or vapour pressure 
deficit. Therefore, the availability of the soil water content and vapour pressure 
deficit information would be essential to test a dual isotope approach at the study 
sites.

The consideration of additional information on the wood properties such as the 
microfibril angle presented in Drew Sz Downes (2009) show a good potential to 
inform on the growth rate during water stress events as variations in the microfib
ril angle seem to be most likely to occur during rapid growth. As a decrease in 
microfibril angle is characteristic of an increasing drought (Wimmer et al, 2002), 
the co-occurrence of an increase in <513C values would be the indication of rapid 
growth.
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Chapter VIII : Conclusion

Carbon stable isotope chronologies represent a powerful tool to reconstruct climate 
over different time resolutions. The current study presents an innovative approach 
to intra-annual 513C time series production and calibration against meteorological 
variables. The analysis over three study sites in Europe provided a solid basis 
to test this approach and the responsiveness of thirteen years of <P3C values to 
climate forcing at both annual and intra-annual resolutions. The characteristics 
of the study sites in term of variation in the climate response is an essential fea
ture allowing <P3C time series from different sites to be used as climate archives. 
Moreover, the replicability of the approach developed at the three study sites rep
resents a first step in developing a generic method accessible for non-specialists in 
dendroclimatology.

The use of laser systems still presents some technical challenges to ensure high 
quality when producing £13C time series at high resolution. However, no other 
current system can produce intra-annual <P3C with a better time efficiency. The 
expressed population signal (EPS) calculated for many independent <513C mea
surements at the intra-annual scale signals a high common signal from the three 
(513C time series developed at Hyytiala but not at Norunda and Loobos. However, 
calculating the EPS statistic over such short time series of $13C can be unsound 
and may only provide an approximate indication of the environmental influence 
on the <P3C time series. To allow the correlation of co-occurrent weather vari
ables with the S13C time series, three different methods have been compared and 
a considerable effort has been invested to find the best estimate of radial growth. 
During the years when dendrological data were available, the method using the 
net ecosystem exchange was found to systematically overestimate the duration of 
the radial growth period. The evapotranspiration method produced more realistic 
onset dates for the radial growth period but the cessation dates were still overes
timated compared to dendrological information. Finally, a new method developed 
in the current study using temperature and PAR provided the closest values of 
radial growth onset and cessation compared to the dendrological dataset. This 
method, based on threshold values operating over the smoothed time series of
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the weather variables and cumulated amounts of PAR, provided the final dates to 
estimate the radial growth period when dendrological information were unavail
able at the three study sites. However, the analysis over a greater dendrological 
dataset is still needed to confirm the consistency of this method especially for the 
cessation dates where the method seems still to be imprecise. When comparing 
the estimated radial growth period between the study sites, Hyytiala presents a 
significantly shorter length than either Norunda and Loobos. The final step to cli
mate calibration was to set the timing of the wood formation for each intra-annual 
<S13C values. The use of the Gompertz equation originally applied for cell growth 
purposes has been adapted in the current study to provide wood formation dates 
to the intra-annual time series. The estimated dates of the radial growth provided 
a constraint to the Gompertz curve parametrisation taking into account the sin
gularity of each year of growth. Therefore, this method represents an attem pt to 
provide the more realistic time window to calibrate co-occurrent weather variables 
with wood formation dates at the intra-annual resolution. The consideration of 
the cell life duration to estimate the co-occurring climate window provided an 
interesting development as the cells are theoretically able to record the climate 
signal during their entire life span. Application of this theory has resulted in an 
improvement of the prediction of measured £13C values by a multiple linear regres
sion model using temperature, PAR and precipitation. The use of dendrometer 
or microcore measurements to estimate the growing season has shown to influence 
greatly the results of the linear regressions. At the inter-annual resolution, despite 
a shift of importance between temperature and PAR, both types of measurements 
lead to a similar variance explained for the multiple linear regression model. How
ever, at the intra-annual resolution, microcore measurements are clearly advisable 
to use as the growing season determination using dendrometer measurements do 
not lead to significant linear regressions when matching weather variables and £13C 
time series.

Very different climate characteristics were identified at the three sites as con
trols on the annual and intra-annual isotope signal. At the annual resolution, 
Hyytiala can be identified to be the study site with the lowest temperatures, 
Norunda receiving the less rainfall with the lowest PAR input while Loobos re
ceives the highest rainfall with the highest temperatures. However, during the 
growing season, the temperature at Hyytiala and Norunda are quite similar while 
the PAR input is larger at Norunda. Finally at Loobos, the precipitation input 
is similar to Hyytiala and is smaller than at to Norunda. Therefore, a realistic 
estimate of the radial growth period is critical to achieve climate calibration.

213



The choice of linear regressions to characterise the relationship between weather 
variables and <513C time series seems to be justified at Hyytiala despite a lower 
fit at the intra-annual resolution. The main climate influence found at this study 
site is PAR at the inter-annual scale while temperature becomes more influencing 
at the intra-annual scale. The potential to reconstruct climate information using 
a linear regression model seems to be greater at the annual resolution than at the 
intra-annual resolution. The procedure to smooth the <513C values has proved to 
be effective to increase the fit of the model at the intra-annual resolution but is not 
enough to bring the relationship with climate to high R squared values. Therefore, 
the use of linear regressions as a predictive tool at the intra-annual resolution is 
valid only when the relationship between £13C values and climate forcing is direct 
and dominant.

At Norunda and Loobos, the 513C time series do not respond linearly to the 
tested weather variables. To improve the understanding of this lack of response, 
other climate influences would need to be evaluated. An evaluation of the water 
stress via the soil water content and the vapour pressure deficit would be a useful 
complement to this study. The development of a £180  chronology on the same 
period as well as the microfibrille angle would also bring insight on the relation 
between the trees and the climate forcing at these sites. Finally, the development 
of a mechanistic approach to model the wood $13C response to climate forcing 
would be a major development to make in the coming years.
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