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ABSTRACT

Investigation of the relationship between tree-ring stable carbon isotope composition (8'°C) and
environmental variables at the intra-seasonal scale can inform on the understanding of the
environmental forcing affecting trees during the active period of radial growth. Recent progress
in the measurement techniques for assessing the 8'°C signature of tree rings at high spatial
resolution provides an opportunity to derive tree physiological information at fine temporal scale,
within a given year. Three 8'"°C time series of resin-extracted wholewood from tree-rings of Scots
pine trees (Pinus sylvestris L.) sampled at Hyytidld (Finland) have been produced by using laser-
ablation stable isotope mass spectrometry. These intra-seasonal stable isotope series exhibit a
strong common signal (EPS = 0.96) demonstrating the capacity of trees within a stand to preserve
a common intra-seasonal response to external controls in a similar manner as found with annual
measurements. To estimate when wood cells are active and responsive to environmental
information, a Gompertz approach, assessed against microcore data, was adopted to model the
timing of wood formation. The addition of a cell lifetime function into environment-growth
models may evaluate more completely, the environmental effect on intra-annual tree-ring 8'°C
values and that during the growing season. Statistical analysis of the resulting tree-ring 8'°C intra-
annual signal implies a shift in importance from the influence of the environmental variables
throughout the growing season.



1. Introduction

The use of isotopic time series to investigate the relationship between varying environmental
factors and tree growth processes has been widely investigated at different time resolutions: by
sampling one isotopic measurement representative of the full tree-ring (i.e. inter-annual
resolution) or by sampling many isotopic measurements per tree-ring (i.e. intra-annual resolution)
(Wilson and Grinsted, 1975, 1977; Leavitt and Long, 1982, 1991; Ogle and McCormac, 1994;
Loader and Switsur, 1995; Robertson et al., 1997; Schleser et al., 1999). However, these
dendroclimatological studies were limited by a lack of suitable methods for a precise and
straightforward dissection of tree-rings with curved and non-parallel tree-ring boundaries which
typically permitted only a few wide tree-rings to be analysed per study (Helle and Schleser,
2004). A significant improvement in high-resolution isotope analysis of tree-rings lies in the
development of on-line methods for wood sampling, combustion and mass spectrometry
(Matthews and Hayes, 1978; Preston and Owens, 1983, 1985) to allow larger number of samples
to be analysed with improved time and cost efficiency. The current study has benefited from these
developments to measure the '°C by UV laser ablation to build a 13 years long intra-annual time
series. Considering the potentially high number of measurements resulting from such an
approach, a standard methodology to analyse the environmental signal in current intra-seasonal
8"°C time series is desirable.

Early observation of covariance between air temperature and carbon stable isotope ratio in wood
material by Urey (1947) initiated the use of this technique in climate reconstruction. Carbon
fixation in plant metabolism has since been intensively studied to improve understanding of the
relationship between plants and carbon isotopes (Farquhar et al., 1982, 1989). The relationship
between the atmospheric 8°C and the 8"°C of resulting plant cellulose has been described by
Farquhar et al. (1982) as given in Equation 1:

8°C,=6"C,-a- (b-a)cilc, (1)

Where 613Cp is the organic 8°C, 8"°C, is the atmospheric 3"°C, a is the discrimination against
BCO, during diffusion through the stomata (= 4.4 %o), b is the net discrimination due to
carboxylation (= 27 %o) and c; and ¢, are intercellular and ambient CO, concentrations.

The organic carbon isotopic value (813Cp) is controlled by the 5"°C of the atmosphere (5"°C,), the
degree of conductance of carbon via diffusion through the stomata and the rate of photosynthesis.
These factors affect the ratio of CO, concentration and isotope composition between the
atmosphere and the stomatal chamber, often expressed as the ratio ci/c, (Farquhar et al., 1982).
Early process-based studies, conducted under controlled conditions, identified the role of air
temperature and light intensity on plant 8'°C through the modulation of the stomatal conductance
at different stages of carbon fixation (Smith et al., 1976). Subsequent research has investigated
photosynthetic activity in plants in relation to environmental factors such as air temperature,
precipitation, relative humidity (or vapour pressure deficit, VPD), irradiance, soil water
availability, cloud cover and fog, air pollution, latitude and altitude with the primary aim of
reconstructing the climate of the past and plant-environment relationships (Wilson and Grinsted,
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1978; Leavitt and Long, 1991; Lipp et al., 1991; Loader et al., 1995; Panek and Waring, 1995;
Saurer et al., 1995; Schleser, 1995; Switsur et al., 1996; Hemming et al., 1998; Barbour et al.,
2002).

However, assuming that the seasonal 8"°C variability induced by environmental forcing at the leaf
level is directly transcribed in tree-rings can be misleading. The tree-rings 3'°C measurements
may include a signal reflecting storage processes and non-linear carbon allocation which may
cause the resulting 8"°C signal to diverge from co-occurring environmental forcing. Therefore,
Helle and Schleser (2004) attempted to represent intra-annual 8'°C variation through a recurring
tri-phase pattern in tree-rings from broadleaf deciduous tree species characterised by the switch
between the storage-dependent growth of the current year and the use of new (i.e. non-stored)
photosynthates. The use of storage carbohydrate and its impact upon seasonal (i.e. intra-annual)
8"°C has also been investigated for conifer species by Vaganov et al. (2009) who suggest an
indirect link between climate and 5"°C.

When evaluating environmental forcing on intra-annual 8'"°C time series from tree-rings, it is
necessary to understand the temporal dynamics of cell development requiring specific
investigations on wood formation (Wimmer, 2002). In temperate climates, the cambial activity
responsible for the radial growth increment of trees is characterised by an active period during
summer and a dormant period in winter (Igbal, 1994; Fujii et al., 1999). Therefore, the modelling
of cambial dynamics may be restricted to the active period alone (Dufour & Morin, 2007).
During the active period, the growth of xylem cells can be subdivided into three phases; cell
division, enlargement, and secondary wall thickening (i.e. maturation) which are separated
temporally across the developing tree-ring (Rossi et al., 2006). The formation and development
phases of cell formation have been found to be independent and their reaction to environmental
factors can differ (Antonova and Shebeko, 1981; Antonova et al., 1983) due to their different
physiological controls (Larson, 1960; Richardson and Dinwoodie, 1960; Wodzicki, 1964; Zahner
et al., 1964).

The present investigation explores the possibility of building a standard methodology to assess
the effect of temperature, photosynthetically active radiation (PAR), precipitation and vapour
pressure deficit (VPD) on the intra-annual carbon isotope signal in tree rings of Pinus sylvestris
in Finland. Furthermore, the influence of stem growth dynamics are assessed and incorporated
within the statistical relationship of high-resolution isotope signal and environmental variables.

2. Materials and methods
2.1. Study site

The SMEAR II site at Hyytiéld, 200 km north of Helsinki in Finland (61°51'N, 24°17'E), is an
experimental forest research station (Station for Measuring Forest Ecosystem-Atmosphere
Relations) operated by the University of Helsinki. From 1997 to 2009, the annual mean air
temperature at the study site was 4.31 °C and annual mean precipitation was 498.25 mm (Pirinen
et al., 2012). The parent material of the soil is coarse, silty, glacial till and the soil is a haplic
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podzol. The site has an average elevation of 170 m above sea level with a flat topography and a
maximum of 10 m variation in altitude (Vesala et al., 1998).

At the time of sampling in 2011, Scots pines were the dominant tree species at the site (60%),
approximately 50 years old and evenly distributed for about 200 m in all directions from the
measurement site (Ilvesniemi et al., 2009; Williams et al., 2011). Species other than Scots pine
present at the site include Norway spruce (Picea abies), downy birch (Betula pubescens), grey
alder (A/nus incana) and aspen (Populus tremula). The SMEAR II infrastructures monitor the
ecosystem-atmosphere fluxes to determine and understand relationships between flux emissions
and environmental variation. This station includes an instrumented 73 m tall mast monitoring
CO,, H,0, CO, O3, SO,, NO and NO, concentrations, temperature, wind speed profiles, solar and
thermal radiation, and the fluxes of CO,, H,O and Oj; aerosols between the ecosystem and the
atmosphere (Hari and Kulmala, 2005; Hari et al., 2013). Mast measurements are reported as half-
hourly means (details in Vesala et al., 1998; Kulmala et al., 2001). Micrometeorological methods
are used to record the ecosystem-atmosphere fluxes. With the eddy-covariance method, a
frequency of 10 Hz or higher (e.g. Rannik et al., 2003) is used to measure CO,, H,O and O;
concentrations into a three dimensional wind speed profile. This SMEAR II station is part of
EUROFLUX and FLUXNET networks (details in Valentini et al., 2000).

2.2. Core sampling and preparation

Three Scots pines older than 40 years without any visible damage or disease were identified and
selected for sampling. These trees were all located within the closed canopy rather than in open
spaces that could affect the light availability and atypically modify 8'"°C values (Gessler et al.,
2001). Each tree sampled was cored once, with ring age established by simple count (i.e. no cross
dating) as only recent years coincided with flux-tower measurements (i.e. 1997 to 2009). In
addition to the tree cores, four microcore time series counting cambial cells were available from
2007 to 2009 and provide supplemental data for the determination of the period and duration of
the radial growing season.

The three Scot pines trees were sampled non-destructively by removing a single increment core
using 10 mm diameter increment borer at = 1.2 m above ground (Mantgem and Stephenson,
2004). The samples were allowed to air dry prior to the sectioning of the sampled cores into
smaller laths of 3 mm thickness using a Walesch twin-bladed saw. To permit a better observation
of annual tree-rings, cuts were made transversely perpendicular to the fibre orientation. As the
cores are from conifer wood, mobile resin and extractives were removed using pure ethanol in a
Soxhlet extractor for a duration of 48 hours (Loader et al., 1997). Remaining ethanol in the laths
was first removed by bathing the samples in boiling distilled water in the Soxhlet extractor and
then by drying the laths in an oven at 40 °C for 12 hours. No further treatment was applied to the
samples.



2.3. Description of laser procedure

A sample resolution of 80 microns was selected to obtain a fine enough resolution while at the
same time collecting enough material for the spectrometry analysis. At high resolution, the
quantity of wood material ablated per sample is very small and can be at the limit of confidence
for the mass spectrometry equipment. To preserve high sampling resolution and to maximise the
quantity of material available for each analysis, direct analysis of wholewood is favoured after
extractives (i.e. resins) have been removed (Schulze et al., 2004). This approach represents an
appropriate compromise, for carbon isotopes at least, where studies have shown similar signals to
be preserved within the wholewood, cellulose and lignin components of the tree-ring (Borella et
al., 1998; Helle and Schleser, 2004; Loader et al., 2003).

Laser ablation permits direct analyses of wholewood material at the micro-scale. With the
ESI/New Wave system, the wood lath is positioned in an atmosphere-isolated sample chamber
purged with helium. The sample is ablated by focusing the stationary laser beam on the desired
area with a setting laser power and resolution of 80 um. The ablated wood is transferred using
helium carrier gas from the sample chamber to a furnace containing chrome (III) oxide where it is
combusted at 600 °C. The gases produced during the combustion are passed through a Nafion
trap to remove traces of water and the remaining CO, is cryogenically trapped using liquid
nitrogen to separate the analyte from other non-condensable gases. As the amount of gas coming
from the combustion is close to the lower limit for a mass spectrometer. The cryo-focusing step is
essential to provide good chromatography of the resulting CO, during the analysis. At the start
and end of each sample run (= 100 samples per batch), ten IAEA cellulose standards are analysed
to yield a range of sample sizes equivalent to those obtained from the wood sample analysed.
These standards permit calculation of the precision in the carbon stable isotope values produced
and allow for the detection and to correct for possible sample size effects. Each sample analysis is
measured against an injection of an in-house CO; reference gas. All samples were analysed on the
same SERCON 20-20 mass spectrometer with an analytical precision calculated to be typically in
a range of 0.1 to 0.2 %eo.

2.4. Standardisation of the 8"°C time series

Differences in annual tree-ring width mean that the resulting 8"°C time series developed from
each of the three trees differ in the number of data points in each ring (Table 1). In this study, to
aid comparison and combination of the intra-annual data from each of the trees, it was decided to
express the inter-annual 8"°C data with common sampling resolution (i.e. number of analyses per
ring). Rather than interpolation of multiple data points, standardisation between 8'°C time series
with different number of measurements was conducted by first selecting the tree with the lowest
number of analyses for any particular year and then in a second step, by reducing the number of
measurements in the other series by mathematically combining multiple adjacent measurements
into one value on the same position into the tree-ring. In doing so, the structure of the tree-ring
data (i.e. its proportions in early-wood, middle-wood and late-wood) is preserved without
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increasing autocorrelation. The standardised time series may then be matched year by year and
possess the same number of isotope measurements, this allows the series to be combined and the
inter-series signal strength (i.e. the expressed population signal) to be calculated.

Table 1: Number of carbon isotope measurements per sampled tree (i.e. Tree 1, Tree 2 and Tree
3) at Hyytidld for the time period from 1997 to 2009. For comparison, the number of
measurements for each ring are reduced to that of the lowest resolution (e.g. tree 1, 2009).

Year Tree 1 Tree 2 Tree 3
1997 27 17 17
1998 18 16 13
1999 14 16 12
2000 21 20 16
2001 21 18 14
2002 20 14 17
2003 14 15 11
2004 18 21 15
2005 18 16 17
2006 11 13 16
2007 10 19 19
2008 13 16 18
2009 17 18 22

2.5. Corrections of the 8°C time series

Carbon isotope chronologies show a declining trend related to the emissions of isotopically
depleted B0, since industrialisation (Epstein et al., 1990; Leavitt and Lara, 1994; Kitagawa and
Matsumoto, 1995; Raffalli-Delerce et al., 2004; Feng and Epstein, 1995a,b; February and Stock,
1999; Treydte et al., 2001). To remove this non-climatic trend, a method based upon the
mathematical correction of the series based on records from Antarctic ice cores was adopted
(Saurer et al., 1997; Francey et al., 1999).

During the growing season, trees can deplete their local atmosphere in carbon dioxide, and as '*C
is preferred to "*C during this process, the close surroundings of the forest can potentially become
more depleted in '*C through the course of the growing season. If 8"°C in the air is modified
significantly then 8"°C assimilated by the trees is also influenced by this variation and may
manifest in the resulting tissues (i.e. tree-ring). Further to this, 8'°C in the air is also affected by
plant respiration which may also release CO, from the trees to the atmosphere with its own 3"°C
signature. The re-use of respired CO; by the trees for photosynthesis would cause enrichment in
leaf 8"°C values. However, Buchmann et al. (2002) found source air effects to be negligible at
canopy heights greater than 1 m thus showing the 8'°C variation from the leaves to be primarily
due to photosynthetic carbon isotope discrimination. To evaluate such source air effects at
Hyytidld, air 8"°C data from the Pallas-Sammaltunturi station available at the NOAA Earth
System Research Laboratory (http://www.esrl.noaa.gov/) was selected for its similarity in terms
of forest stand to Hyytidld and the abundant flask data recorded from 2002 to 2009. If a



significant seasonal pattern is detected during the active vegetation period, a correction matching
this seasonal 8"°C variation will be added to the atmospheric correction.

No PIN correction for changes in atmospheric CO, concentration (McCarroll et al., 2009) was
applied to the 8"°C time series due to the exploratory nature of this study and their relatively short
length compared to traditional dendroclimatic studies that usually extend back to times before
industrialisation.

2.6. Determination of radial wood growth

Due to limited availability of dendrological information for many study sites, it is necessary to
develop a method capable of modelling wood growth when dendrological measurements are
unavailable. Based on availability of carbon and water fluxes and meteorological measurements
at Hyytidld, a range of approaches was explored to determine whether the onset of and the
cessation of wood growth could be modelled by these observations.

The net ecosystem production (NEP) as defined by Woodwell & Whittaker (1968), is the
difference between the gross primary production (i.e. the amount of organic carbon fixed by
photosynthesis in an ecosystem) and the total ecosystem respiration (i.e. the sum of autotrophic
and heterotrophic respiration). However, eddy covariance measurements estimate the net
ecosystem exchange (i.e. the total exchange of carbon dioxide above the ecosystem) which is
equal to -NEP plus inorganic sources and sinks (e.g. weathering reactions, precipitation or
dissolution of carbonates, and atmosphere—water equilibrations) that are considered negligible in
this forest ecosystem. Our first approach uses the net ecosystem exchange (NEE) to characterise
the period for carbon fixation at the leaf level and see if it relates to wood growth. A second
similar approach using evapotranspiration as described in Cocozza et al. (2012) was also
explored. Finally, a third approach based on recurrent environmental conditions was tested to
determine whether meteorological observations could be used to model wood formation.

Onset and cessation of the production of new cambial cells were determined from the four
microcore time series collected during 2007 to 2009. Using these, a period of time for cambial
activity could be determined and used to evaluate if thresholds values of either NEE,
evapotranspiration or meteorological observations could be linked to the onset of radial wood
growth (Figure 1). However, NEE and evapotranspiration cumulated over the growing season
only presented a weak correlation with cambial activity mainly due to the large variation of the
fluxes between years. It hence is not feasible using these limited data, to predict wood growth
onset or cessation on the basis of ecosystem fluxes.

Previous studies strongly suggest the determinant influence of temperature over the onset of
cambial activity (Oribe and Kubo 1997, Oribe et al. 2001, 2003, Gricar et al. 2006, Begum et al.
2007, 2008, 2010, 2013). A widely tested approach is to select threshold values of temperature to
predict the onset of cambial activity (Schmitt et al., 2004; Rossi et al., 2007; Deslauriers et al.,
2008). However, investigation of a relationship with daily minimum and maximum temperature
did not succeed in setting thresholds holding similar values during the three years when the
microcores have been sampled (Figure 1). In parallel, analysis over day length was also



conducted due to its determinant influence over the growth rate of tree-ring formation (Rossi et
al., 2006) but did not provide a reliable threshold.

By smoothing measurements of photosynthetically active radiation (PAR) using smoothing
splines (span = 0.8), a threshold set to 435 pmol m™ s™ provides a closer (visual) match to the
dates for growth onset estimated by the microcore measurements. While growth onset is well
predicted based on this correlation, predictions of cessation of cambial cell production are still
poor (Figure 2).

Another approach to the prediction of cambial activity consists in using heat accumulation above
a threshold temperature often expressed as degree-days (e.g. Sarvas 1972, Kramer 1994, Karlsson
et al. 2003). Therefore, We further assessed the capacity of cumulative air temperature and
cumulative PAR measured after the onset of cambial cells expansion to predict growth cessation.
The convention used for this study is to cumulate air temperatures only above 5 °C which
represents a theoretical lower limit for the onset of xylogenesis (Rossi et al., 2007). No
restrictions were applied to the cumulated PAR values. Predictions of wood growth using
cumulated PAR and air temperature only show poor correlation with microcore measurements
and differ significantly from results of the smoothing splines method (Wilcoxon rank-sum test, p
<0.01).

The method selected to predict the onset dates of radial growth in this study relies on using a
threshold of smoothed PAR (435 pmol m™” s™) as it predicted the best the onset of cambial
activity determined by the microcore measurements for the tested three years. Based on
observations from Gricar et al. (2007) and Rossi et al. (2007), the cessation of xylogenesis was
set to an arbitrary threshold of smoothed air temperature at 10 °C (Figure 2). Dates selected for
onset and cessation of cambial activity are shown in Table 2.
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Figure 1: Investigation of the correlation between cumulated net ecosystem exchange (i.e. NEE,
continuous line) and evapotranspiration (i.e. ET, dashed line) for years a) 2007, b) 2008 and c)
2009. Daily values of minimum (i.e. Tmin, light grey line) and maximum air temperature (i.e.
Tmax, dark grey line) and day length (black line) are presented for years d) 2007, e) 2008 and f)
2009. is The light grey area in all panels represents the time period for cambial cell formation
evaluated by microcore measurements.
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Figure 2: Determination of thresholds (black and grey dashed lines) to characterise the onset of
radial wood growth with smoothed photosynthetically active radiation values (PAR, black line)
and to characterise the cessation of radial wood growth with smoothed air temperature (grey
line) using smoothing splines (span = 0.8) for a) years 2007, b) 2008 and c) 2009. The light grey
area in all panels represents the time period for cambial cell formation evaluated by microcore
measurements.
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Table 2: Estimated onset, cessation and duration of cambial cells formation at Hyytidld in days
of the year for the time period from 1997 to 2009 (e.g. January the first is day 1).

Year Onset Cessation Duration
1997 145 256 111
1998 154 238 84
1999 148 265 117
2000 138 247 109
2001 156 263 107
2002 134 255 121
2003 138 233 95
2004 156 261 105
2005 160 266 106
2006 156 271 115
2007 151 246 95
2008 141 244 103
2009 132 259 127

2.7. Modelling of cambial cells formation

Although desirable, it is not practical to conduct detailed cambial investigations for each intra-
annual study. Therefore, an approach using S-shaped curves as Gompertz functions has been
developed to assign chronology and to model the cell number increase, the rate of growth and
periods of cell differentiation (Camarero et al., 1998).

As only three years of microcore measurements were available at the time of the study, the
Gompertz model for the years 1997 to 2009 was constrained using annual tree-ring width as the
maximum annual growth while estimated onset and cessation dates were used to delimit the
radial growth period. Therefore, the Gompertz equation produces a growth curve that can be used
to match isotope values with a date of estimated new cambial cells formation (Figure 3). The rate
of formation for new cells is slower at the beginning and at the end of the growing season while
the central part is characterised by rapid growth. Therefore, when matching environmental data
and 3"°C time series on the same temporal scale, the integration of environmental information
will differ depending on the position of the isotope measurements within the tree-rings.

The Gompertz curves resulting from the covariance of cambial cells formation with
meteorological conditions, compared with the mean signal calculated over the four available
microcore time series of cambial cell measurements during 2007 to 2009 shows that the
Gompertz method does not always fit perfectly the dendrological data (Figure 4). Therefore, as a
consequence of the inevitable deviation between modelled cells growth and microcore
measurements, environmental variables and 8'°C measurements may be partially mismatched
during the analysis of the environmental forcing and may cause a weaker, or less clear, signal
than expected.
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Figure 4: Comparison of the mean signal from four microcore time series (i.e. microcore, solid
black lines), its confidence intervals (i.e. CI, solid vertical lines) and the Gompertz curves (i.e.
Gompertz, dashed lines) for the years a) 2007, b) 2008 and c) 2009 at Hyytidld against radial
increment expressed as a percentage of tree-ring width.

2.8. Implementation of cell longevity

A simple method for determining when wood cells can integrate environmental information
without an intensive study of wood formation consists in adding a period for cell activity
corresponding to the duration of the cell phases starting from the date of cell formation estimated
by the Gompertz equation. Earlywood cells can live from a few days to several weeks while the
latewood cells are able to stay alive months after their formation (Schweingruber and Briffa,
1996). This difference means that the environmental information recorded within wood cells has
a different integration period depending on the longevity of the cells during the growing season
(Helle and Schleser, 2004; Schollaen et al., 2014; Wimmer, 2002). Therefore, a theoretical
longevity can be added to the tree radial growth model in the form of additional Gompertz
curves. Based on cell phases timing estimation for Scots pines (Wodzicki, 1971), this current
study will use a linear decrease from 23 to 5 days to characterise the cell enlargement evolution
during the growing season and a linear increase from 15 to 51 days for secondary wall
thickening. Figure 3 shows the resulting evolution of these two additional cell phases during a
year of growth. Although, it is anticipated that the incorporation of cell lifetime improves the
capacity of modelling of intra-annual carbon isotope variability, it is recognised that the
allocation of carbon to the tree-ring varies during the different phases of its development and will
likely not contribute equally to the overall carbon isotope signature of the ring. In an attempt to
better understand physiological activities modifying the 5"°C signature (e.g. release of storage
carbon compounds), the 3'°C measurements can be segregated into three equal sections of tree-
rings that will be referred to as early-, middle- and late-wood.

2.9. Statistical approach

2.9.1 Expressed population signal

The expressed population signal (EPS, Wigley et al., 1984) assesses the common signal expressed
between the individual 8"°C time series. Where the EPS is deemed to be sufficiently high (i.e.
typically greater than 0.85), the individual trees may be regarded as sharing a common
environmental signal and may therefore be suitable for combination into a representative average

time series for palacoenvironmental analyses.

2.9.2 Simple linear correlation coefficients
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To evaluate the quality of the environmental signal during an average year of growth, a
correlation analysis is carried out between the inter-annual 8"°C measurements and simple
environmental parameters (i.e. monthly mean values of air temperature, photosynthetically active
radiation, precipitation and vapour pressure deficit). This step permits comparison with previous
studies in northern latitudes and highlights the time period when a clear environmental signal
from the 8"°C measurements can be extracted (McCarroll and Pawellek, 2001; Vaganov et al.,
1999). To determine whether the use of stored carbon of a specific growing season can be
detected, the corresponding correlation was tested from October to September of 1997 to 2009.
The correlation is then assessed by a t test with a confidence level of 0.05 for a two-sided
distribution.

2.9.3 Simple linear analysis

It is not expected that a single environmental driver can accurately explain the 8'°C variation
(McCarroll and Loader, 2004). However, analysing each one of the selected local environmental
variables separately can inform on the evolution of the environmental forcing on &"°C
measurements (i.e. assessed by R% p < 0.05). Although investigating only a short period of time
(13 years), the environmental signal contained within the intra-annual data was analysed in
parallel with similar investigations on annually averaged data. A "statistically optimised" fit is
determined by progressively increasing the significant period of correlation determined by the
monthly simple linear coefficients until the best linear fit for the four environmental variables is
found. Then, the linear relationships are evaluated for the early-, middle- and late-wood tree-ring
sections to gain information on the temporal occurrence of physiological events that may weaken
the environmental signal.

The "realistic" period determined by the estimated onset and cessation dates for cambial cells
formation and the integration of cell lifetime is also tested. This finding may help development of
intra-annual models with improved understanding of the time period over which environmental
information needs to be integrated. Here, we stress again the relatively short nature of the time
series and that the correlations are not subject to an independent calibration and verification as is
common practice in dendroclimatology (Fritts, 1976).

2.9.4 Multivariate linear analysis

Autocorrelation is an inherent property of environmental variables that can be detected either
along time series or across a geographic distance (i.e. temporal or spatial autocorrelation). This
feature impairs standard statistical tests due to the lack of independence of the variables
(Anderson and Cribble, 1998). However, a general additive multiple regression approach can
inform on the relationships between these variables (e.g. Whittaker, 1984).

When carrying the multiple regression analysis, this study adopted an operational approach
consisting in selecting which explanatory variables are driving the process while reaching an
optimised explanatory power to model the 8'°C variation (Newton and Spurrell, 1967).

The decision to include or exclude explanatory variables into the analysis can be based on prior
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knowledge on the process analysed (Cox and Snell, 1974). Two common procedures referred as
stepwise methods are forward selection (FS) and backward elimination (BE). A basic description
of these ideas is that forward selection starts with no variables in the equation and adds one
variable at the time until a stopping criterion is satisfied or that all variables are already included,
while backward elimination is the opposite process (i.e. all variables are first included and
eliminated one at a time) (Hocking, 1976). As these two procedures can lead to different results to
the determination of the final model, all combinations from the three environmental variables will
be tested both from FS and BE. As a stopping criterion, both the Akaike information criterion and
an ANOVA procedure will be conducted to test the significance of the addition or deletion from
the tested environmental variables. In this study, both procedures resulted in the same variables
being selected for multivariate linear analysis.

3. Results
3.1 8"C time series

The resolution standardisation procedure yields a total of 179 data points for each raw 8'°C time
series for inter-tree comparison at Hyytidld (Figure 5). The 8'"°C time series span 13 years from
1997 to 2009. Each year represents a single tree-ring formation with each 5"°C value measured
sequentially at 80 pm resolution.

The general pattern observed in the 3'"°C time series shows the most negative (i.e. depleted)
values of 8"°C close to the rings boundaries (i.e. early and late sections of tree-rings) and less
negative (i.e. enriched) values towards the middle-section of the tree-rings. The amplitude of the
8'°C variation during a year can differ greatly in each individual 5"°C time series and in some
cases, the expected pattern is not present. The maximum range of amplitude is found in the 8"°C
time series of tree 1. In 1992, the amplitude is 3.81%o, while in 2008 the amplitude is only 0.74%o
which may reflect differences in the responses to or combination of environmental forcing or a
larger environmental variability during a particular year of growth. For the period 1997 to 2009,
the inter-tree standard deviation is small with 0.795%.. A slight declining trend is detected in the
averaged series at Hyytiéla (F-test, p < 0.05). However, after mathematical correction for changes
in atmospheric 8"°C, the corrected mean series exhibits no statistically significant trend (F-test, p
> 0.05).

Profiles of air "°C over a canopy result from ecosystem-atmosphere exchanges. Photosynthesis
and air turbulence tends to deplete the ambient CO, concentration and increase the air 8"3C values
while soil microbial activity and plant respiration provoke an increase in ambient CO, and
decrease in the air "°C values (e.g. Buchmann and Ehleringer 1998; Buchmann et al., 2002;
Francey et al. 1985; Lloyd et al. 1996; Silveira et al., 1989). For dense canopies, the resulting
daytime profile of air 8'°C can be increased significantly during summer compared to winter due
to the photosynthesis activity. Analysis of air 8"°C values from the Pallas-Sammaltunturi station
presents this cyclic seasonal pattern with more negative air "°C values during winter and spring
followed by an increase in air "°C values from July to October. The average annual variation in
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air 8"°C values is 0.89%o. During the three summer months (i.e. June, July and August) when
most of the tree growth occurs, the variation in air 8"°C is even smaller (0.26%o). The wholewood
8'°C seasonal amplitude at Hyytiild is typically of 1.42 + 0.59%o. It is hence assumed for the
current study that the effect of seasonal air 8'°C variation on the intra-annual §"°C time series of
wholewood is negligible and no seasonal correction will be employed.

Although only three trees were studied, intra-annual EPS is high (n = 3 trees, 179 observations,
EPS = 0.96), indicating a high common variability in 8"°C values from the three trees sampled.
Hence, it is sufficient to express a high proportion of the common signal at the study site.
Calculation of the EPS based upon annual averages of the dataset yields a similarly high value (n
= 3 trees, 13 observations, EPS = 0.97) supporting preservation of an inter-annual common signal
as well as an intra-annual signal.
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Figure 5: a) standardised " C time series for sampled tree 1 (dark grey line), tree 2 (grey line)
and tree 3 (light grey line), b) mean signal calculated over the three 6" C time series (dashed
line) and atmospheric corrected 8°C time series (solid line) at Hyytiild. Shaded vertical sections
indicate year boundaries; width is proportional to ring width.

3.2 Inter-annual simple linear correlations between 8"C values and environmental forcing

Figure 6 displays the simple linear correlation coefficients between the inter-annual atmospheric
corrected 8°C time series and the mean monthly air temperature (°C), the mean monthly
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photosynthetically active radiation (umol m™ s™), the monthly sums of precipitation (mm) and
the mean monthly vapour pressure deficit (Pa) for the pooled period from 1997 to 2009. When
estimating the significance of the correlations, only June is significant for air temperature,
photosynthetically active radiation and precipitation coefficients are significant for June and July,
vapour pressure deficit coefficients are significant for July and September. There is no significant
influence of October to December parameters from the previous year in the current year
environmental signal. These results suggest that the "realistic" period determined by the estimated
onset and cessation dates for cambial cells formation is likely to provide a weaker relationship
between local environmental variables and 8'°C time series due to the absence of significance
during months like for example, August for air temperature, precipitation and vapour pressure
deficit. The calculation of a "statistically optimised" period may then permit to observe when all
four environmental variables present a stronger influence on the 8'°C time series.
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Figure 6: Simple linear correlation coefficients (r) between monthly mean environmental
variables (i.e. a) air temperature, b) photosynthetically active radiation (PAR) c) precipitation
and d) vapour pressure deficit (VPD) and inter-annual 67 C values. The significance level
determined by t test is displayed as a solid black line (r = 0.50, p < 0.05), months that show a
significant simple linear coefficient are displayed in darker grey. October to December data are
from the year prior to ring formation while January to September are from the current year.
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3.3 Inter-annual 8"C variation and environmental forcing

Considering only the production of new cambial cells (i.e. without cell longevity, Table 3) reveals
that only the relationship with PAR presents a strong linear relationship with annual §"°C values
(R* =0.735, p <0.05), while correlations with air temperature, precipitation and vapour pressure
deficit are not significant. However, when including cell lifetime (i.e. with cell longevity, Table
3), single linear regressions provide a significant relationship with air temperature (R* = 0.448, p
< 0.05), with PAR ( R* = 0.683, p < 0.05) and with vapour pressure deficit ( R* = 0.281, p <
0.05). Although the precipitation linear fit increases (R* = 0.182, p < 0.10), it is less significant
than for the other environmental variables. Therefore, without the inclusion of cell longevity, the
8'°C variation is mainly explained by PAR, while the other environmental variables have no
statistically significant effect at the inter-annual level. However, when including an estimate of
cell lifetime, the effect of air temperature, precipitation and vapour pressure deficit are revealed
clearly. It appears important to consider the timing of cell phases to observe the different
environmental influences on inter-annual 3'"°C time series. The following sections will therefore
describe the results including cell lifetime.

By adding days on both ends of June when the environmental forcing is found to be significantly
correlated with 8'"°C values for three out of four tested local environmental variables (i.e. air
temperature, PAR and precipitation), an optimised period for the cell formation phase can be
established from the 17th of May to the 30th of June (i.e. adding days before the 17th of May or
after the 30th of June decreases the quality of the relationship). The two following cell phases
(i.e. enlargement and secondary wall thickening) may then be added based on this time period.
This final cell lifetime matches the best combination of linear regressions strength for all four
local environmental variables and both inter- and intra-annual resolution. With this "statistically
optimised" time period, linear regressions show an equivalent strength with the four relationships
at the inter-annual resolution (i.e. air temperature: R* = 0.559, PAR: R* = 0.527, precipitation: R>
= 0.552, at p < 0.05, vapou pressure deficit: R* = 0.510). Compared to the "realistic" radial
growth period including cell longevity, the influence of PAR is decreased but the precipitation
and the vapour pressure deficit signals becomes as strong as the two other variables (see Figure
7).

A multiple linear regression based on the four local environmental variables for a "realistic"
period of growth demonstrates that a single linear regression with PAR provides the best model to
predict 8"°C time series at the inter-annual resolution. However, for an optimised period of
correlation, precipitation and vapour pressure present a significant combination which may be
used to explain the 8'"°C variation (R* = 0.712, p < 0.05).
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Table 3: Linear relationships between inter-annual 6°C values and local environmental

variables (determined by R, p < 0.05) with and without cell longevity or for a statistically

optimised period at Hyytidld. 'ns' stands for non-significant (p > 0.05).

Variabl R? (p < 0.05)
anapies Without cell longevity With cell longevity With statistical optimal fit
Temperature ns 0.448 0.559
PAR 0.735 0.683 0.527
Precipitation ns ns 0.552
VPD ns 0.281 0.510
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Figure 7: Linear regressions between inter-annual 6°C values calculated by averaging the
measured intra-annual 5" C values and local environmental variables, i.e. a) air temperature, b)
photosynthetically active radiation (PAR), c) precipitation and d) vapour pressure deficit (VPD)
at Hyytidld with cell longevity and on the optimised statistical period established to provide the
highest relationships.
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3.4 Seasonal 8"C variation and environmental forcing

Linear regressions between 8°C values and local environmental data at the intra-annual
resolution for a "realistic" radial growth period (i.e. presented in table 2) present relatively weak
relationships (see Table 4). During the early-wood tree-ring section, 8"°C values are similarly
well explained by air temperature (R* = 0.246, p < 0.05) and PAR (R* = 0.234, p < 0.05), vapour
pressure deficit presents a weaker relationship (R* = 0.154, p < 0.05) while precipitation is not
influencing the 3"°C variation significantly (not significant, p > 0.05). For the middle-wood and
the late-wood tree-ring sections, all four relationships with local environmental variables are
significant with a slightly stronger influence by PAR. For the total tree-ring section, the air
temperature relationship (R* = 0.261, p < 0.05) and vapour pressure deficit (R* = 0.144, p < 0.05)
remains unchanged. However, the PAR relationship (R* = 0.138, p < 0.05) is largely decreased
compared to the division into sections. Due to the absence of significance for precipitation in the
early-wood section, the total wood relationship is weak but significant (R* = 0.093, p < 0.05). The
combination of the local environmental variables into multiple linear regressions does not
improve the explanation of the 8'°C variation both for tree-ring sections and total wood.

For a "statistically optimised" period of correlation, the linear regressions present stronger
relationships than for the "realistic" time scale (see Table 4). When arranging the 3"°C values
depending on the tree-ring sections, the 8'"°C variation during the early-wood is primarily
influenced by air temperature (R* = 0.605, p < 0.05) and vapour pressure deficit (R* = 0.555, p <
0.05) while PAR (R* = 0.407, p < 0.05) and precipitation (R* = 0.307, p < 0.05) present weaker
relationships. The 8'"°C variation during the middle-wood tree-ring section exhibit a more
dominant influence from vapour pressure deficit (R = 0.465, p < 0.05) than from the other
environmental variables. During the late-wood section, the 3'°C values are mainly influenced by
PAR (R? = 0.501, p < 0.05) and precipitation (R* = 0.650, p < 0.05), then by vapour pressure
deficit (R* = 0.448, p < 0.05) while the air temperature relationship (R*> = 0.296, p < 0.05) is
weaker.

The influence of the local environmental variables on the total tree-ring for a "statistically
optimised" period is not representative of the stronger relationships with air temperature in the
early-wood section while PAR and precipitation relationships are stronger within the late-wood
section. Therefore, considering only total growth could adversely impact the interpretation of the
intra-annual environmental signal in 8"°C values. Combining the local environmental variables
shows the early-wood section to be characterised by the significant influence from all four
environmental variables, the middle-wood section from vapour pressure deficit only, while the
late-wood section is significantly explained by PAR and precipitation. However, the increase in
the proportion of variance explained is small compared to the single linear regressions. Therefore,
finding the time period when the environmental signal is the clearest (i.e. the statistically
optimised time period) to match 8'"°C values with local environmental variables could provide a
more powerful tool to study the strength of the environmental signal in intra-annual data than an
attempt to combine local environmental variables into a multiple linear regression model.
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Table 4: Linear relationships between intra-annual 6"°C variation and local environmental
variables (determined by R’, p < 0.05) for each tree-ring section and total wood formation either
for a 'realistic period' of radial growth or for a 'statistically optimised' period at Hyytidld.
'Model' stands for the combination of the local environmental variables into a multiple linear
regression while 'ns' stands for not significant.

. . . R? (p < 0.05)

Variable Ring section Realistic Optimal
early 0.246 0.605

Temperature middle 0.269 0.289
late 0.243 0.296

total 0.261 0.334

early 0.234 0.407

middle 0.342 0.300

PAR late 0.361 0.501
total 0.138 0.341

early ns 0.307

o middle 0.210 0.314
Precipitation late 0.262 0.650
total 0.093 0.220

early 0.154 0.555

middle 0.138 0.465

VPD late 0.215 0.448
total 0.144 0.459

early 0.307 0.664

Model middle 0.362 0.465
late 0.419 0.717

total 0.271 0.561

3.5 Evolution of the environmental forcing during the growing season

It is evident from Figure 8 that the slope of the linear regressions varies between the tree-ring
sections. By testing the significance of the difference between the slopes (t-test, p < 0.05), it
appears that the slopes from early- and late-wood for PAR and precipitation differ significantly.
Therefore, the relationship between 8'°C values and PAR or precipitation evolves during the
growing season with an increase of the response from &'°C values to the forcing induced from
these variables towards the late-wood compared to the early-wood tree-ring sections.
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Figure 8: Partial linear regressions on tree-rings sections (i.e. early: dashed line, white face;
middle: dotted line, grey face; late: dash-dotted line, dark grey face) between mean intra-annual
0" C values and local environmental variables, i.e. a) air temperature, b) photosynthetically

active radiation (PAR) c) precipitation and d) vapour pressure deficit (VPD) at Hyytidld.

4. Discussion
4.1 Predicting wood radial growth

A possible explanation for the limited success in predicting wood growth based on ecosystem
fluxes is that measured fluxes may include a contribution from other vegetation present at the
study site, reducing the signal from the studied Scots pines. It is also likely that the limited wood
growth information currently available for use in this study cannot be directly linked to net
carbon and water fluxes and that additional observational data on cambial dynamics would be
required to resolve these signals (Offermann et al., 2011). The robust determination of onset and
cessation of wood growth remains a challenging topic for dendrology and phenology studies
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(Menzel et al., 2006). However, recent progress in high resolution measurements of wood
formation dynamics permits better estimation of radial wood growth and thus improve a realistic
calibration between 3'°C time series and the time period for environmental integration (Cuny et
al., 2015).

The Gompertz function can successfully reproduce cambial cell production when microcore data
are available. However, due to the uncertainties in the determination of radial growth onset and
cessation using thresholds of air temperature or PAR, the Gompertz curve may not adequately
represent the period of radial growth when dendrological data are not available. Results of
models such as the Vaganov-Shashkin model (Vaganov et al., 2006), a simple biosphere model
(Sellers et al., 1986) or the TREERING model applied to isotopes (Hemming et al., 2001) may
add valuable information.

Despite the clear advantage of using the Gompertz function to predict wood growth when only
limited dendrological information is available (Rossi et al., 2003), the timing of wood formation
phases of individual cells is poorly represented with this method (Dufour and Morin, 2007).
However, deriving the time period of each cell phase demands a more precise knowledge of the
cambial dynamics than the evaluation of the general trend for cell development modelled by the
Gompertz approach. The difficulties of estimating wood cessation when dendrological
information is sparse further justifies the preference of the Gompertz method over a more
sophisticated approach.

4.2 Environmental controls on the inter-annual 8C variation

The observation of correlation between environmental variables (i.e. temperature, PAR,
precipitation and VPD) and 8"°C time series is expected and physiologically justifiable. The
general trend in inter-annual 8°C time series presented here agrees well with findings of Young
et al., (2010); Loader et al., (2013); McCarroll and Pawellek, (2001); and Seftigen et al., (2011),
despite the difference of used material (i.e. wholewood versus cellulose). The dominance of the
radiation control on annual 3"°C variation has been previously described across Fennoscandia; a
region experiencing low moisture stress while air temperature may represent a secondary control
(Young et al., 2010; McCarroll and Loader, 2004; McCarroll and Pawellek, 2001; Seftigen et al.,
2011; Loader et al., 2013). A combined eftect of water and radiation was also reported (Gessler et
al., 2001; Farquhar et al., 1989). The relationship between PAR and 8'"°C values for a "realistic"
growth period at the inter-annual resolution presents a strong linear association both with and
without the addition of cell lifetime. However, air temperature, precipitation and vapour pressure
deficit only exhibit significant linear relationship when adding cell lifetime. Therefore, the main
environmental influence on inter-annual 8'°C values can be detected in both cases but secondary
controls (i.e. air temperature, precipitation and vapour pressure deficit) cannot. This suggests that
the inclusion of cell lifetime is necessary to explain the environmental effect on intra-annual 8'°C
values. Most of the variance in 8"°C values can be explained by PAR only, while the addition of
secondary controls does not significantly improve the explanatory power. It is also likely that all
modelled and observed correlations may include a degree of non-linearity or change in their
relative importance through out the growing season.
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When correlating the 8°C values with local environmental variables over the "statistically
optimised" period including cell lifetime, temperature, PAR, precipitation and vapour pressure
deficit display statistically significant and similarly strong relationships. Therefore, when the
environmental signal is relatively clear, a similar strength from each of the tested local
environmental variables can be expected. However, the autocorrelation of these local
environmental variables should be accounted for and may limit the capacity of a purely statistical
model to predict the 5"°C variation. A more mechanistic approach to model 3"°C values beyond
environmental variables alone is therefore more likely to explain a greater proportion of the
variation of 8"°C measurements (McCarroll and Loader, 2004; Ogée et al., 2009).

4.3 Environmental controls on the intra-annual 8>C variation

Linear relationships with local environmental variables are clearly stronger when including cell
lifetime for a "realistic" period for radial growth. However, the derivation of a "statistically
optimised" period of correlation between 8'°C values and local environmental data still provides
a better prediction of intra-annual 3'"°C variation. Therefore, care should be taken to ensure that
the direct linking of 8"°C to realistic wood formation dynamics does not add unwanted noise to
the environmental signal. Investigation of the influence of the environmental variables on intra-
annual 8"°C time series supports previous observations made on wood formation (Antonova and
Stasova, 1993; Rossi et al., 2006). Early wood production from pine trees is known to depend
almost entirely on current photosynthates (Dickmann and Kozlowski, 1970; Glerum, 1980;
Barbour et al., 2002; Kress et al., 2009). Therefore, matching co-occurrent environmental
variables with 8'°C values in tree-ring sections was expected to improve the environmental signal
at the intra-annual resolution.

This division into three tree-ring sections matches the pattern of 8'°C measurements with an
increase in 8"°C values observed for the early-wood, a peak for the middle-wood in nine out of
thirteen years, and finally a decline in 8"°C values in late-wood. Despite the high correlation
between air temperature and PAR, our findings show a shift of importance from all tested
environmental variables for the early-wood to vapour pressure deficit for the middle-wood and
photosynthetically active radiation and precipitation for the late-wood. Moreover, it is noticeable
that the variance explained by the linear regressions on 8'°C values by tree-ring sections is greater
than when considering the whole tree-ring. Therefore, the shift of importance from the local
environmental variables during the growing season is likely to be linked with the intra-annual
pattern of 8°C. This fact may indicate changes in the allocation and usage of stored
photosynthates as well as seasonal changes in moisture stress and could be used to identify which
variable is significantly influencing the §"°C values at a given time during the growing season.

5. Conclusions

The exploration of the relationship between wood radial growth and environmental variables such
as temperature, photosynthetically active radiation, precipitation and vapour pressure deficit by a
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newly developed approach using environmental thresholds and Gompertz curves to predict
cambial activity leads to evidence of a strong link between tree-ring sections and intra-annual
8'°C variation. However, extracting the environmental signal from seasonal 8'°C profiles suffers
from the current lack in knowledge of post-photosynthesis fractionation processes. Therefore,
matching local environmental variables directly with wholewood 8'°C measurements by linear
regression alone can only explain a limited portion of the observed isotopic variation on a
"realistic" time scale. PAR and precipitation influence the 3"°C values with a variable intensity
through out the growing season. The increase in the gradient of the response of 5"°C values to
environmental forcing may indicate an increasing demand on trees to maintain growth and
metabolism towards the late growing season.

This study provides evidence that integration of environmental forcing on tree radial growth at
the intra-annual resolution may vary through out the growing season. It further demonstrates how
intra-annual 3"°C time series can now be produced for multiple years routinely. Such data are
capable of preserving a high degree of common forcing (EPS) equivalent to annually-resolved
data and have the potential to make significant contribution to plant physiology and
palaeoclimatology. For this potential to be realised and the link between tree physiology and the
environment to be more fully understood, complementary data from dendrometers, microcores,
meteorological stations and ecosystem flux measurement stations are essential.

Acknowledgements

The authors would like to thank Tommy Chan, Juho Aalto and Teemu Holtta for their help with
the processing of dendrological data. We are grateful to Danny McCarroll and Gerhard Helle for
their support and Craig Mahoney for his assistance with fieldwork. We also thank two
anonymous reviewers for their valuable suggestions on the manuscript. This work was supported
by Swansea University, the Royal Geographical Society, NERC (NE/B501504) and EU 017008
'Millenium'.

References

Anderson M.J. and Cribble N.A. (1998) Partitioning the variation among spatial, temporal and
environmental components in a multivariate data set. Aust. J. Ecol. 23, 158-167.

Antonova G.F. and Shebeko V.V. (1981) Formation of xylem in conifers. ii. Seasonal dynamics of
processes determining formation of annual wood rings. Lesovedenie. 4, 36-43.

Antonova G.F. and Stasova V.V. (1993) Effects of environmental factors on wood formation in
Scots pine stems. Trees 7, 214-219.

Antonova G.F., Shebeko V.V. and Malyutina E.S. (1983) Seasonal dynamics of cambial activity
and tracheid differentiation in the stem of Scots pine. Chem. Wood (URSS). 1, 16-22.

Barbour M.M., Walcroft A.S. and Farquhar G.D. (2002) Seasonal variation in "*C and '*0 of
cellulose from growth rings of Pinus radiata. Plant Cell Environ. 25, 1483-1499.

26



Beerling D.J. (1994) Predicting leaf gas exchange and °C responses to the past 30000 years of
global environmental change. New Phytol. 128, 425-433.

Begum, S., Nakaba, S., Oribe, Y., Kubo, T. and Funada, R. (2010) Cambial sensitivity to rising
temperatures by natural condition and artificial heating from late winter to early spring in the
evergreen conifer Cryptomeria japonica. Trees, 24(1), 43-52.

Begum, S., Nakaba, S., Bayramzadeh, V., Oribe, Y., Kubo, T. and Funada, R. (2008) Temperature
responses of cambial reactivation and xylem differentiation in hybrid poplar (Populus
sieboldiix P. grandidentata) under natural conditions. Tree Physiol., 28(12), 1813-1819.

Begum, S., Nakaba, S., Oribe, Y., Kubo, T. and Funada, R. (2010) Cambial sensitivity to rising
temperatures by natural condition and artificial heating from late winter to early spring in the
evergreen conifer Cryptomeria japonica. Trees, 24(1), 43-52.

Begum, S., Nakaba, S., Yamagishi, Y., Oribe, Y. and Funada, R. (2013) Regulation of cambial
activity in relation to environmental conditions: understanding the role of temperature in
wood formation of trees. Physiol. Plantarum, 147(1), 46-54.

Borella S., Leuenberger M., Saurer M. and Siegwolf R. (1998) Reducing uncertainties in "°C
analysis of tree rings: pooling, milling, and cellulose extraction. J. Geophys. Res.:
Atmospheres (1984-2012) 103, 19519-19526.

Buchmann, N. and Ehleringer, J.R. (1998) CO; concentration profiles, and carbon and oxygen
isotopes in C; and C4 crop canopies. Agricul. Forest Meteorol., 89(1), 45-58.

Buchmann N., Brooks J.R. and Ehleringer J.R. (2002) Predicting daytime carbon isotope ratios of
atmospheric CO, within forest canopies. Funct. Ecol. 16, 49-57.

Camarero J.J., Guerrero-Campo J. and Gutiérrez E. (1998) Tree-ring growth and structure of
Pinus uncinata and Pinus sylvestris in the Central Spanish Pyrenees. Arct. Alp. Res. 30, 1-10.

Cuny, H.E., Rathgeber, C.B., Frank, D., Fonti, P., Mékinen, H., Prislan, P. and Camarero, J.J.
(2015). Woody biomass production lags stem-girth increase by over one month in coniferous
forests. Nature Plants, 1, 15160.

Cocozza C., Giovannelli A., Lasserre B., Cantini C., Lombardi F. and Tognetti R. (2012) A novel
mathematical procedure to interpret the stem radius variation in olive trees. Agr. Forest
Meteorol. 161, 80-93.

Cook E.R. and Peters K. (1981) The smoothing spline: a new approach to standardizing forest
interior tree-ring width series for dendroclimatic studies. Tree-Ring Bull. 41, 45-53.

Cox D.R. and Snell E.J. (1974) The choice of variables in observational studies. J. Appl. Stat. 23,
51-59.

Da Silveira, L., Sternberg, L., Mulkey, S.S. and Wright, S.J. (1989) Ecological interpretation of
leaf carbon isotope ratios: influence of respired carbon dioxide. Ecology 70(5), 1317-1324.

Deslauriers, A., Rossi, S., Anfodillo, T. and Saracino, A. (2008) Cambial phenology, wood
formation and temperature thresholds in two contrasting years at high altitude in southern
Italy. Tree Physiol. 28(6), 863-871.

Dickmann D.I. and Kozlowski T.T. (1970) Mobilization and incorporation of photoassimilated
C by growing vegetative and reproductive tissues of adult Pinus resinosa Ait. trees. Plant
Physiol. 45, 284-288.

Dufour B. and Morin H. (2007) Focusing modelling on the tracheid development period — an

27



alternative method for treatment of xylogenesis intra-annual data. Dendrochronologia 25,
125-133.

Epstein S., Krishnamurthy R.V., Oeschger H., Eddy J.A. and Pecker J.C. (1990) Environmental
information in the isotopic record in trees. Phil. Trans. R. Soc. Series A, Mathematical and
Physical Sciences 330, 427-439.

Farquhar G.D., O'Leary M.H. and Berry J.A. (1982) On the relationship between carbon isotope
discrimination and the intercellular carbon dioxide concentration in leaves. Aust. J. Plant
Physiol. 9, 121-137.

Farquhar G.D., Ehleringer J.R. and Hubick K.T. (1989) Carbon isotope discrimination and
photosynthesis. Ann. Rev. Plant Biol. 40, 503-537.

February E.C. and Stock W.D. (1999) Declining trend in the *C / '*C ratio of atmospheric carbon
dioxide from tree rings of South African Widdringtonia cedarbergensis. Quat. Res. 52, 229-
236.

Feng X. and Epstein S. (1995a) Carbon isotopes of trees from arid environments and implications
for reconstructing atmospheric CO, concentration. Geochim. Cosmochim. Ac. 59, 2599-
2608.

Feng X. and Epstein S. (1995b) Climatic temperature records in 8D data from tree rings.
Geochim. Cosmochim. Ac. 59, 3029-3037.

Francey, R. J., Gifford, R. M., Sharkey, T. D. and Weir, B. (1985) Physiological influences on
carbon isotope discrimination in huon pine (Lagarostrobos franklinii). Oecologia, 66(2), 211-
218.

Francey R.J., Manning M.R., Allison C.E., Coram S.A., Etheridge D.M., Langenfelds R.L., Lowe
D.C. and Steele L.P. (1999) A history of delta C-13 in atmospheric CH4 from the Cape Grim
air archive and Antarctic firn air. J. Geophys. Res. - Atmospheres 104, 23631-23643.

Fritts H.C. (1976) Tree rings and climate. Academic Press, New York.

Fujii T., Salang A.T. and Fujiwara T. (1999) Growth periodicity in relation to the xylem
development in three Shorea spp. (Dipterocarpaceae) growing in Sarawak. Tree-ring
analysis: biological, methodological and environmental aspects, CABI publishing:
Wallingford, UK, 169-183.

Gessler A., Schrempp S., Matzarakis A., Mayer H., Rennenberg H. and Adams M.A. (2001)
Radiation modifies the effect of water availability on the carbon isotope composition of
beech (Fagus sylvatica). New Phytol. 150, 653-664.

Glerum C. (1980) Food sinks and food reserves of trees in temperate climates. New Zeal. J. For.
Sci. 10, 176-185.

Gricar, J., Zupancic, M., Cufar, K., Koch, G, Schmitt, U.W. E. and Oven, P. (2006) Effect of local
heating and cooling on cambial activity and cell differentiation in the stem of Norway spruce
(Picea abies). Ann. Bot. 97(6), 943-951.

Gricar J., Zupanéi¢ M., Cufar K. and Oven P. (2007) Regular cambial activity and xylem and
phloem formation in locally heated and cooled stem portions of Norway spruce. Wood Sci.
Technol. 41, 463-475.

Hari, P. and Kulmala, M. (2005) Station for measuring ecosystem-atmosphere relations. Boreal
Environ. Res. 10(5), 315-322.

28



Hari, P, Nikinmaa, E., Pohja, T., Siivola, E., Béck, J., Vesala, T. and Kulmala, M. (2013) Station
for Measuring Ecosystem-Atmosphere Relations: SMEAR. In Physical and Physiological
Forest Ecology. 471-487. Springer Netherlands.

Helle G. and Schleser G.H. (2004) Beyond CO,-fixation by rubisco - an interpretation of *C/"*C
variations in tree rings from novel intra-seasonal studies on broad-leaf trees. Plant Cell
Environ. 27, 367-380.

Hemming D., Fritts H.C., Leavitt S.W., Wright W., Long A. and Shashkin A. (2001) Modelling
tree-ring °C. Dendrochronologia 19, 23-38.

Hemming D.L., Switsur V.R., Waterhouse J.S., Heaton T.H.E. and Carter A.H.C. (1998) Climate
variation and the stable carbon isotope composition of tree ring cellulose: an intercomparison
of Quercus robur, Fagus sylvatica and Pinus silvestris. Tellus B 50, 25-33.

Hocking R.R. (1976) A biometrics invited paper. the analysis and selection of variables in linear
regression. Biometrics 32(1), 1-49.

Ilvesniemi H., Levula J., Ojansuu R., Kolari P., Kulmala L., Pumpanen J., Launiainen S., Vesala
T. and Nikinmaa E. (2009) Long-term measurements of the carbon balance of a boreal Scots
pine dominated forest ecosystem. Boreal Environ. Res. 14, 731-753.

Igbal M. (1994) Structural and operational specializations of the vascular cambium of seed
plants. Growth patterns in vascular plants. Dioscorides Press: Oregon, 211-271.

Karlsson, P.S., Bylund H., Neuvonen S., Heino S. and Tjus. M. (2003) Climatic response of
budburst in the mountain birch at two areas in northern Fennoscandia and possible responses
to global change. Ecography 26, 617-625.

Kitagawa H. and Matsumoto E. (1995) Climatic implications of '*C variations in a Japanese
cedar (Cryptomeria japonica) during the last two millenia. Geophys. Res. Lett. 22, 2155-
2158.

Kramer, K. (1994) Selecting a model to predict the onset of growth of Fagus sylvatica. J. Appl.
Ecol. 31, 72—-181.

Kress A., Young GH.F., Saurer M., Loader N.J., Siegwolf R.T.W. and McCarroll D. (2009) Stable
isotope coherence in the earlywood and latewood of tree-line conifers. Chem. Geol. 268, 52-
57.

Kulmala, M., Hameri, K., Aalto, P. P., Midkeld, J. M., Pirjola, L., Nilsson, E. D. and Hoffman, T.
(2001) Overview of the international project on biogenic aerosol formation in the boreal
forest (BIOFOR). Tellus B, 53(4), 324-343.

Larson P.R. (1960) A physiological consideration of the springwood summerwood transition in
Red Pine (Pinus resinosa). Forest Sci. 6, 110-122.

Leavitt S.W. and Lara A. (1994) South American tree-rings show declining "°C trend. Tellus B,
46(2), 152-157.

Leavitt S.W. and Long A. (1982) Evidence for *C/'*C fractionation between tree leaves and
wood. Nature, 742-744.

Leavitt S.W. and Long A. (1991) Seasonal stable-carbon isotope variability in tree rings: possible
paleoenvironmental signals. Chem. Geol.: Isotope Geoscience section 87, 59-70.

Lipp J., Trimborn P., Fritz P., Moser H., Becker B. and Frenzel B. (1991) Stable isotopes in tree
ring cellulose and climatic change. Tellus B 43, 322-330.

29



Loader, N.J., Switsur, V.R. and Field, E.M. (1995) High-resolution stable isotope analysis of tree
rings: implications of ‘microdendroclimatology’ for palacoenvironmental research. The
Holocene 5,

457-460.

Loader N.J. and Switsur V.R. (1995) Reconstructing past environmental change using stable
isotopes in tree rings. Bot. J. Scotl. 48, 65-78.

Loader N.J., Robertson I., Barker A.C., Switsur V.R. and Waterhouse J.S. (1997) A modified
method for the batch processing of small whole wood samples to a-cellulose. Chem. Geol.
136, 313-317.

Loader N.J., Robertson I. and McCarroll D. (2003) Comparison of stable carbon isotope ratios in
the whole wood, cellulose and lignin of oak tree-rings. Palacogeogr. Palacoclimatol.
Palaeoecol. 196, 395-407.

Loader N.J., Young GH.F., Grudd H. and McCarroll D. (2013) Stable carbon isotopes from
Tornetrisk, northern Sweden provide a millennial length reconstruction of summer sunshine
and its relationship to Arctic circulation. Quat. Sci. Rev. 62, 97-113.

Lloyd, J., Kruijt, B., Hollinger, D.Y., Grace, J., Francey, R.J., Wong, S.C. and Vygodskaya, N.N.
(1996) Vegetation effects on the isotopic composition of atmospheric CO, at local and
regional scales: theoretical aspects and a comparison between rain forest in Amazonia and a
boreal forest in Siberia. Funct. Plant Biol. 23(3), 371-399.

Mantgem P.J. and Stephenson N.L. (2004) Does coring contribute to tree mortality? Can. J.
Forest Res. 34, 2394-2398.

Matthews D.E. and Hayes J.M. (1978) Isotope-ratio-monitoring gas chromatography-mass
spectrometry. Anal. Chem. 50, 1465-1473.

McCarroll D. and Loader N.J. (2004) Stable isotopes in tree rings. Quat. Sci. Rev. 23, 771-801.

McCarroll D. and Pawellek F. (2001) Stable carbon isotope ratios of Pinus sylvestris from
northern Finland and the potential for extracting a climate signal from long Fennoscandian
chronologies. Holocene 11, 517-526.

McCarroll D., Gagen M. H., Loader N. J., Robertson I., Anchukaitis K.J., Los S., Young GH.F.,
Jalkanen R., Kirchhefer A. and Waterhouse J.S. (2009) Correction of tree ring stable carbon
1sotope chronologies for changes in the carbon dioxide content of the atmosphere. Geochim.
Cosmochim. Ac. 73, 1539-1547.

Menzel A., Sparks T.H., Estrella N., Koch E., Aasa A., Ahas R., Alm-Kiibler K., Bissolli P.,
Braslavska O. and Briede A. (2006) European phenological response to climate change
matches the warming pattern. Glob. Chang. Biol. 12, 1969-1976.

Newton R.G. and Spurrell D.J. (1967) A development of multiple regression for the analysis of
routine data. J. Appl. Stat. 16, 51-64.

Offermann C., Ferrio J.P., Holst J., Grote R., Siegwolf R., Kayler Z. and Gessler A. (2011) The
long way down-are carbon and oxygen isotope signals in the tree ring uncoupled from
canopy physiological processes? Tree physiol. 31, 1088-1102.

Ogée J., Barbour M.M., Wingate L., Bert D., Bosc A., Stievenard M., Lambrot C., Pierre M.,
Bariac T. and Loustau D. (2009) A single-substrate model to interpret intra-annual stable
isotope signals in tree-ring cellulose. Plant Cell Environ. 32, 1071-1090.

30



Ogle N. and McCormac F.G. (1994) High-resolution '*C measurements of oak show a previously
unobserved spring depletion. Geophys. Res. Lett. 21, 2373-2375.

Oribe, Y. and Kubo, T. (1997) Effect of heat on cambial reactivation during winter dormancy in
evergreen and deciduous conifers. Tree Physiology, 17(2), 81-87.

Oribe, Y., Funada, R., Shibagaki, M. and Kubo, T. (2001) Cambial reactivation in locally heated
stems of the evergreen conifer Abies sachalinensis (Schmidt) Masters. Planta 212(5-6), 684-
691.

Oribe, Y., Funada, R. and Kubo, T. (2003) Relationships between cambial activity, cell
differentiation and the localization of starch in storage tissues around the cambium in locally
heated stems of Abies sachalinensis (Schmidt) Masters. Trees 17(3), 185-192.

Panek J.A. and Waring R.H. (1995) Carbon isotope variation in Douglas-fir foliage: improving
the "*C-climate relationship. Tree Physiol. 15, 657-663.

Pirinen P., Simola H., Aalto J., Kaukoranta J.P., Karlsson P. and Ruuhela R. (2012)
Climatological statistics of Finland 1981-2010. Fin. Meteorol. Inst. Reports. 1, 25.

Preston T. and Owens N.J.P. (1983) Interfacing an automatic elemental analyser with an isotope
ratio mass sepectrometer: the potential for fully automated total nitrogen and nitrogen-15
analysis. Analyst 108, 971-977.

Preston T. and Owens N.J.P. (1985) Preliminary '°C measurements using a gas chromatograph
interfaced to an isotope ratio mass spectrometer. Biol. Mass Spectrom. 12, 510-513.

Raffalli-Delerce G., Masson-Delmotte V., Dupouey J.L., Stievenard M., Breda N. and Moisselin
J.M. (2004) Reconstruction of summer droughts using tree-ring cellulose isotopes: A
calibration study with living oaks from Brittany (western France). Tellus 56, 160-174.

Rannik, U., Aalto, P., Keronen, P., Vesala, T. and Kulmala, M. (2003) Interpretation of aerosol
particle fluxes over a pine forest: Dry deposition and random errors. J. Geophys. Res.:
Atmospheres, 108(D17).

Richardson, S. D. and Dinwoodie, J. M. (1960). Studies on the physiology of xylem
development. I. The effect of night temperature on tracheid size and wood density in
conifers. II. Some effects of light intensity, daylength and provenance on wood density and
tracheid length in Picea sitchensis. 111. Effects of tempe. J. Wood Sci. 6, 3-13.

Robertson 1., Rolfe J., Switsur V.R., Carter A.H.C., Hall M.A., Barker A.C. and Waterhouse J.S.
(1997) Signal strength and climate relationships in '*C/"*C ratios of tree ring cellulose from
oak in southwest Finland. Geophys. Res. Lett. 24, 1487-1490.

Rossi S., Deslauriers A. and Morin H. (2003) Application of the Gompertz equation for the study
of xylem cell development. Dendrochronologia 21, 33-39.

Rossi S., Deslauriers A. and Anfodillo T. (2006) Assessment of cambial activity and xylogenesis
by microsampling tree species: an example at the Alpine timberline. IAWA J. 27, 383.

Rossi S., Deslauriers A., Anfodillo T. and Carraro V. (2007) Evidence of threshold temperatures
for xylogenesis in conifers at high altitudes. Oecologia 152, 1-12.

Sarvas, R. (1972) Investigations on the annual cycle of development of forest trees. Active
period. Commun. Inst. For. Fenn. 76, 1-110.

Saurer, M., Siegenthaler, U. and Schweingruber, F. (1995) The climate-carbon isotope
relationship in tree rings and the significance of site conditions. Tellus 47B, 320-330.

31



Saurer M., Aellen K.A.S.R. and Siegwolf R. (1997) Correlating "*C and 'O in cellulose of trees.
Plant Cell Environ. 20, 1543-1550.

Schleser GH. (1995) Parameters determining carbon isotope ratios in plants.
Paldoklimaforschung 15, 71-96.

Schleser GH., Helle G, Liicke A. and Vos H. (1999) Isotope signals as climate proxies: the role
of transfer functions in the study of terrestrial archives. Quat. Sci. Rev. 18, 927-943.

Schmitt, U., Jalkanen, R. and Eckstein, D. (2004) Cambium dynamics of Pinus sylvestris and
Betula spp. in the northern boreal forest in Finland. Silva Fennica 38(2), 167-178.

Schollaen K., Heinrich I. and Helle G. (2014) Uv-laser-based microscopic dissection of tree rings-
a novel sampling tool for °C and '*O studies. New Phytol. 201, 1045-1055.

Schulze B., Wirth C., Linke P., Brand W.A., Kuhlmann I., Horna V. and Schulze E.D. (2004)
Laser ablation-combustion-gc-irms: a new method for online analysis of intra-annual
variation of "*C in tree rings. Tree Physiol. 24, 1193-1201.

Schweingruber F.H. and Bria K.R. (1996) Tree-ring density networks for climate reconstruction.
In Climatic variations and forcing mechanisms of the last 2000 years, 43-66. Springer Berlin
Heidelberg.

Seftigen K., Linderholm H.W., Loader N.J., Liu Y. and Young GH.F. (2011) The influence of
climate on *C/"*C and '®0/'°O ratios in tree ring cellulose of Pinus sylvestris L. growing in
the central Scandinavian mountains. Chem. Geol. 286, 84-93.

Sellers P.J., Mintz Y.C.S.Y., Sud Y.C. and Dalcher A. (1986) A simple biosphere model (SiB) for
use within general circulation models. J. Atm. Sci. 43, 505-531.

Skomarkova M. V., Vaganov E.A., Mund M., Knohl A., Linke P., Boerner A. and Schulze E.D.
(2006) Inter-annual and seasonal variability of radial growth, wood density and carbon
isotope ratios in tree rings of beech (Fagus sylvatica) growing in Germany and Italy. Trees
20, 571-586.

Smith B.N., Oliver J. and McMillan C. (1976) Influence of carbon source, oxygen concentration,
light intensity and temperature on '*C/'*C ratios in plant tissues. Bot. Gaz. 137, 99-104.
Switsur V.R., Waterhouse J.S., Field E.M. and Carter A.H.C. (1996) Climatic signals from stable

isotopes in oak tree rings from East Anglia, Great Britain. In: Dean, J.S., Meko, D.M.,
Swetnam, T.W. (Eds.), Tree Rings, Environment and Humanity Radiocarbon, 637-645.
Radiocarbon, Arizona.

Treydte K., Schleser G.H., Schweingruber F.H. and Winiger M. (2001) The climatic significance
of 1*C in subalpine spruces (Lotschental, Swiss Alps). Tellus 53, 593-611.

Urey H. (1947) The thermodynamic properties of isotopic subtances. J. Chem. Soc. 1, 562-58]1.

Vaganov E.A., Hughes M.K., Kirdyanov A.V., Schweingruber F.H. and Silkin P.P. (1999)
Influence of snowfall and melt timing on tree growth in subarctic Eurasia. Nature 400, 149-
151.

Vaganov E.A., Hughes M.K. and Shashkin A.V. (2006) Introduction and factors influencing the
Seasonal Growth of Trees. Growth Dynamics of Conifer Tree Rings: Images of Past and
Future Environments, 1-20.

Vaganov E.A., Schulze E.D., Skomarkova M.V., Knohl A., Brand W.A. and Roscher C. (2009)
Intra-annual variability of anatomical structure and '*C values within tree rings of spruce and

32



pine in alpine, temperate and boreal Europe. Oecologia 161, 729-745.

Valentini, R., Matteucci, G., Dolman, A.J., Schulze, E.D., Rebmann, C.J.M.E.A.G., Moors, E.J.
and Lindroth, A. (2000) Respiration as the main determinant of carbon balance in European
forests. Nature 404(6780), 861-865.

Vesala T., Haataja J., Aalto P., Altimir N., Buzorius G., Garam E., Himeri K., Ilvesniemi H.,
Jokinen V. and Keronen P. (1998) Long-term field measurements of atmosphere surface
interactions in boreal forest combining forest ecology, micrometeorology, aerosol physics
and atmospheric chemistry. Trends Heat Mass Transfer 4, 17-35.

Whittaker J. (1984) Model interpretation from the additive elements of the likelihood function. J.
Appl. Stat. 33,52-64.

Wigley T.M.L., Briffa K.R. and Jones P.D. (1984) On the average value of correlated time series,
with applications in dendroclimatology and hydrometeorology. J. Clim. Appl. Meteorol. 23,
201-213.

Williams J., Crowley J., Fischer H., Harder H., Martinez M., Petaja T., Rinne J., Back J., Boy M.
and Dal Maso M. (2011) The summertime boreal forest field measurement intensive
(humppa-copec-2010): an overview of meteorological and chemical influences. Atmos.
Chem. Phys. 11, 10599-10618.

Wilson A.T. and Grinsted M.J. (1975) Palaeotemperatures from tree rings and the D/H ratio of
cellulose as a biochemical thermometer. Nature. 257, 387-388 .

Wilson A.T. and Grinsted M.J. (1977) *C/"C in cellulose and lignin as palacothermometers.
Nature 265, 133-135.

Wilson A.T. and Grinsted M.J. (1978) The possibilities of deriving past climate information from
stable isotope studies on tree rings. Stable Isotopes in the Earth Sciences, Department of
Scientific and Industrial Research Bulletin, Science Information Division, 220, 61-66.

Wimmer R. (2002) Wood anatomical features in tree-rings as indicators of environmental change.
Dendrochronologia 20, 21-36.

Wodzicki T. (1964) Photoperiodic control of natural growth substances and wood formation in
larch (Larix decidua). J. Exp. Bot. 15, 584-599.

Wodzicki T.J. (1971) Mechanism of xylem differentiation in Pinus silvestris L. J. Exp. Bot. 22,
670-687.

Woodwell GM. and Whittaker R.H. (1968) Primary production in terrestrial ecosystems. Amer.
Zool. 8, 19-30.

Young G.H.F., McCarroll D., Loader N.J. and Kirchhefer A.J. (2010) A 500-year record of
summer near-ground solar radiation from tree-ring stable carbon isotopes. Holocene 20, 315-
324.

Zahner R., Lotan J.E. and Baughman W.D. (1964) Earlywood-latewood features of red pine
grown under simulated drought and irrigation. Forest Sci. 10, 361-370.

33



