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ABSTRACT

The forest ecosystems are one of the main global carbon sinks, sequestering about 30% of total
anthropogenic CO. Due to uncertainties and interannual variabilities in the estimation of
forest carbon balance, several studies found an inconsistent link between tree biomass
increment and ecosystem primary productivity measured by eddy covariance. This thesis
innovatively investigated the complex relationship between the forest carbon flux and the tree
biomass using quantitative wood anatomy. In the Norway spruce forest of Renon, Italian Alps,
the intra-annual variabilities of xylem anatomical features of Norway spruce were correlated
with eddy covariance data. Seven trees were selected for the anatomy analysis which spanned
from 1934 to 2020. Two xylem anatomical traits, the cell wall area (CWA), and the cell number
(NUM) were analyzed. The results showed that the CWA in earlywood responded positively to
winter precipitation while CWA in latewood (LW) and cell number in earlywood (EW) and
latewood were influenced by temperature. The CWA in earlywood and latewood yielded
negative and mostly non-significant correlation with the eddy covariance gross primary
productivity (GPP) while a marginal positive correlation, was obtained for NUM _EW and
NUM _ LW with GPP. This study evidences climate influence on gross primary productivity
(GPP), particularly in early spring when temperatures are generally above 0 at the site.
Furthermore, May-September temperature correlation with CWA in latewood indicates that
carbon sink at the end of the growing season was affected by climate. However, low
associations between anatomical traits and GPP were observed. The incompatibility could be
attributed to the absence of reliable techniques to measure advective fluxes on sloping terrains
and the storage of photosynthates in non-structural carbohydrate pools. The negative
correlation between CWA in earlywood and latewood with spring and summer GPP
respectively, suggests that photosynthates were not immediately mobilized for stem growth and
this calls for further research on an integrated quantification of other carbon storage pools for
closure in forest carbon balance.

Keywords: Dendroanatomy, quantitative wood anatomy, gross primary productivity, tree

biomass, ROXAS, xylem anatomical traits.



RIASSUNTO

Gli ecosistemi forestali sono uno dei principali serbatoi di carbonio a livello globale, in quanto
sequestrano circa il 30% della CO2 antropogenica totale. A causa delle incertezze e delle
variabilita interannuali nella stima del bilancio del carbonio forestale, diversi studi hanno
riscontrato un legame incoerente tra l'incremento della biomassa arborea e la produttivita
primaria dell'ecosistema misurata mediante eddy covariance. Questa tesi ha indagato in modo
innovativo la complessa relazione tra il flusso di carbonio della foresta e la biomassa degli
alberi utilizzando l'anatomia quantitativa del legno. Nella foresta di abete rosso del Renon,
nelle Alpi italiane, le variabilita intra-annuali delle caratteristiche anatomiche dello xilema
dell'abete rosso sono state correlate con i dati di eddy covariance. Sono stati selezionati sette
alberi per l'analisi dell'anatomia, che ha spaziato dal 1934 al 2020. Sono stati analizzati due
tratti anatomici dello xilema, l'area della parete cellulare (CWA) e il numero di cellule (NUM).
[ risultati hanno mostrato che il CWA nel legno primaticcio ha risposto positivamente alle
precipitazioni invernali, mentre il CWA nel legno tardivo (LW) e il numero di cellule nel legno
primaticcio (EW) e nel legno tardivo sono stati influenzati dalla temperatura. 1l CWA
nell'earlywood e nel latewood ha prodotto una correlazione negativa e per lo piu non
significativa con la produttivita primaria lorda (GPP) eddy covariance, mentre una
correlazione positiva marginale e stata ottenuta per NUM_EW e NUM LW con la GPP.
Questo studio evidenzia l'influenza del clima sulla produttivita primaria (GPP), in particolare
all'inizio della primavera, quando le temperature sono generalmente superiori a 0 nel sito.
Inoltre, la correlazione tra la temperatura di maggio-settembre e il CWA nel legno tardivo
indica che l'assorbimento di carbonio alla fine della stagione di crescita e influenzato dal
clima. Tuttavia, sono state osservate basse associazioni tra i tratti anatomici e la GPP.
L'incompatibilita potrebbe essere attribuita all'assenza di tecniche affidabili per misurare i
flussi advettivi su terreni in pendenza e all'immagazzinamento dei fotosintati in pool di
carboidrati non strutturali. La correlazione negativa tra il CWA nel legno primaticcio e nel
legno tardivo con la GPP primaverile ed estiva, rispettivamente, suggerisce che i fotosintati
non sono stati immediatamente mobilitati per la crescita del fusto e cio richiede ulteriori
ricerche sulla quantificazione integrata di altri pool di stoccaggio del carbonio per la chiusura
del bilancio del carbonio della foresta.

Parole chiave: Dendroanatomia, anatomia quantitativa del legno, produttivita primaria lorda,
biomassa arborea, ROXAS, tratti anatomici dello xilema.
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1. INTRODUCTION

Terrestrial ecosystems dominated by forests, grasslands, shrublands, croplands, and savanna,
absorb about 112-169 PgC each year from the atmosphere through the anabolic mechanism of
photosynthesis (Sha et al., 2022). Narrowing it down, the global forests, recognized as an
essential terrestrial carbon sink (Teets et al., 2018), sequester roughly 30% of the total
anthropogenic CO; emissions (Alexander et al., 2018; Aubinet et al., 2018; Babst et al., 2014a).
This implies that if promoted, the forest ecosystem productivity could be a rallying point for
climate change mitigation and adaptation. However, this capacity of the forest to store CO>
from the atmosphere is threatened by the saturation effect and harsh environmental conditions
(Ani¢ et al., 2018). The estimates of the captured carbon in the forest vary from year to year,
and the mechanism of the utilization or allocation of carbon to long-term pools like woody
biomass is still poorly understood, thereby making it difficult to predict the future forest carbon
balance (Aubinet et al., 2018; Babst et al., 2014b). To this end, research must reduce the

uncertainties in estimates of the carbon allocation to forest biomass (Babst et al., 2014b).

1.1 Eddy Covariance Techniques

In recent decades, research efforts were intensified to unravel the mechanism and the main
drivers of carbon sequestration in the forest with the adoption of the eddy covariance (EC)
technique which is a method to measure, in a direct and defensible manner, the vertical
turbulent fluxes of momentum, energy, and gases between the atmosphere and the ecosystems
(Babst et al., 2014b; Rannik et al., 2020). In the forest ecosystem, EC measures the forest-
atmosphere gas (including water and CO;) and energy exchanges (Baldocchi et al., 2018;
Baldocchi, 2003; Tramontana et al., 2020). With the introduction of the EC techniques in the
late *90s, it is currently feasible to measure the seasonal fluxes over tall vegetations (Babst et
al., 2014b). This micrometeorological method measures the net carbon dioxide (CO;) exchange
at a high frequency (usually 10Hz) by estimating the covariance between fluctuations in

vertical wind velocity and the CO> mixing ratio in the ecosystem (Jia et al., 2022).

One of the overarching goals of the EC flux networks is to garner time-series data that can
assess the biophysical factors affecting interannual variability and/or detect temporal trends in
the carbon fluxes (Baldocchi et al., 2018). The carbon which enters the ecosystem through
photosynthesis results in gross primary production (GPP): part of the carbon is used for

autotrophic respiration (Ra). The difference between the GPP and the Ra gives the net primary



production (NPP). Heterotrophic respiration (Rh) from heterotrophic organisms in the
ecosystem causes a net carbon loss. Consequently, the sum of the Ra and Rh results in the
ecosystem respiration (Reco). The net ecosystem productivity (NEP) is given as the negative
value of the net ecosystem exchange (NEE). This implies that NEP = (-NEE) = GPP-Reco or
NPP-Rh (Ani¢ et al., 2018; Baldocchi et al., 2018; Papale et al., 2015; Zanotelli et al., 2015).
The NEP shows if an ecosystem is a carbon sink (when positive) or carbon source (when

negative) (Zanotelli et al., 2015).

To unify the data processing protocol and establish a global database of EC, a global
FLUXNET network has been created to receive different ecosystems data from EC sites,
organized in regional networks such as integrated carbon observation systems (ICOS),
AmeriFlux, and AsiaFlux. Forest EC sites mostly have records of less than 10 years (Pastorello,

2020).

Though Ecologists, who focus on the temporal variations in forest net primary production and
Dendrochronologists, who study, albeit retrospectively, the relationship between tree-ring
width and the climate variability, have one thing in common - the understanding of the
relationship between climate variability and plant growth, only a few studies worldwide have
used tree-ring width analyses to assess the above-ground growth of trees in the flux track of
EC towers to illuminate the relationships between net ecosystem production (NEP), gross
ecosystem production (GEP), and aboveground biomass accumulation (above ground volume)
(Aubinet et al., 2018; Babst et al., 2018; Pastorello, 2020; Rocha et al., 2006; Teets et al., 2018).
Ring width analyses allow the assessment of growth variability over the entire tree lifespan,
which can be much longer than the period covered by forest inventories (Pappas et al., 2020).
Moreover, tree rings provide an annual resolution, which is not the case for most inventories.
Using allometric equations, tree volume increment can be derived from tree-ring patterns. The
aboveground biomass can be calculated from the volume and wood density (Babst et al., 2014b;
Pappas et al., 2020). Finally, the aboveground carbon stock can be inferred from tree biomass

considering the wood carbon content.

1.2 Tree rings and forest woody biomass

Tree rings studies have been widely employed in forest research to get estimates of forest
woody production. Besides tree rings, field plot measurement (Gonzalez-Garcia et al., 2016;

Peng et al., 2009; Xu et al., 2019) has being used to model forest wood biomass increment;



however, tree rings offer a higher temporal and spatial resolution as they allow the
reconstruction of historical annual (and intra-annual) woody biomass increment over long
periods (Babst et al., 2014a; Xu et al.,, 2019). Besides total ring width, other tree ring
measurements include A) Earlywood and latewood, width. B) Wood density — earlywood,
latewood, minimum and maximum density. C) Stable isotope ratios - carbon, nitrogen, oxygen,
hydrogen. D) Blue light reflected from the wood surface. E) The abundance of a particular
chemical compound. F) Wood anatomical features — cell number, size, cell lumen area, cell
wall area and thickness. (Babst et al., 2014a; Berger et al., 2004; Campbell et al., 2007). The
analysis of the latter group is called dendroanatomy, which is the application of quantitative
wood anatomy along tree ring series. This approach highlights the variability in xylem
anatomical traits of shrubs, trees, and herbaceous plants to understand their structure, function,
growth, and environmental intricacies (von Arx et al., 2016). The functions of the xylem in
plants are wide-ranging to ensure their survival and growth. The xylem allows the transport of
water, sugars, hormones, buffer water flow, and nutrients. It equally supports the mass of the
canopy among other functions (Castagneri et al., 2017; von Arx et al., 2016). The wood
formation known as xylogenesis is highly influenced by the prevailing environmental
conditions (Cuny et al., 2015); thus, xylem anatomical features have become a natural archive
to study the plant growth-environmental relationship and plant functioning with intra-annual

resolution (Fonti et al., 2010; von Arx et al., 2016).

1.3 Research Gap

Co-located study of GPP and tree growth is crucial to cross-match the ecosystem carbon uptake
and tree biomass increment (Cabon et al., 2022). Previous studies have found an inconsistent
link between tree biomass increment and the GPP measured with EC (Babst et al., 2013;
Delpierre et al., 2016; Rocha et al., 2006; Teets et al., 2018; Zweifel et al., 2010). While Babst
et al. (2013) and Teets et al. (2018) found a positive correlation, Delpierre et al. (2016) found
a negative correlation. The inconsistency were attributed to differential increment in living and
non-living carbon stocks (Delpierre et al., 2016) and the presence of non-photosynthetic factors
controlling tree growth (Cabon et al., 2022; Rocha et al., 2006). So far, no research has
employed the technique of xylem anatomy, which analyzes the building blocks of woody
biomass, at intra annual level, to investigate the link between aboveground woody biomass and

EC.



1.4 Objectives

The general objective of the study is to investigate the link between forest carbon atmospheric
uptake (carbon fluxes) and woody biomass increment using xylem anatomical traits. Specific

objectives were:

1. To assess the relationships between different components of xylem biomass, i.e., the
number of tracheids and cell wall area, in earlywood and latewood.

2. To assess the influence of climate variability on the primary productivity (GPP) and
xylem biomass proxies.

3. To evaluate the relationship between the tree-ring biomass proxies and the GPP.

1.5 Hypotheses

1. Xylem anatomical features are related to carbon fluxes (GPP from EC): Assuming that at
least some carbon taken during photosynthesis was rapidly mobilized for cell growth, the
xylem earlywood biomass would correlate with the spring GPP while xylem latewood biomass

with the late summer GPP.

2. Climatic influence on the carbon fluxes and tree growth is synchronous: Assuming that
temperature and precipitation influence carbon sequestration and xylem biomass proxies, a
mutually non-exclusive climatic relationship would be obtained for GPP and tree biomass

increment.



2. MATERIALS AND METHOD

2.1 Study area
Renon forest is a sub-alpine coniferous forest located in the Italian Alps (46.58° N, 11.43 E,

1735 m a.s.l.). The stand is equipped with an eddy covariance (EC) tower (Figure 1) installed
in 1997, making it one of the oldest EC sites in Italy. The forest is uneven-aged with the oldest
trees being about 200 years old. The soil is classified as Haplic podsol according to FAO
(Papale et al., 2015). The main tree species in the forest are Norway spruce (Picea abies (L.)
Karst.), comprising of 85% of all the trees, others are cembran pine (Pinus cembra L.) covering
12% and larch (Larix decidua Mill.), making up the remaining 3% (Montagnani et al., 2009).
The climate is affected strongly by elevation with cool summers and moderately cold winters.
The annual mean temperature and the annual mean precipitation are 6.2 °C and 964 mm,
respectively (Niu et al., 2011). Climate and environmental monitoring and studies on carbon
fluxes (Table 1) have been carried out in recent years (Montagnani et al., 2009; Niu et al., 2011;

Papale et al., 2015).

Figure 1: Eddy covariance tower at Renon forest.



Table 1: Site properties of Renon forest.

Site properties Value Source

Longitude, latitude 11°17° E, 46°25° N

Elevation (m) 1735

Major species Norway spruce (Picea abies)

Canopy height (m) 29-31 (Marcolla et al., 2005;
Montagnani et al., 2009)

Topography Alpine slope (11°) (Feigenwinter et al., 2008)

LAI (m? m?) 5.1-5.5 (Marcolla et al., 2005;
Montagnani et al., 2009)

Annual NEE (g C m?) -450 (Feigenwinter et al., 2008;
Montagnani et al., 2009)

Stand age Uneven (Feigenwinter et al., 2008)

Average stems per hectare 270 (Marcolla et al., 2005)

Annual mean temperature 6.21 (Niu et al., 2011)

(°C)

Annual mean precipitation 964.21 (Niu et al., 2011)

(mm)

Height of EC mast (m) 42 (Marcolla et al., 2005)

2.2 Sample collection and preparation
In summer 2021, from the EC tower footprint, 20 trees were cored using an increment borer of

5 mm of diameter at 1.3 m from ground level. In the laboratory, all cores were sanded with
increasingly finer sandpaper to evidence tree ring boundaries. Then, ring widths were measured
to the nearest 0.01 mm using TsapWin (Rinntech, Heidelberg, Germany) associated to
LINTAB table. The samples were visually and statistically cross-dated to ensure a match

between tree rings and their actual year of formation.

To measure the anatomical traits in seven selected samples, the method described by von Arx
etal., (2016) was used. Each increment core was cut into 4-5 cm long pieces and put in distilled
water for 10 minutes to soften the cells and avoid damage to the cell structure during cutting.
However, care was taken to avoid the samples being too soft; the use of tissue paper to absorb

excess moisture prevented micro-section fissures during cutting. 12 um thick transverse micro-



sections were cut perpendicularly to axially oriented xylem cells with a rotary microtome
(Leica RM2245, Heidelberg, Germany) using Feather N35 blades (Feather Safety Razor Co.,
Ltd, Osaka, Japan). To avoid disrupting the delicate anatomical structures, the microtome blade
was frequently replaced. For each sample, three glass slides were prepared with each glass slide
containing two micro-sections. Having six micro-sections per sample offered the opportunity
of choosing the best micro-section for image processing and to have backup samples in any

unforeseen event of sample loss.

To make a permanent slide, and to increase contrast, the micro-sections were stained with
safranin (1% in distilled water) - for lignified tissues, and astrablue (0.5% in dist. water) - for
non-lignified tissues. After about 10 mins, the sections were de-stained, first with distilled
water and thereafter, dehydrated sequentially using 50% ethanol and absolute ethanol (100%).
When completely de-stained (presence of clear solvent), the sections were dried using tissue
towel and permanently fixed on glass slides using Eukitt (BiOptica, Milan Italy). The
permanent fixing was done immediately after drying to prevent micro-sections from flaking
and folding. The resulting microslides were put in between two strips of heat-resistant plastics,
placed on a metal plate, and a magnetic bar (acting as weight) was placed on top to keep the
sections flat during the drying phase. The slides were allowed to air-dry at room temperature
for some days (between 10 to 14 days). When drying was difficult, sections were put in the
oven at 60°C for 12 hours. To get a clear image devoid of pollution and distortion, the
microslides were thoroughly cleaned of dried Eukitt by scrapping with old blades and wiping

with a clean lens towel.

2.3 Anatomical traits measurement
Digital images were captured using digital automated microscope Axio Scan.Z1 (Zeiss, Jena,

Germany) at 100x magnification with a resolution of 2.27 pixels/um. ROXAS v3.0.634 (von
Arx & Carrer, 2014 ), an image analyses software that measures different xylem traits, was
used for the image analysis. Images (Figure 2) were grouped into automatic areas of interest
(auto-AOI) and manual AOI (manual-AOI) configurations depending on the possibility to
perform automatic detection of the Area of Interest in the software. A batch run was performed
on the auto-AOI and manual-AOI samples to automatically detect and measure all cells in the

image.



sﬁ%ﬁg

EEzcimemmamaii

-%!!ﬁfn-ﬂ -:-ji!-

r1
=

Pith Bark

F i

Figure 2: An image of 12 um thick wood section after coloration in safranin and astra-blue.

After running the samples in batch mode, each was manually edited on ROXAS. The process
was done to optimize the quality of results and to eliminate deficiencies in the images (von Arx
et al., 2016). Specifically, the following defects were corrected: broken cells, split cells, joined
cells, multiple borders, outlier borders and cells, selected parenchyma rays, xylem pits, and

resin ducts.

To accurately date the sample tree rings, the mean ring width (MRW) obtained from ROXAS
software was cross-matched with the ring width recorded by TsapWin, previously checked in
COFECHA. The year of each ring in the sample was dated (Figure 3) when a match exists in
values and trends between ROXAS output (MRW) and Tsap ring width values (Figure 4).
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Figure 3: An image of a dated tree rings. Objects like resin ducts were manually removed
from the image in ROXAS.
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Figure 4: Cross-matched tree ring widths used for accurate dating of samples.

The last procedure in ROXAS was the computation of the cell wall thickness (CWT) in batch

mode.



2.4 Chronology building

Cell number (NUM) and cell wall area (CWA) (Figure 5) were calculated by ROXAS. For
cases where CWA was negative in the ROXAS output, i.e., the cell wall thickness for 4 sides
of the cell was incomplete, CWA was recalculated in R from the available information on cell

lumen diameter and cell wall thickness.

The corrected cell wall area (CWA) and the cell number (NUM) for earlywood (EW) and
latewood (LW) of each year were determined. The Mork’s index (= 2 x double cell wall
thickness/cell lumen) was used to group the cells into EW (Mork’s index values below 1) and

LW (Mork’s index values above 1) (Figure 6).

Cell wall area (50% carbomn)
Cell lumen area

H H Cell wall thickness

Figure 5: An illustration showing the cell wall area (CWA) of a xylem cell.

Since C concentration in the wood of temperate conifers is quite constant and very close to
50% (50.1% + 0.4, Martin et al., 2018), the CWA, as the biomass estimate based on the xylem
structure, is a very reliable estimate of the C amount in the cell.
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Figure 6: A depiction of the earlywood and latewood based on the Mork’s index

The size and age trends in all the anatomical series were detrended using a 15-year cubic
smoothing spline (Carrer et al., 2015; Cook and Kairiiikstis, 1990). The mean standardized

chronologies for CWA and for NUM in the EW and LW were built using the R package dplR
(Bunn, 2008).

2.5 Eddy covariance dataset processing

The eddy covariance primary datasets were collected and processed by Professor Leonardo
Montagnani of the University of Bozen. The datasets were collected using the method
described by (Liu et al., 2021). A continuous half-hourly measurement of EC variables (Table

2) was integrated over 60 minutes.

11



Table 2: The eddy covariance variables.

Eddy covariance variable Description
CO2 (umolCO2 mol-1) Carbon Dioxide (CO2) mole fraction in
moist air

FC (umolCO2 m—2 s—1) Carbon Dioxide (CO2) turbulent flux

(without storage component)

SC (umolCO2 m—2 s—1) Carbon Dioxide (CO2) storage flux
measured with a vertical profile system

USTAR (m s—1) Friction velocity

H (W m—2): Sensible heat turbulent flux, without storage
correction

LE (W m—2) Latent heat turbulent flux, without storage
correction

WS (ms—1) Horizontal wind speed

TA (deg C) Air temperature

NETRAD (W m—2) Net radiation - needed for energy balance
closure

RH (%) Relative humidity (range 0—100%)

PA (kPa) Atmospheric pressure

G (W m-2) Ground heat flux, not mandatory, but needed
for the energy balance closure calculations

TS (deg C) Soil temperature

SW_IN (W m—2)
SW_IN POT (W m-2)

PPFD_IN (umolPhotons m—2 s—1)
P (mm)

Incoming shortwave radiation

Potential incoming shortwave radiation (top
of atmosphere theoretical —maximum
radiation)

Incoming photosynthetic photon flux density
Precipitation total of each 30 or 60-minute

period

LW _IN (W m—2) Incoming (down-welling) longwave
radiation

SWC (%) Soil water content (volumetric), range 0—
100%

Source: (Pastorello, 2020)

These datasets were subjected to quality control protocols and data processing pipeline as
described by (Pastorello, 2020). The NEE = -NEP, was filtered with an ensemble of USTAR
thresholds: constant USTAR threshold (CUT) and variable USTAR threshold (VUT), using
the nighttime and daytime methods (Lasslop et al., 2010; Reichstein et al., 2005). Also, the
protocol enabled the gap-filling of meteorological and flux measurements using the marginal

distribution sampling (MDS) method (Reichstein et al., 2005) and finally, the NEE was

12



partitioned into ecosystem respiration (Reco) and photosynthesis (gross primary production)
in line with the two methods (Liu et al., 2021). The processed GPP of the daytime and nighttime

methods downloaded from the ICOS open access database were used in this study.

2.6 Statistical analyses

The GPP from the two methods (daytime and nighttime) were correlated with the mean
temperature and precipitation at Renon from 1999 to 2020 using the temperature and
precipitation data obtained from the E-OBS climate database (lon = 11.25 to 11.50, lat = 46.50
to 46.75) (Cornes et al., 2018).

The temperature data were categorized into annual, summer, autumn, and spring while the
precipitation data were regrouped into autumn, winter, spring and summer. The winter
precipitation was calculated by taking the average monthly value in December of the previous

year with the January and February of the current year.

In the same vein, the correlation between xylem anatomical traits (CWA and NUM for EW
and LW) was calculated. All the years covered in the sample anatomical series (1934-2020)

were correlated with temperature and precipitation data (1934-2020).

Lastly, the xylem chronology (CWA and NUM for EW and LW) were correlated with the EC
GPP (Nighttime and daytime separately). In this instance, the GPPs were classified into the
annual, winter, spring, summer and autumn GPP. Due to shorter time series of EC data
compared to climate data, the xylem chronology from 1999 to 2020 was correlated with EC
GPP from 1999 to 2020.

13



3. RESULTS
3.1 Site Climate
The climatic data of the site obtained from the E-OBS climate database (lon = 11.25 to 11.50,

lat = 46.50 to 46.75) (Cornes et al., 2018), showed that the annual mean temperature of the site
is on a steady increase in the last 100 years (Figure 7). The retrieved and processed data covered

from 1920 to 2020.
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Figure 7: The annual mean temperature of Renon site.
Source: the E-OBS climate database (Cornes et al., 2018).

Conversely, the annual mean precipitation showed a steady trend (Figure 8).
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Figure 8: The annual mean precipitation of Renon site.

Source: the E-OBS climate database (Cornes et al., 2018)
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3.2 Xylem anatomy chronologies
The boxplot of CWA (Figure 9) showed that there was no difference between EW and LW. On
the opposite, NUM (Figure 10) was different between EW and LW.
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Figure 9: CWA in earlywood (EW) and latewood (LW).
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Figure 10: NUM in earlywood (EW) and latewood (LW).

15



The anatomical detrended chronologies from 1934 to 2020 showed that CWA and NUM varied
more in LW than EW (Figure 11).
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Figure 11: The standardized anatomical series.

The red colour shows the annual variability in earlywood (EW) while the black shows that of
latewood (LW).

This was confirmed with an F-test on the chronology variability (Table 3).

Table 3: Fischer test for variance between xylem anatomy traits.

F-Test Two-Sample for Variances

CWA EW  CWA LW | NUM EW  NUM LW
Mean 1.00235149 1.00161765 | 0.99502954 0.98167167
ST. DEV. 0.03222973 0.07198201 | 0.09987547 0.13416833
Variance 0.00103876 0.00518141 | 0.00997511 0.01800114
Observations 87 87 87 87
df 86 86 86 86
F 0.20047732 0.55413761
P(F<=f) one- | 7.1765E-13 0.00336438
tail
P Two-tail 1.4352E-12 0.00672876
F Critical 0.69997751 0.69997751
one-tail
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Pearson correlation showed a positive association between the CWA_EW and CWA LW;
NUM_LW and CWA LW, and NUM_EW and NUM LW (P<0.01). Conversely, a negative
correlation existed between CWA_EW and NUM_EW (Table 4).

Table 4: Pearson correlation between the cell wall area (CWA) and cell number (NUM)
chronologies.

Colours indicate the direction and strength of association, from dark red (strong negative) to
dark blue (strong positive) correlations. Bold indicates significant correlations.

CWA_EW CWA_ LW NUM _EW NUM LW

CWA _EW
CWA LW
NUM _EW
NUM LW

3.3 Eddy covariance data
The GPP of Renon forest (Figure 12) showed different annual values based on the methods and
the USTAR threshold used.

GPP (gC m-2 day-1)
o = N w H
P
«\-’00\5\
e —
% ...

mGPP_DT VUT_REF mGPP_DT _CUT REF  mGPP_NT_VUT REF GPP_NT_CUT_REF

Figure 12: The mean daily GPP of Renon forest obtained using two methods, the daytime (DT)
and nighttime (NT) and two USTAR thresholds, variable USTAR threshold (VUT) and constant
USTAR threshold (CUT).
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The different methods, on average, showed similar increasing patterns in the study period but
few showed a decrease in the last three years such as the GPP DT CUT REF and
GPP DT VUT REF. Besides the common interannual variability, each year showed a
dissimilar rank for example GPP_DT VUT REF and GPP_DT CUT REF peaked in 2015,
towering above GPP_NT CUT REF and GPP_NT VUT REF but both decreased in 2020,
much lower than GPP_NT CUT REF and GPP NT VUT REF. Apparently, different

methods can provide quite different results.

3.4 Correlation between GPP and climate
The monthly averages of GPP and temperature (Figure 13) showed that along the year course,
GPP increases with temperature with the highest values in summer, from May to September,

and maximum value in July.
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Figure 13: The monthly average of GPP and the temperature of Renon site.

In the same vein, GPP annual variation followed the precipitation pattern. The highest

precipitation was recorded in August (Figure 14).
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Figure 14: The monthly averages of GPP and precipitation at Renon forest.

The Pearson correlation between temperature and precipitation of the current year and GPP
inter-annual variability showed variable results with some significant but probably spurious
correlations, especially with precipitation (Table 5). Indeed, in some cases monthly GPP was

associated to climate in successive months.

Table 5: Correlation between the mean monthly GPP with temperature and precipitation from
January to December.

Colours indicate the direction and strength of association, from dark red (strong negative) to
dark blue (strong positive) correlations. Bold indicates significant correlations.

GPP
JAN FEB MAR APR MAY JUN JuL AUG SEP ocr NOV DEC

lan 0.109 0.09 0.122 0.148 -0.301 -0.364 -0.195 -0.398 -0.341 -0.084 -0.201 -0.087
T Feb 0.051 0.039 0.269 0.320 0.054 -0.131 -0.024 -0.112 -0.002 -0.021 0.188 0.225
e Mar -0.019 -0.011 0.564 0.243 -0.067 -0.157 0.100 -0.146 -0.028 0.209 0.275 0.008
m Apr 0.023 -0.128 -0.125 0.486 0.278 0.024 -0.056 -0.185 -0.172 -0.089 -0.201 -0.053
p May 0.054 0.014 0.005 -0.154 -0.193 40371 -0.116 -0.574 -0.371 -0.267 -0.231 -0.444)
e Jun 0.004 0.058 0.301 0.107 0.015 0.168 0.189 0.198 0.102 0.153 0.133 0.228
r Jul 0.259 0.228 0.094 0.241 0.094 0.409 0.225 0.149 0.045 -0.075 -0.259 -0.032
a Aug 0.115 0.119 0.097 0.037 0.021 0.034 0.158 -0.180 -0.160 0.106 -0.046 -0.137
t Sep -0.069 -0.143 -0.245 0.108 0.264 0.094 -0.121 -0.052 -0.182 -0.182 -0.022 0.121
u Oct -0.033 -0.067 -0.083 -0.302 -0.416 -0.280 0.153 0.169 0.309 0.464 0.156 0.262
r Nov 0.297 0.269 0.461 0.366 0.243 0.366 0.237 -0.045 0.087 0.113 0.209 0.016
e Dec 0.611 0.539 0.507 0322 -0.049 0223 -0.073 -0.090 -0.023 -0.069 0.263 0.632
. lan -0.053 -0.057 -0.060 -0.008 -0.241 -0.053 0.296 0.088 0.302 0.462 0.159 -0.033
: Feb -0.143 -0.192 -0.039 0.210 0.200 0.266 0218 0.304 0.470 0.294 0.385 0.144
e Mar 0.061 -0.033 -0.182 -0.334 -0.437 -0.366 -0.214 -0.344 -0.107 -0.021 -0.159 0.126
¢ Apr -0.184 -0.098 -0.008 -0.325 -0.231 -0.127 0.050 0.085 0.183 0.280 0.250 0.237
i May 0.220 0310 0.324 -0.038 -0.192 0.118 0.002 0.129 -0.020 0.009 0.006 0.382
P Jun -0.052 -0.085 0.189 0.284 0.131 -0.205 0.083 -0.347 -0.235 -0.082 0.192 -0.165
. 1ul -0.037 0.028 0.174 -0.001 0.033 -0.037 0.115 -0.009 0.227 0.205 0.608 0.069
. Aug -0.073 -0.151 -0.148 0.202 0211 -0.024 -0.222 -0.398 -0.370 -0.428 -0.434 -0.280)
N Sep 0.143 0.227 0.280 0.146 0.114 -0.034 0.223 -0.115 -0.024 0.117 0.169 -0.008
i Oct 0.240 0.207 -0.114 -0.307 -0.171 -0.153 -0310 -0.355 -0.352 -0.162 -0.228 0.151
o Nov -0.050 0.041 0.327 -0.124 -0.112 0.128 -0.113 0.103 0.149 0.159 0.269 0.437
n Dec -0.236 -0.229 -0.316 0.007 0.487 0.248 0.029 -0.056 0.052 -0.229 -0.183 -0.368]
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Nevertheless, significant and positive correlations were obtained between March and April

temperatures with March and April GPP respectively (Figure 15).
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Figure 15: Variation of March (left panel) and April (vight panel) GPP and March and April
temperature of the current year along the study period.

Interestingly, no correlation was observed when the temperature of the previous year was

correlated with the GPP of the current year (Annex 1).

3.5 Correlation between xylem anatomical series and climate

The Pearson correlation (P<0.05) between anatomical series and monthly mean temperature
showed that the NUM LW had a significant positive relationship with March and August
temperatures. Likewise, CWA LW correlated significantly with May, August, and September
temperatures (Table 6). It was observed too that the NUM_EW correlated positively with

October temperature.
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Table 6: Pearson correlation between anatomical chronologies and temperature.

Colours indicate the direction and strength of association, from dark red (strong negative) to
dark blue (strong positive) correlations. Bold indicates significant correlations.

Temperature CWA _EW CWA LW NUM_EW NUM LW
Jan -0.108 -0.051 -0.051 0.012
Feb -0.114 -0.117 0.043 -0.095
Mar -0.113 0.122 0.104 0.356
Apr 0.088 0.100 -0.149 0.025
May 0.095 0.314 0.176 0.188
Jun -0.023 0.131 -0.003 0.012
Jul -0.075 0.045 0.249 -0.095
Aug 0.096 0.294 0.002 0.222
Sep -0.111 0.359 -0.042 0.096
Oct -0.133 -0.174 0.319 0.144
Nov -0.062 -0.004 0.067 0.009
Dec -0.021 -0.074 -0.057 -0.031
Aug+Sep -0.016 0.435 -0.028 0.207
May-Sep -0.006 0.391 0.125 0.146

By merging months when xylem formation is expected (from May to September, Rossi et al.,
2003), we increased positive correlation between CWA LW and the average of August and
September temperatures and the average of May to September temperatures (Table 6). When

comparing the two time series, a few common peaks and trend were evident (Figure 16).
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Figure 16: Variation of CWA and May to September temperature from 1950 to 2020.
With precipitation, the CWA_EW showed a positive relationship (P<0.05) with March

precipitation whereas the CWA LW showed a positive correlation with the April precipitation

(Table 7).

Table 7: Pearson correlation between the anatomical chronologies and precipitation.

Colours indicate the direction and strength of association, from dark red (strong negative) to
dark blue (strong positive) correlations. Bold indicates significant correlations.

Precipitation CWA _EW CWA LW NUM_EW NUM LW
Jan 0.163 0.050 0.088 0.067
Feb 0.190 -0.076 -0.062 -0.167
Mar 0.228 0.072 0.041 0.038
Apr 0.069 0.254 0.022 0.090
May -0.222 -0.308 0.078 -0.100
Jun -0.036 0.103 -0.167 0.046
Jul -0.078 -0.002 -0.147 0.173
Aug 0.064 0.132 -0.115 -0.225
Sep -0.037 -0.170 0.020 -0.064
Oct 0.126 0.010 -0.112 -0.054
Nov 0.056 0.100 -0.029 -0.050
Dec 0.001 0.062 0.001 -0.159

Also, negative correlations were observed between the CWA_LW and May precipitation, and

between NUM_LW and August precipitation (Table 7).
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3.6 Correlation between the anatomical series and the GPP

A significant correlation (P<0.05) existed between the CWA LW and the October GPP of

the daytime method using constant USTAR threshold while a marginal positive correlation

was obtained between NUM_EW and June to September GPP (

Table 8).

Table 8: Pearson correlation between anatomical chronologies and GPP obtained with the
constant USTAR threshold (CUT).

(A) showed the GPP using the daytime and (B) is the GPP using the night-time method. Colours
indicate the direction and strength of association, from dark red (strong negative) to dark blue
(strong positive) correlations. Bold indicates significant correlations.

GPP DT CUT CWA EW CWA LW NUM _EW NUM LW
Jan -0.228 -0.141 0.182 0.121
Feb -0.280 -0.172 0.251 0.145
Mar -0.336 -0.095 0.221 0.233
Apr -0.196 -0.032 -0.118 -0.164
May 0.002 -0.088 -0.285 -0.354
Jun -0.232 -0.185 0.126 -0.063
Jul -0.133 -0.145 0.353 0.299
Aug -0.105 -0.121 0.296 0.109
Sep -0.168 -0.250 0.306 0.211
Oct 0.022 -0.134 0.414 0.465
Nov -0.095 -0.231 0.155 0.065
Dec -0.147 -0.077 0.096 -0.024
(A)
GPP_NT CUT CWA_EW CWA LW NUM_EW NUM LW
Jan 0.206 0.181 -0.434 -0.377
Feb -0.139 -0.229 -0.116 -0.201
Mar -0.340 -0.210 0.204 0.136
Apr -0.239 -0.111 -0.215 -0.320
May -0.149 -0.109 -0.261 -0.377
Jun -0.212 -0.044 -0.140 -0.172
Jul -0.042 0.248 -0.210 -0.116
Aug -0.088 -0.021 -0.061 -0.171
Sep -0.006 -0.175 -0.013 -0.140
Oct -0.118 -0.231 0.303 0.281
Nov -0.049 -0.310 -0.204 -0.315
Dec -0.301 -0.201 -0.076 -0.101
(B)
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Similarly, the GPP obtained using variable USTAR threshold (VUT) showed positive

correlations between the anatomical series (emphasis on NUM_EW and NUM_LW) and June

to October GPP but non-significantly (Table 9).

Table 9: Pearson correlation between anatomical chronologies and the GPP obtained with

the variable USTAR threshold (VUT).

(A) showed the GPP using the daytime and (B) is the GPP using the night-time method.
Colours indicate the direction and strength of association, from dark red (strong negative) to

dark blue (strong positive) correlations. Bold indicates significant correlations.

GPP DT VUT CWA EW CWA LW NUM_EW NUM LW
Jan -0.322 -0.169 0.164 0.139
Feb -0.256 -0.101 0.240 0.220
Mar -0.304 -0.142 0.198 0.209
Apr -0.221 -0.101 -0.169 -0.201
May -0.064 -0.158 -0.207 -0.297
Jun -0.293 -0.252 0.187 -0.014
Jul -0.190 -0.233 0.372 0.269
Aug -0.215 -0.178 0.315 0.129
Sep -0.158 -0.177 0.310 0.267
Oct 0.112 -0.108 0.379 0.415
Nov 0.117 -0.076 0.048 0.213
Dec 0.086 -0.117 -0.187 -0.245
(A)
GPP_NT VUT CWA EW CWA LW NUM _EW NUM LW
Jan 0.183 -0.142 -0.290 -0.355
Feb -0.069 -0.255 -0.183 -0.254
Mar -0.323 -0.236 0.182 0.102
Apr -0.264 -0.136 -0.206 -0.319
May -0.217 -0.145 -0.243 -0.343
Jun -0.212 -0.013 -0.116 -0.118
Jul -0.101 0.184 -0.189 -0.105
Aug -0.105 -0.054 -0.071 -0.112
Sep -0.038 -0.251 -0.006 -0.092
Oct -0.085 -0.195 0.331 0.329
Nov -0.020 -0.302 -0.099 -0.294
Dec -0.249 -0.187 -0.066 -0.189
(B)
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Comparatively, the daytime-CUT method showed a higher correlation than daytime VUT
method and on a general basis, the daytime methods had a better correlation between the

anatomical series and GPP than the night-time methods.

At the seasonal level, a marginal correlation was obtained when the GPP_ DT CUT was

correlated with anatomical series (

Table 10). Marginal positive associations were observed for summer and autumn.

Table 10: The correlation between anatomical series and seasonal GPP

GPP_DT CUT CWA _EW CWA LW NUM_EW NUM_LW
Winter -0.259 -0.156 0.215 0.109
Spring -0.230 -0.087 -0.081 -0.126
Summer -0.182 -0.177 0.313 0.149
Autumn -0.100 -0.231 0.356 0.307
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4. DISCUSSION
This thesis used dendroanatomy, i.e. the analysis of wood anatomical traits along series of
dated tree rings (Pacheco Solana et al., 2018), to understand the complementarity between the
forest carbon uptake (as measured with eddy covariance) and the tree biomass growth at the

Renon forest in the Italian Alps.

4.1 Climate and wood anatomy

Analysis of the site climate pointed out clearly that the annual mean temperature is increasing
at the study site which is in consonance with the observed warming in the Alps (Gobiet et al.,
2014). This evident warming lends credence to the prevailing environmental issue of climate
change and calls for studies on the complex relationships between climate, forest productivity,
and tree growth. On the contrary, the annual mean precipitation has remained relatively
constant. The 100-year climate data has shown that the annual variability was higher with
temperature than precipitation and is in line with the temperature and precipitation in the Italian
Alps ( Montagnani et al., 2009).

Results of the quantitative wood anatomy analysis showed no difference between the mean
values of CWA_EW and CWA LW, indicating that the biomass (and therefore of carbon
amount) of cells in earlywood and latewood was similar. As expected, the number of cells was
much larger in earlywood (wider) than in latewood. After standardization, the cell wall area
(CWA) and the number of cell (NUM) were more variable in latewood than in earlywood. This
could be associated with varying environmental factors within the growing season and the
different duration of formation of tracheid cells in the early and late season (Rossi et al., 2006).
Looking at the Pearson correlation among these parameters, a positive relationship was
observed between the CWA EW and CWA LW, NUM_EW and NUM_ LW, and CWA LW
and NUM_LW. Conversely, a negative association was observed between CWA EW and
NUM_EW. By implication, any favourable growth year would be reflected in the EW and LW
but a mutual incompatibility exists between CWA EW and NUM_EW. Perhaps these findings
are due to the different physiological and sequential mechanisms underpinning xylem
formation. NUM is linked to the number of cambial cells and the formation starts from mid-
May to Mid-August whereas the CWA is interconnected to the successive phases of cell wall
enlargement and cell wall thickening, which start around May to June and end in September

(Rossi et al., 2006). Furthermore, as indicators of forest productivity, these anatomical traits
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are subjective to meteorological conditions (Ani¢ et al., 2018; Fritts, 1976). To that effect, we
went further to examine the connection between these anatomical traits and the climate.

A significant association exists between the CWA_ LW and late summer temperatures (August
and September). In the same vein, a positive relationship was observed with the temperatures
of the entire growing season (May to September). This result is in line with previous findings
on the same species at similar elevation (Castagneri et al., 2017), xylogenetic studies in the
Alps (Rossi et al., 2006), and worldwide observations on tree ring maximum density, which is
determined by the latewood cell wall thickness (Bjorklund et al., 2017). As CWA is linked to
cell wall formation, it is essentially the accumulation of carbon, and this process occurs at the
end of the growing season in latewood. The observed positive link between CWA LW with
late summer and growing season temperature indicates that carbon accumulation in woody
biomass at the end of the growing season (wall thickening in latewood) depends on the growing
season temperature (Lempereur et al., 2015; Rossi et al., 2006).

On a seasonal level, there was generally a positive correlation between annual mean, spring,
summer, and autumn temperatures with CWA LW, NUM_EW, and NUM_LW, pointing to
the fact that a typical warm year would benefit xylem formation and thus carbon accumulation
in woody biomass at the site (Crabbe et al., 2016).

On the other hand, the CWA EW showed a positive relationship with precipitation in the
months of October (previous year) to April (current year). Obviously, these are winter periods
with precipitation in form of snow. The plausible reason for this correlation is that snow makes
water available along the successive growing season (Zeeman et al., 2017).

From the foregoing, CWA EW responds quite positively to precipitation while NUM_EW,
CWA LW, and NUM_LW are strongly influenced by temperature (Annex 2). These agree
with the observed biophysical control factors of cambial activity and align with the proposition
that sink-limitation is stronger than source-limitation in carbon assimilation and tree growth

(Cabon et al., 2022).

4.2 Climate influence on GPP

The two methods and the two USTAR thresholds showed important differences in the
quantification of annual GPP. The annual variability in GPP is expected due to varying
environmental conditions (Ani¢ et al., 2018; Niu et al., 2011) but the discrepancy in the two
methods highlights the complexity of EC flux measurement (Babst et al., 2014b). The
difference could be related to the protocols involved. The Night-time method uses night-time

data to parameterize a respiration-temperature model which is then used to obtain the
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ecosystem respiration (Reco). After which, the GPP would be determined as the difference
between net ecosystem exchange (NEE) and Reco. On the other hand, the daytime method uses
daytime and night-time data to obtain the model parameters. One part of which depends on a
light-response curve and vapour pressure deficit for GPP while the second part is based on the
respiration-temperature relationship. Therefore, the daytime method enables NEE to become a
function of both GPP and Reco, both obtained from the model (Pastorello, 2020).

The seasonal course of GPP showed a direct relationship with climatic factors. GPP increases
from March and drops around October so also the temperature. These months are the most
favourable time for tree species growing in temperate regions at this elevation, due to the
availability of high temperature required for photosynthesis Seyednasrollah et al., 2021; Wehr
et al., 2016).

The analyses showed a positive link between the temperature of March, April, October and
December with the GPP of March, April, October and December. In particular the close
association between temperature and GPP in March and April showed that the variability of
spring temperature, which is generally above 0 °C at this elevation, is sufficient to initiate
photosynthesis and in general critical for the carbon cycle at this site. Though photosynthesis
could start earlier, the minimum temperature for cambial activity is at 5-6 °C (Fatichi et al.,
2014) and normally occurs from May at this elevation. Xylogenesis monitoring around 2000
m a.s.l. indicates that xylogenesis of Picea abies started around the end of May (Rossi et al.,
2006).

Remarkably, no relationship was observed when the temperature of the previous year was
correlated with the GPP of the current year. This points to the unique and complex growth
process at the study site and agrees with the findings of Cabon et al. (2022) that gymnosperm
relies more on the current year's carbon uptake and less on the previous year than angiosperms.
In addition, the correlation with precipitation of the current year did not yield any coherent
result. However, the December precipitation of the previous year showed a link with the May
GPP. The lack of correlation with current year precipitation suggests that precipitation during
the spring and summer is not a limiting factor (Fatichi et al., 2014; Roebroek et al., 2020),
while the December precipitation, which is normally in the form of snow, could be attributed
to the snow effect — where snow makes water available for plant uptake and biochemical

processes, particularly in the early part of season (Zeeman et al., 2017).
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4.3 Relationship between GPP and xylem anatomy

In the analysis of the EC dataset, we observed that the daytime method and constant USTAR
threshold showed a better correlation with the anatomical series than the night-time method.
The result of the daytime time method using a constant USTAR threshold showed a mixture of
positive and marginally significant connections between the EC monthly GPP with NUM_EW
and NUM_LW. Only the correlation between the NUM_LW and the October GPP was
positively significant. The CWA_EW and CWA_ LW showed an overall negative relation with
the EC GPP. This is contrary to the result obtained by Puchi et al. (Unpublished Manuscript)
at a Pinus strobus site in Ontario, Canada, where strong positive correlations between xylem
anatomical proxies of biomass and summer GPP were observed. Two major reasons could be
identified. Firstly, the functionality of EC towers in the Alps considers two terms of mass
conservation, the vertical turbulent flux, and the storage flux thereby neglecting advection and
horizontal turbulent flux. Consequently, most of the carbon absorbed or stored by forested
ecosystems in the Alps is not accounted for due to the absence of a reliable technique to
measure advective fluxes on a sloping terrain (Montagnani et al., 2009). Secondly, the carbon
assimilated during photosynthesis could have been allocated to other pools such as non-
structural carbohydrates (NSC) or utilized to build below-ground biomass (Cabon et al., 2022;
Delpierre et al., 2016; Dixon et al., 1994; Richardson et al., 2013). The latter is particularly
relevant in our study site at 1735 m a.s.l., as it has been shown that NSC increases with an
increase in elevation (Wieser et al., 2019). More so, trees under stress tend to accumulate NSC
(Fatichi et al., 2014; Rocha et al., 2006). Though at this elevation, Picea abies is at its optimal
condition (Castagneri et al., 2017), we observed in one of the trees frost-damaged xylem cells
(1951) and in another, wavy rings (early 1980s). Probably, NSC increased in such suboptimal
conditions. This calls for integrated measurement of other carbon storage sources for a
definitive conclusion and to ensure closure in forest carbon balance.

Also, as a mature and closed-canopy forest, nutrient limitations and environmental factors
could have caused the decoupling between the EC GPP and the xylem anatomical proxies of
biomass. Studies have shown that cambial activity is characteristically more sensitive than
carbon uptake to prevailing environmental conditions, such as temperature, water and nutrient
availability (Cabon et al., 2020; Fatichi et al., 2014; Peters et al., 2021). Furthermore, studying
the anatomical proxies of biomass at intra-annual resolution hypothetically provides a better
view of the GPP-biomass relationship. Our result concurs with the fact that C assimilation
(source-limited) and tree growth (sink-limited) are essentially separate and controlled by

different biophysical processes (Cabon et al., 2022; Fatichi et al., 2014), hence the absence of
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positive relationship between GPP and tree biomass increment. Even between the studied
anatomical proxies of biomass, CWA and NUM, they are controlled by different physiological
processes (Rossi et al., 2006) and as such would relate to GPP differently. This understanding
necessitated the separate study of these anatomical traits rather than merely measuring the tree

rings width.

On a positive note, we recorded marginal positive correlation for NUM_EW and NUM_LW
with GPP, especially from summer to autumn. This showed that long and warm growing
season, with temperature above 5°C until autumn, benefit GPP and finally biomass production
(NUM_EW and NUM_LW).

Conclusively, since there was no evident association between the CWA _EW, CWA LW,
NUM_EW, and NUM LW (measures of EW and LW biomass) with the spring GPP and
summer GPP respectively, then the initial hypothesis of direct influence of GPP to woody
biomass production at our study site is rejected. Rather, the alternative hypothesis which states
that most carbon taken during photosynthesis is not rapidly mobilized for cell growth, is
validated and thus did not improve the link between EC flux dataset with tree-ring information.
Also, based on clear understanding of the complex climate-carbon uptake-tree biomass
relationships, the climatic influence on carbon flux and tree biomass proxies are mutually

exclusive and therefore, our second hypothesis is rejected.
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S. CONCLUSION
The quantification of carbon balance in the forest ecosystem using eddy covariance techniques
has been besieged with some technicalities and uncertainties. On the one hand, there was need
to link outcomes from EC with other forest productivity measurements to ensure that the fate
of carbon and the role of the forest ecosystem in the face of the rising incidence of climate
change is empirically predictable. On the other hand, efforts to connect EC techniques data
with other methods have resulted in a mixture of conclusions where some concurred with EC
data and others did not.
This thesis for the first time used xylem anatomical traits, based on dendroanatomy, to study
the complex relationships between forest carbon fluxes (as recorded by EC) with the intra-
annual variabilities of woody biomass inferred from xylem anatomical series.
In a complementary and hypothetical state, the xylem anatomical features, as proxies for forest
productivity, would be correspondent and harmonious with the EC carbon fluxes, in this sense,
the GPP. Similarly, if some of the photosynthates are promptly utilized for cell growth, it is
expected that xylem earlywood biomass would correlate with spring GPP and the xylem
latewood biomass with the late summer GPP.
The result of the study demonstrated that the xylem earlywood and latewood biomass are
incongruous with EC GPP at Renon forest likely because most of the photosynthates are not
rapidly mobilized for cell growth.
On the positive side, it was observed that GPP increases with a lengthy growing season and
also that xylem earlywood biomass responded favourably to winter precipitation while xylem
latewood biomass was influenced more by temperatures. This indicates that wood anatomy can
improve our understanding of the complex climate-carbon uptake-biomass growth
relationships compared to classical approaches.
Finally, to achieve a compatible result between EC fluxes and tree-ring information, further
research should be carried out in European forests with EC towers on level terrain. More so,
concerted efforts should be made to eliminate sources of doubt and flux omission from the flux
towers. The tree rings as an archive of environmental and physiological imprints are better
positioned to reveal the true carbon balance in the forest and data from dendroanatomy should

be widely used as the proxy for forest productivity measures.
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Annexes
Annex 1: The correlation between previous year temperature and GPP of the current year.

GPP current year
Prev. ¥r JAN FEB MAR APR MAY JUN JuL AUG SEP ocT NOV DEC
lan 025549775 0.3776703 0.26575624 0.00328436 -0.0323052 0.23091803 0.23647575 0.13312617 0.2934771 0.17555258 045115557 0.34083014|
T Feb -0.0794086 -0.0285378 0.03032547 -0.2349584 -0.2651909 -0.3216314 0.02443445 -0.4255802 -0.4097147 -0.1881518 -0.3552466
e Mar 020711537 0.17148379 0.07883873  -0.36476 -0.2755218 0.00004993 -0.0361595 -0.146147 -0.1372133 (0.03533153 -0.2569136 -0.1347735
mo Apr 0.07430152 0.25141993 0.19256278 0.19516771 0.14796881 0.2088659 0.56549546 0.21295499 03236901 0.52792186 0.42655309 0.05153722)
P May -0.1725136 -0.0612398 -0.2054006  -0.4319363 -0.3374675 0.12736191 0.10828689 0.37003519 0.15665799 0.27357605 0.00554416 0.14762402|
e Jun -0.1794385 -0.2651687 -0.4367108 -0.0289844 005317131 -0.1008664 -0.1120858 -0.0382652 -0.2340934 -0.1069943 -0.3812054 -0.315962
r 1ul -0.1150716 -0.1904111 -0.1180067 0.40492402 0.29916241 0.04410984 0.01024938 0.05250086 -0.0375327 -0.0262511 0.07789751 0.11411421]
a Aug -0.3703081 -0.3518265 -0.2614853 -0.3114479 003346236 0.0989267 0.04591637 0.33430463 0.15885027 0.32427175 -0.0616281 -0.065857
t Sep 0.17318935 0.13544774 0.15782674 0.4696354 0.31794564 0.21071574 0.00265408 0.04723167 0.12397361 0.0766143 019723278 0.23542265
u Oct 0.15713103 0.09512351 0.26453008 0.24485733 -0.0534278 -0.0210124 -0.2185746 -0.1920719 -0.1045647 -0.1756771 -0.4005888 0.15656302
r Now 0.26891854 0.24851948 0.29780047 0.60770352 0.35369492 0.52520336 0.2960728 038344156 0.23175672 0.29512635 0.12908465 0.0985169)
e Dec 0.14329029 0.06858507 0.1945447 0.35036875 0.0163473 -0.0325087 0.05099964 -0.0217651 0.03858481 0.14237181 0.10657313 0.00888452)
Annex 2: variabilities between monthly temperature (current year) and anatomical series.
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