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Abstract

+ Key message This study presents a novel histologic approach to quantify the intra-annual dynamics of carbon seques-
tration in forming wood. This innovative approach, based on repeated measurements of xylem apparent density, is more
direct, and more accurate than the previously published cellular-based approach. Moreover, this new approach, which
was tested here on softwoods, is also applicable to hardwoods without any modification.

« Context Forest ecosystems are key players of the terrestrial carbon cycle. Indeed, wood represents the principal carbon pool of
terrestrial biomass, accumulated in trees through cambial activity.

« Aims Here, we present a novel, simple, and fast approach to accurately estimate the intra-annual dynamics of aboveground
woody biomass production based on image analysis of forming xylem sections.

« Methods During the 2015 growing season, we weekly collected wood samples (microcores) containing the forming xylem on
seven Norway spruces (Picea abies (L.) Karst), grown in Hesse forest (North-East France). The microcores were prepared to
allow the observation of the forming tissues with an optical microscope. Xylem apparent density and radial increment were then
measured directly on images of the histological sections. In order to compare our “histologic approach” with the previously
published “cellular approach,” we also counted the number of tracheids in each differentiation zones, and measured the tracheid
dimensions all along the last-formed tree ring.

* Results The two approaches yielded comparable meaningful results, describing xylem size increase and aboveground woody
biomass production as bell-shaped curves culminating in May and June respectively. However, the histologic approach provided
a shorter time lag between xylem size increase and biomass production than the cellular one.

+ Conclusion Better quantification of the shift between stem growth in size and in biomass will require addressing the knowledge
gap regarding lignin deposition kinetics. Nevertheless, our novel histologic approach is simpler and more direct than the cellular
one, and may open the way to a first quantification of intra-annual dynamics of woody biomass production in angiosperms, where
the cellular approach is hardly applicable.
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1 Introduction

Forest ecosystems constitute important carbon stocks and play
a central role in the global carbon cycle (Bonan 2008; Popkin
2015). The main aboveground carbon sink, easily measurable,
and quantifiable in trees are the stem and branches which
account for around 50 to 60% of trees total biomass
(Kraenzel et al. 2003; Seo et al. 2012). To accurately estimate
the aboveground woody biomass produced by trees, it is es-
sential to consider both the stem radial growth and the wood
density. Both radial increment and wood density vary between
species, based on heritable characteristics (Chave et al. 2006;
Nabais et al. 2018; Lundqvist et al. 2018), between years
(Bouriaud et al. 2015; Bjorklund et al. 2017), according to
climate conditions (Thomas et al. 2004; Rathgeber 2017,
Bjorklund et al. 2017), but also within a year from early- to
late-wood (Vaganov et al. 2006; Cuny et al. 2014). Taking into
account seasonal changes in forming xylem density is crucial
for an accurate quantification of the seasonal dynamics of
aboveground woody biomass production (Heid et al. 2018).
But studies at seasonal scale remain rare, which limits our
understanding of how internal and environmental conditions
drive the processes of tree growth, and their capacity to se-
quester carbon in the context of climate change.

Xylogenesis, which is the process ensuring wood forma-
tion, entails inner mechanisms which modulate at fine scale
the production of new cells (increasing stem size), and the
carbon deposition within the wall of these newly formed cells
(increasing stem biomass). In temperate forests, when favor-
able conditions resume in spring, xylogenesis manifests with
the onset of cambial division. Differentiation of newly pro-
duced cambial cells at the inner side forms the xylem, which is
basically constituted by tracheids in conifers. Tracheid differ-
entiation starts with the onset of radial expansion, so called the
enlarging phase, characterized by a large increase in cell radial
diameter and the extension of the thin primary cellulose cell
wall. When an enlarging tracheid reaches its final size,
it starts to form a thick and lignified secondary cell
wall, during the thickening phase (Donaldson 2001;
Baucher et al. 2001). The lignin deposition occurs after
that of cellulose in secondary wall, and can continue
long after the thickening of the secondary wall has been
completed (Kagawa et al. 2005). When lignification and
secondary wall formation are finished, tracheids undergo
programmed cell death to become fully functional
(Rathgeber et al. 2016). Cambial cell division and en-
largement of the newly produced xylem cells mainly
ensure stem radial growth, while cell wall deposition
and lignification mainly ensure carbon sequestration in
stem woody biomass (Cuny et al. 2015).
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Recently, high-resolution cellular-based measurements
have improved our understanding of intra-annual dynamics
of woody biomass production (Cuny et al. 2015). This ap-
proach (hereafter called the cellular approach) is based on
counting the number of tracheids in the four differentiation
stages, to compute cell differentiation kinetics (timings, dura-
tion and rate). It requires measuring mature cell dimensions
(e.g., cell radial width, wall radial width, wall cross area, lu-
men area), applicable to conifers, thanks to the homogeneity
of their xylem, which is mainly composed of tracheids (ca.
90%). However this approach, in addition of being data inten-
sive and time-consuming, cannot be applied to angiosperms,
which show a more complex anatomical structure character-
ized by a diversity of cell types (e.g., fibers, vessels, rays).

To overcome the limits of the cellular approach, we devel-
oped a novel histologic approach based on repeated measure-
ments of xylem radial increment (XRI) and xylem apparent
density (XAD) on numerical images of anatomical section of
the developing xylem. The two approaches were tested on the
same wood samples containing phloem, cambial zone, and
developing xylem collected weekly during the 2015 growing
season on seven dominant Norway spruce trees (Picea abies
(L.) Karst) at the Hesse forest (northeastern France). To com-
pare results obtained with the two histologic and cellular ap-
proaches, we (1) computed the differences between each daily
estimated values of stem radial growth and AWP, and (2)
tested significant differences between estimated tree ring
width and total AWP at the end of the growing season.

2 Materials and methods
2.1 Study site

The Hesse site is located in north-east of France (48° 40’ N, 7°
04 E, alt. 300 m). The forest is managed jointly by the French
Forest Service (ONF) and the French National Institute for
Agricultural Research (INRA). This forest originates from nat-
ural regeneration but was frequently thinned (in 1995, 1999,
2004, and 2015). The slope is gentle (approximately 3%), while
the soil type ranges between a luvisol and a stagnic luvisol with
a 160 cm depth. The stand is composed mainly of beech (Fagus
sylvatica L., around 90%), accompanied by sessile oaks
(Quercus petraea (Mattuschka) Liebl.), hornbeam (Carpinus
betulus L.), and in a narrower area by planted Norway spruce
trees (Picea abies L. Karst). There is a high canopy closure and
sparse understory vegetation. During the year 2015, the mean
annual temperature was 10.9 °C and the total annual precipita-
tion was 687 mm (Table 1). The 2015 growing season was
characterized by a long period of water stress. The dry period
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Table 1 Characteristics of the 2015 growing season at Hesse forest.
Annual environmental factors: precipitation, air temperature, duration,
and intensity of drought

687 mm
Mean temperature 10.9 °C
Duration of drought (REW <40%) 127 days: from DOY 194 to 323

Intensity of drought 38.9
or water-stress index

Annual precipitation

lasted up to 127 days, with daily soil relative extractable water
(REW) dropping below the 40% threshold (Granier et al. 1999)
from mid-July to mid-November (Method S1).

2.2 Sampling and sample preparation

We selected seven dominant and healthy spruce trees, without
any sign of injury (Table 2). Wood samples (microcores) of
2 mm in diameter by 15-20 mm in length were collected
weekly from March to November 2015 on the stems of the
selected trees using a Trephor® tool and following an ascen-
dant spiral starting at breast height (Rossi et al. 2000).
Microcores collected on the field were stored in the laboratory
in ethanol solution (50% in water) at 5 °C. Each microcore
was oriented under a stereomicroscope, marking the wood
grain direction. Microcores were then dehydrated in succes-
sive baths of alcohol and Histoclear®, before being embedded
in paraffin (Harroué et al. 2011). Finally, transverse sections of
5 um were cut using a rotary microtome, stained with
FASGA, and permanently mounted on glass slides using
Histolaque LMR®. FASGA combines blue alcian and
Safranin dyes (Tolivia and Tolivia 1987), which respectively
stain cellulose in blue and lignin in pink.

2.3 Microscopic observation of xylem cell
differentiation

Overall, 260 anatomical sections were observed using an op-
tical microscope (AxiolmagerM2; Carl Zeiss SAS), under

Table 2 Circumference (CBH, cm) and age (years in 2015) at breast
height for the seven studied trees, and mean + standard error (se)

Tree no Age (years) CBH (cm) H (m)
1 36 102,6 21,60
2 37 67,0 21,50
3 33 83,5 23,30
4 39 83,7 23,70
5 37 100,3 24,00
6 34 79,1 23,40
7 37 111,7 24,30
Mean + se 36.14+0.77 89.7+591 23.11+042

visible and polarized light at x 100—x 400 magnification to
distinguish cells in the successive differentiation zones. The
cambial zone was composed of thin, flattened, and thin-walled
cells. The enlargement zone was composed of large, but still
thin walled cells. The cambial and enlargement zones were
associated with a uniform blue color, since cell wall was only
composed of cellulose. The wall-thickening zone was com-
posed of cells, which present already their mature sizes and
shapes while exhibiting birefringent (Abe et al. 1997) and
bicolored cell walls (with pink color outward on lignified wall,
and blue inward on non-lignified wall). Mature xylem cells
also exhibited birefringent walls under polarized light, but
associated with a uniform pinkish color in bright field, since
their walls were fully lignified.

2.4 Cellular approach to construct the intra-annual
dynamics of growth in size and in biomass

For each sample, the radial number of cells in the cambial,
enlargement, wall-thickening, and mature zones was counted
along three radial files. Then, cell counting dataset was proc-
essed to characterize the kinetics of tracheid differentiation
(Cuny et al. 2013). This approach consists of computing tim-
ings (date of entrance into enlargement, wall-thickening and
mature zone for each cell), differentiation durations (duration
of enlargement and wall-thickening phases), and differentia-
tion rates (cell production, cell enlargement, wall thickening)
for all the cells within the ring.

At the end of the growing season, on the entirely formed
mature xylem ring, tracheidograms were performed on three
radial files to measure the cell radial diameter and the wall
cross-sectional area for each cell in each radial file
(WinCELL™ 2016a, Regent Instruments). Then measure-
ments were standardized (Vaganov 1990) and a mean radial
file per tree was computed.

Daily xylem size increase and AWP were estimated, based
on the contribution of each differentiating tracheid to the radial
increase and wall deposition along a radial file (Cuny et al.
2015). The average rates of radial enlargement and wall depo-
sition were computed for each cell by dividing its final dimen-
sions by the duration of the enlargement and wall-thickening
phases respectively. Processes were assumed to be evenly dis-
tributed along time, considering the same daily rate of respec-
tively radial expansion and wall deposition, throughout the
entire period of respectively, cell enlargement and wall-
thickening phases for each tracheid. To compute the xylem
size increase, we added the contribution of cell production
due to cambial division, and the contribution of enlarging
xylem cells. To compute AWP, we took into account the con-
tribution of cambial division, cell enlargement, and wall-
thickening cells (see Cuny et al. (2015) and Methods S3—S4
for more details on the cellular approach). Second, we com-
puted the total cell wall area in the stem transverse section by
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multiplying the computed cell wall area in one radial file with
the number of radial files for each tree (equal to stem circum-
ference divided by the mean radial width of a radial file).
Finally, the cell wall cross-sectional area was converted into
AWP per tree, based on the cell wall density: p= 1509 kg m™>
for Norway spruce (Barnett and Jeronimidis 2009), multiplied
by tree height and a stem form coefficient (Fi) based on each
tree height and circumference (Vallet et al. 2006).

2.5 Assessing intra-annual dynamics of XRI and AWP
with the histologic approach

The histologic approach is more direct, considering only two
main variables and trees characteristics (height, circumfer-
ence, Method S4). It is based on repeated measurements of
xylem apparent density (XAD), and radial increment (XRI) of
the forming xylem (https://doi.org/10.15454/PINS1H). Both
XAD and XRI were used with tree height and circumference
to estimate AWP. XAD expressed at a sampling date ¢, the
ratio mass to volume of xylem, filled with cell-wall materials,
and expressed in kg per m® of xylem tissue. To measure XAD,
images of developing xylem were acquired for all the anatom-
ical sections using Archimed Software (Microvision
Instruments, France) with a digital camera (Sony XCD-
U100CR) mounted on an optical microscope
(AxiolmagerM2; Carl Zeiss SAS), under similar lighting and
magnification (x200). Images were analyzed with ImageJ
software (version 1.49v; Abramoff et al. 2004) to estimate
the wall proportion in the region of interest, from the boundary
between the cambial zone and the phloem cells, to the bound-
ary between the current year xylem and the previous ring. The
cellular content was not completely erased for living tracheids,
after automatic image processing (Fig. 1), which could affect
the measured apparent density (estimated differences of less
than 5%). Presence of rays may also affect the measured ap-
parent density, as reported for spruce, beech, and ash (Sachsse
1984). Since delimitation of the region of interest is crucial,
we fixed a tangential width of about 500 um to include three
rays for all samples (Fig. 1, Fig. S1). Digital images were
converted into grayscale and binarized—all pixels below the
mean gray value determined by the thresholding process were
considered as matter (cell wall), while those above this value
were considered as void (cell lumen). Then, we measured cell
wall proportion (%) and the area of the region of interest (in
um?). XAD was computed from the product of measured cell
wall proportion and the estimated cell wall density (p=

1509 kg m73, Barnett and Jeronimidis 2009). Finally, the
weekly raw XAD data were fitted for each tree using general-
ized additive models (Wood 2006).

To measure XRI, we first set the anatomical criteria to
identify resting and dividing cambial zone (Annex 1 and
table in Annex 2). The radial increment was set to zero when
cambial division had not started yet, assuming no contribution
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Fig. 1 TIllustration of the different variables measured with the histologic
approach. Delimitation of the different areas of interest on the processed
image with ImagelJ: the area of cell wall proportion measurement (red
polygon), and the radial increment measurements on three radial files
(blue lines) on the image. With P, phloem; C, Cambium, PR, ring of the
previous year. The image represents the sample for Tree no 2 sampled on
9th of June 2015 with the original image a and the same image after gray-
scale and thresholding processing b

of the resting cambium to the stem radius on first samples on
March-early April. Then, we measured XRI along three radial
file on histological sections, from the boundary between the
dividing cambial zone and the phloem cells, to the boundary
between the current year xylem and the previous ring. We
used the first derivative of cumulated XRI to compute daily
XRI (um day ). AWP was computed at the tree level from
the combined time series of volume increase, based on initial
tree circumference and height, XRI and XAD. Finally, a
SCAM (shape constrained additive models, Pya and Wood
2015) was applied on raw data to assess the seasonal dynamic
of cumulative AWP. The following allometry equation
(Annex 3) was applied.

(CBH, + 27 XRI(t))*~(CBH,)*
4000.7

AWP (¢) = F;.H; XAD(%).CC.

Where AWP (¢) is aboveground woody biomass production
(gC.treefl), F; is the stem form coefficient (Method S5) used
also in cellular approach (Vallet et al. 2006), H; is tree height
(m), and CBH, the circumference at breast height (cm). XAD
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() is seasonal variation of xylem apparent density (g.m ),
XRI (?) is seasonal xylem radial increment (cm), CC is carbon
proportion in cell wall (fixed to 0.5, Lamlom and Savidge
2003). The list of all variables used in this study is available
in Supplementary materials (Table S1).

3 Results

3.1 Spruce wood formation during the 2015 growing
season

Cambial divisions started in early April, and new pro-
duced cells accumulated in the cambial zone for 1 to
3 weeks. Then, first enlarging xylem cells were observed
in late April (DOY 114 £0.9 days, Table S2), marking the
first signs of growth after winter for spruce (Fig. 2, Fig.
S2). First wall-thickening cells were observed in early
May (DOY 129 +2.6 days), marking the start of signifi-
cant carbon deposition into the forming xylem. First ma-
ture tracheids were observed in early June (DOY 154+
2.1 days). Cessation of cambial division occurred in late
July-early August, with last enlarging xylem cells ob-
served on DOY 211+ 1.7 days. Finally, last wall-
thickening cells were observed around mid-October
(DOY 278 +£2.1 days), marking the end of carbon depo-
sition within the forming wood. The 2015 growing season
(delimited by onset and cessation of cambial activity)
lasted about 97 +2.5 days from late April to early
August, while the whole process of wood formation
(delimited by onset of cambial activity and cessation of
wall-thickening cell) lasted up to 164 £2.1 days from late
April to early October.

3.2 Intra-annual dynamics of spruce growth in size
and in biomass through cellular approach

In the cellular approach, the intra-annual dynamics of xylem
size increase (XSI) and aboveground woody biomass pro-
duction (AWP) were characterized by highlighting the con-
tribution of each cellular developmental process (cambial
division, xylem cell enlargement and wall thickening).
Daily XSI followed a bell-shaped curve (Fig. 3a). It started
to increase in early April onward to peak in late May, then
slowly decreased until cessation in early August. XSI result-
ed at nearly 80% from the contribution of enlarging xylem
cells, while the remaining 20% was due to cell production
through cambial division. Consequently, daily dynamics of
XSI closely followed those of cell enlargement contribution
along the growing season.

Intra-annual AWP dynamics followed a bell-shaped
curve skewed to the right (Fig. 3b). AWP slowly started to
increase in early April, essentially due to the contribution of

16

Cambial cells
8 12

4
1

Enlarging cells

Wall-thickening cells
10

60 0
1
o

40

20

Mature cells

0
L

100 150 200 250 300
Day of the year 2015

Fig. 2 Intra-annual dynamics of spruce wood formation during the 2015
growing season in Hesse. Generalized additive models (GAMs) fitted to
the number of cells counted weekly in the cambial a, enlargement b, and
wall-thickening ¢ zones. Generalized additive model under shape con-
straints (SCAMs) fitted to the cells counted weekly in the mature d zone.
The line represents the mean values for seven trees, and the shadowed
area delimits the standard error

cambial cell production. It quickly increased in early May,
due to the contribution of enlarging and wall-thickening
xylem cells. Then AWP peaked on early to mid-June, quick-
ly decreased until late July, and stagnated before returning
to zero in mid-October. From late April to late June, wall
thickening contributed at up to 85% to the AWP, while the
production and enlargement of xylem cells both contributed
to only 15%. From late July to mid-October, seasonal dy-
namics of AWP mainly resulted from the maturation of the
last differentiating xylem cells.
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Fig. 3 Intra-annual dynamics of
xylem size increase and

Month

aboveground woody biomass
production during the 2015
growing season assessed through
the cellular approach. Rate of
xylem size increase, with isolated
contributions of cell production
and cell enlargement. Rate of
aboveground woody biomass
production, which sums the
carbon sequestered by wall-
thickening and enlarging xylem
cells, and by the cell production
through cambial division. Curves —

20 25 30
I | 1

Xylem size increase ( um day‘1)

— Xylem size increase
— Enlarging cell contribution
Cell production contribution

are mean for the seven spruce
trees

| 1 |

10 20 30 40 50 60 70 80 O
1

Aboveground woody biomass
production (gC day‘1tree‘1)

0
1

—— Aboveground woody biomass production
—— Thickening cell contribution
Enlarging cell contribution

Cell production contribution

3.3 Intra-annual dynamics of spruce growth in size
and in biomass through histologic approach

The seven monitored trees presented an average annual XRI
of 1472 + 88 um (mean + standard error, Fig 4a, b). At intra-
annual scale, the cumulated XRI followed S-shape curves
with slow starts from late April to mid-May, followed by a
fast increase until late June, and finally a slowing down to
cessation in early August. XAD slowly increased from April
to early May (Fig. 4b), at the period when dividing cells
started to be accumulated in the cambial zone, and first differ-
entiating xylem cells were observed. Then, XAD quickly in-
creased until early July, corresponding to the period of high
xylem cell production, as differentiating and mature xylem
cells became more abundant. Finally, XAD slowly increased,
until stagnation in October—November, when the xylem was
fully mature. The cumulated woody biomass production
followed an S-shape curve (Fig. 4c), reaching a mean of 4.4
+0.3 kgC tree . It presented a slow start from late April to
late May, followed by a quick increase until mid-June, and
then again, a slow increase until stagnation in mid-October.

3.4 Comparison of the cellular and histologic
approaches

Both the histologic and the cellular approaches allowed cap-
turing the intra-annual dynamics of xylem size increase and
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aboveground woody biomass production with accuracy, pre-
senting comparable seasonal patterns (Figs. 5, 6, and 7). The
comparison of the cumulated XRI showed a maintained but
not significant 100 um difference between the two approaches
(TukeyHSD test, P>0.05). The radial growth assessed with
the cellular approach ranged slightly below that assessed with
the histologic one (Fig. 5a, b, ¢). When comparing the cumu-
lated AWP, a not significant difference of around
0.8 kgC tree ' was found in June—July, which dropped to less
than 0.2 kgC tree ' toward the end of the growing season
(TukeyHSD test, P>0.05). Biomass production assessed
through cellular approach ranged slightly below that assessed
through the histologic one (Fig. 6a, b, ¢).

Concerning the intra-annual rate of XRI, both approaches
showed bell-shape curves, with a slightly more left-skewed one
for the histologic approach (Fig. 7a). It appeared that the histo-
logic approach advanced the cellular one, in late April for al-
most 10 days, with a quick increase reaching 10 um per day,
followed by a short stagnation by early May. The radial incre-
ment assessed through the histologic approach quickly regrew
onward and peaked around late May, 10 days behind that from
the cellular approach. The same 10-day delay between the two
methods was noted during the XRI decline occurred from mid-
June to August, which was followed by a stagnation in early to
mid-August. Moreover, both approaches lead to similar bell-
shape curves for AWP (Fig. 7b), but with a maintained delay of
10 to 30 days between them. Indeed, the biomass production
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Cumulated xylem
radial increment ( um )
1000

Xylem apparent
density ( kg m )
300

0

4

2

Cumulated aboveground woody
biomass production ( kgC tree™ )

0

100 150 200 250 300

Day of the year 2015
Fig.4 The seasonal dynamics of'the different variables measured through
histologic approach. a The xylem radial increment, b the xylem apparent
density, and ¢ the aboveground woody biomass production. The line
represents the mean of cumulated values for the seven spruce trees and
the shadowed area represents the standard error

assessed through histologic approach evolved always before
the cellular one along the growing season. In mid-April, both
approaches showed an increase in biomass production, but de-
spite the curve for the histologic approach increased about
10 days ahead, maximum values occurred at similar dates, from
early to mid-June (delay of less than 5 days). Finally, through
the cellular approach, the daily rate of AWP started to decline
from late June onward to stagnate at a very low level for
3 months (July to September), and returned to zero in mid-
October. Through the histologic approach, AWP showed an
abrupt decline from late June to August, always ahead AWP
assessed through cellular approach, with a delay of 10 days in
mid-July, extending up to 30 days in August.

4 Discussion

In this study, we presented a novel “histologic” approach to
quantify the intra-annual dynamics of woody carbon sequestra-
tion based on anatomical section repeated measurements of de-
veloping xylem radial increment and apparent density. For more
insights on the methods, we compared the novel “histologic”
approach to the formerly published “cellular” approach (Cuny
etal. 2015). We found that the two approaches provided compa-
rable seasonal patterns of stem radial growth and woody biomass
production but exhibited slightly different timings.

4.1 Comparable results with the two cellular
and histologic approaches

We found that the two approaches lead to similar patterns of
intra-annual stem radial growth. The histologic and cellular

2000
)
Q

=== Cellular approach
Histologic approach

1500
1

2000
.
(op

1500

Cumulated xylem
radial increment ((um )
1000
L

500
!

>4

1000

500
|

0
|

1000

Difference (um)
-100 0

T T
Cellular approach Histologic approach

1(I)0 15")0 2(|)0 2&)0

Day of the year 2015
Fig. 5 Comparison of the cumulated growth in size through the cellular
and histologic approaches. a Cumulated xylem size increase through the
two approaches (the line represents the mean of cumulated values for the
seven trees and the shadowed area represents the standard error). b
Comparison of the final tree ring width calculated following the two

300

approaches. ¢ Bias for the estimation of growth in size between the two
approaches (differences between each daily estimated value in um). For
the difference, the blue vertical bars represent the mean daily values for
seven trees
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Fig. 6 Comparison of the
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approaches estimated not significantly different tree ring
widths. In the latter, data analysis aimed to overcome the an-
isotropy when rotating around the stem for microcore sam-
pling and better characterize intra-annual dynamics of stem
radial growth (Rathgeber et al. 2018). This suggests that data
manipulation to characterize the kinetics of wood formation
(e.g., determination of a median ring cell number at the end of
the growing season, and the computation of the total number
of cells in the stem cross area) tends to underestimate the total
amount of tracheids produced at the end of the growing

season. The quick stem radial increase obtained from late
April to early May by the histologic approach could be attrib-
uted to rapid cell division, which lead xylem mother cells to be
accumulated in the cambial zone. Newly produced cells at this
period could have differentiated in higher proportion at the
phloem side than at the xylem (Gri¢ar and Cufar 2008;
Jyske et al. 2014; Gricar et al. 2015), explaining the short
stagnation noted in early May through the histologic ap-
proach. With the cellular approach, we equally distributed
the processes along time, attributing the same daily rate of
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radial expansion along the whole cell enlargement period,
explaining also the large plateau in July—August toward the
end of the growing season. However, computation of
xylogenesis kinetics through the cellular approach permitted
us to disentangle cambial division and cell enlargement con-
tribution at very fine scale. We showed a transient contribution
of cambial cell division in early May, slowing down in late
May, leading to a plateau for stem radial increment, onward to
peak between late May and early June.

The total biomass produced assessed through the two ap-
proaches ranged at similar levels. Concerning the shape of the
patterns along the growing season, the daily rates of above-
ground woody biomass from the cellular and the histologic
approaches followed parallel bell-shaped curves, the one
assessed through the histologic approach always ahead
the other one. The shift between the two curves could
be explained by the different assumption of rates of
carbon deposition on which the two approaches relied.
Since we considered changes in cell wall thickness but
not in lignification, the histologic approach tended to
anticipate the completion of each tracheid maturation,
and then the gain in mass of the forming xylem.
Thus, it would be desirable to quantify the contribution
of lignification, which could continue longer after com-
pletion of secondary wall deposition, and which could
be probably achieved by using confocal microscopy
(Donaldson 2013; Dickson et al. 2016). The histologic
approach also overestimated cell wall proportion be-
cause cell lumen content could not be completely re-
moved from the images, although it represented less
than 5% of the measured cell wall proportion (pers.
obs.). However, developing more advanced image pro-
cessing tools is recommended in the future for a more
accurate estimation of woody biomass production. On
the other hand, despite the cellular approach is able to
estimate the timing of wall-thickening for each cell, it
assumes that the final amount of cell wall is equally
distributed during the whole deposition period (Cuny
et al. 2014, 2015). Consideration of a constant wall
deposition rate could have slowed down rates of bio-
mass production throughout the growing season.

4.2 A particular dry 2015 growing season for our
study case on spruce

In our study, xylem size increase followed a unimodal pattern,
peaking in May, and leading to nearly 50 total tracheids pro-
duced. It differed from the bimodal pattern peaking in May
and to a less extend in early July as previously reported for
spruce and other conifers in north-eastern France (Cuny et al.
2015), and reaching nearly 75 total tracheids produced. We
also found a narrower bell-shaped curve of daily woody bio-
mass production with an earlier slowing down in July—August

and stopping in mid-October, while biomass production
followed a large and symmetric bell-shaped curve peaking
in early July, and dropping to zero in November (Cuny et al.
2015). In addition, the 2-week time lag between stem growth
in size and in biomass observed in our study contrasted with
the 1-month delay reported by Cuny et al. (2015). These re-
sults could have been partially accounted for a particularly
long summer drought in 2015, which probably shortened the
growing season length and reduced tracheid production.
Indeed, we noted an earlier cessation of cambial activity (early
August) than in previous studies for Norway spruce, with last
enlarging xylem cells observed between late August and early
September (Jyske et al. 2014; Cuny et al. 2015). In addition,
mature xylem at the time of cessation of cambial activity was
almost exclusively composed by earlywood cells, comprising
more than 50% of the total produced cells. This could indicate
a lower density due to higher earlywood-to-latewood propor-
tion (Cuny et al. 2014). These results suggest that wood for-
mation in Norway spruce is highly sensitive to drought events
occurring under temperate conditions. A shorter growing sea-
son and narrower latewood may reduce carbon allocation to
cell wall formation. Reduction of carbon investment in growth
is a common response to stress, which may allow trees to
mobilize carbon for osmotic purposes (Deslauriers et al.
2014), instead of producing more cells, which will require to
invest carbon in the wall of these newly produced xylem cells.
This is the case for conifers in boreal and temperate forests
(Balducci et al. 2015; Martin et al. 2017), conifers in
Mediterranean forests (Novak et al. 2016; Fernandez-de-Una
etal. 2017; Balzano et al. 2018), or angiosperms and conifer in
tropical forests (Trouet et al. 2012; Mitchell et al. 2014; Van
Camp et al. 2018). However, such a xylem growth adjustment
to drought may have limited effects if more stressful condi-
tions prompt irreversible deterioration of the hydraulic system
(Cailleret et al. 2017). Therefore, under scenarios of increas-
ing recurrence of drought episodes, our study constrained to
1 year and one species could not allow further interpretation.
But it highlights the need of long-term monitoring to better
understand how the climate modulates tree ring width and
density (Rathgeber 2017; Bjorklund et al. 2017), and the con-
sequent dynamics of stem radial growth and carbon
sequestration.

5 Conclusion

In this study, we developed a novel, simple, and direct ap-
proach to quantify the intra-annual dynamics of carbon se-
questration in the forming wood, based on repeated mea-
surements on histological sections of apparent density and
radial increment of forming xylem. We showed that the his-
tologic approach provided comparable patterns of stem
growth in size and in biomass, compared with the formerly
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published cellular approach, which was based on detailed
assessment of the kinetics of tracheid differentiation. Both
approaches lead to similar bell-shaped curves of xylem size
increase and aboveground woody biomass production, cul-
minating respectively in May and June. Yet, due to different
assumption of wall deposition kinetics within each ap-
proach, the time lag assessed between stem growth in size
and in biomass was shorter for the histologic approach than
for the cellular one. The histologic approach is easily appli-
cable to angiosperm species exhibiting heterogeneous ana-
tomical structures and diversity of cell types, opening per-
spectives to characterize for the first time the intra-annual
dynamics of carbon sequestration for these species.
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Annex 1 Computation of the critical dates
for the different xylogenesis phenophases
based on cell-counting dataset,

and on binary notation

The aim is to develop a methodology to determine the phenology
of wood formation, with comparable approach for the Norway
spruce specie. We aimed to determine five critical dates and three
durations from cell-counting dataset and anatomical observations
for Norway spruce, using logistic regressions (Rathgeber et al.
2018). These critical dates correspond to the onset of enlarging
(bE), wall-thickening and lignification (bW) and mature phases
(bM), and the cessation of enlarging (cE), wall-thickening and
lignification (cW). The onset and cessation were defined respec-
tively as the dates at which 50% of the radial files were active
(onset) or non-active (cessation).

INRA
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Cell counting and anatomical observations were per-
formed on each anatomical slide. For anatomical obser-
vations, binary notations were performed. The slide was
first divided in three equal zones, then a binary notation
was performed for each zone: 1 or 0 respectively for
presence or absence of enlarging, maturing or mature
cells. The duration of enlarging (dE), wall-thickening
and lignification (dW) phases were the time between
the onset and cessation of these phases. The duration
of xylogenesis (dX) was the time between bE and cW.

Finally, we compared the dates determined through
the two approaches: cell-counting and binary notation
using a function in CAVIAR (Rathgeber et al. 2018).
For each xylogenesis phenophases, the mean critical
dates and duration are illustrated in Fig. S2, and the
values for each tree in Table S4.

Annex 2 The anatomical criteria
to differentiate dormant and dividing cambial
cells

The different anatomical criteria described are based on the
following studies: Chaffey et al. 1998; Prislan et al. 2011,
2016; Michelot et al. 2012; Schmitt et al. 2013, 2016

Anatomical criteria

Dormant
cambial zone

 Cambial zone composed of 3 to 4 layers
of cambial cells

* Observation of flat and ordered cambial cells

» Cambial cells with thick primary wall

* Gross transition with the boundary of the xylem ring
(juxtaposition with fully mature xylem cells, or at
an advanced stage of wall-thickening phase)

Active cambial < Increase of the number of dividing cells in the
zone cambial zone with appearance of new cell plates,

and formation of several radial layers of cambial
cells

* Dividing cells with doubling and thin cell wall, and
with disturbance in the cambial zone

* Progressive transition from cambial zone to the inner
side of the xylem ring (juxtaposition with enlarging
xylem cells)

Annex 3 Description of the allometric
equation to compute the aboveground
woody biomass production by tree using
the histologic approach

Aboveground woody biomass production was calculated for
each tree using the equations established by (Vallet et al.
2006). A form coefficient (Fi) was computed to integrate the
form of the stem for spruce species.
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Fi = form (CBH,H)

0
= .CBH . hdn) (1 +—
(a+p + )< + CBIT )

with hdn = %01/2 and the different parameters to compute the

form coefficient:
a=0.631; 3=—0.000946; v=0; =0
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