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As major terrestrial carbon sinks, forests play an important role in mitigating
climate change. The relationship between the seasonal uptake of carbon and
its allocation to woody biomass remains poorly understood, leaving a sig-
nificant gap in our capacity to predict carbon sequestration by forests. Here,
we compare the intra-annual dynamics of carbon fluxes and wood formation
across the Northern hemisphere, from carbon assimilation and the formation
of non-structural carbon compounds to their incorporation in woody tissues.
We show temporally coupled seasonal peaks of carbon assimilation (GPP) and
wood cell differentiation, while the two processes are substantially decoupled
during off-peak periods. Peaks of cambial activity occur substantially earlier
compared to GPP, suggesting the buffer role of non-structural carbohydrates

between the processes of carbon assimilation and allocation to wood. Our
findings suggest that high-resolution seasonal data of ecosystem carbon
fluxes, wood formation and the associated physiological processes may
reduce uncertainties in carbon source-sink relationships at different spatial
scales, from stand to ecosystem levels.

In the Northern Hemisphere, the atmospheric CO, concentration
undergoes a seasonal annual cycle ranging from 6 to 19 ppm, a net
result of intra-annual fluxes greater than those from annual anthro-
pogenic emissions’. This cycle is driven by the seasonal dynamics of
terrestrial plant activity, i.e., the balance between the two main pro-
cesses determining net accumulation of carbon (C) in the biosphere:
gross primary production (GPP) and ecosystem respiration (RECO).
GPP represents the total amount of CO, assimilated by the ecosystem,
the result of the photosynthetic process. RECO represents the release
of CO, to the atmosphere by oxidation of C compounds in vegetation
and soil.

Once absorbed by leaves, atmospheric C undergoes a set of che-
mical reactions that lead to the formation of C compounds?, a process
known as C assimilation. The assimilated C is used as fundamental
bricks to support plant growth and sustain the consequent respiratory
costs. Among all plant tissues, wood is the main reservoir for long-term
C sequestration, and its formation represents a highly C-demanding
process’. During wood formation, C resources supply energy for cell

division, contribute to generate and maintain turgor pressure during
cell expansion, and are used to build complex compounds required for
cell wall thickening and lignification®*. During this process, a substantial
fraction of C is released again into the atmosphere through
respiration®®, a fraction thought to comprise up to 40% of total
respiration from vegetation’.

Historically, scientists have considered photosynthesis as a main
driver of stem growth (source limitation)®. However, in recent decades,
several studies have suggested that direct environmental and devel-
opmental constraints control wood growth (sink limitation)®°. Nowa-
days, the extent to which stem growth is linked to carbon assimilation
and their respective temporal relationships are still not completely
understood. The temporal relationships between C assimilation and
biomass production are the key to solve one of the largest sources of
uncertainty in global vegetation models because the feedbacks of
processes between terrestrial ecosystems and atmosphere are at
the basis of the global C cycle’. Moreover, environmental drivers,
mainly temperature and precipitations, affect C assimilation and wood
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formation in different ways'. Thus, climate change might alter the C
partitioning to the stem and affect the potential of net C sequestration
in wood and the productivity of forests. For this reason, improvements
in understanding the chronological sequence of growth phenological
events and associated processes are crucial for a better understanding
of C sequestration in woody tissues.

Previous meta-analyses have shown that northern conifers syn-
chronize the activity of meristems with local climate, concentrating
the timings of wood formation within precise time windows" when the
environmental conditions are favourable for growth™'. Similarly to
wood formation, ecosystem C fluxes in forests have clear seasonal
patterns according to thermal and precipitation gradients®. Several
studies have tried to disentangle the temporal and functional rela-
tionship between ecosystem productivity and forest biomass
production™. Nowadays, the possibility to use direct measurements
and multi-year records of ecosystem C fluxes from eddy-covariance
(EC) stations in forests has greatly increased the potential of assessing
the association between C fluxes at ecosystem scale with wood pro-
duction. However, these analyses have proposed different or even
contrasting conclusions. While some studies found strong correlations
between source and sink activities®*°, others lacked in significant
results” %,

The contrasting results reported by the literature in the last
decades®* could be explained by the different approaches
employed to address the complex issue of assessing temporal rela-
tionships between these processes. In this context, some studies
have explored temporal relationships between source and sink
activities, focusing on interannual patterns. At a global scale, in
particular, eddy covariance GPP records have been shown to be lar-
gely decoupled from tree growth at the inter-annual time scale”.
Several reasons were proposed to explain this asynchrony, e.g.,
stored carbohydrates may provide much of the C necessary for
growth during certain growth stages, and the seasonal dynamics of
GPP and wood formation may substantially differ from one another.
Nevertheless, it is crucial to highlight the importance of precisely
defining the temporal resolution when investigating the temporal
dynamics of specific processes. Indeed, studies conducted at annual
resolution cannot assess physiological processes occurring during
seasonal growth and the underlying mechanisms may significantly
vary within and across years. This issue should be addressed with
observations performed at higher temporal resolution because intra-
annual growth-related physiological processes may demonstrate a
buffering effect, possibly desynchronizing source and sink activities.
A detailed analysis of these processes and the examination of their
seasonal patterns at intra-annual scale may provide a more com-
prehensive understanding of the C cycle in forest ecosystems and
quantify the degree of synchrony between C sources and sinks at
different spatial scales, from stand to ecosystem.

This study aims to provide a comparative analysis of the intra-
annual dynamics of C fluxes and wood formation, from C assimilation
and the formation of non-structural compounds to their incorporation
in woody tissues in conifers of the Northern hemisphere. Specifically,
we generated a new database combining intra-annual data of (1)
ecosystem-scale NEE (Net Ecosystem Exchange, the measure of net
exchange of C between an ecosystem and the atmosphere per unit
ground area®), GPP and RECO, (2) non-structural carbohydrates (NSC)
concentrations in various tissues (needles, stems, roots), and (3)
observations of cambial activity (i.e. cambial cell division) and wood
formation (i.e. xylem cell differentiation) of 39 conifer species in bor-
eal, temperate and Mediterranean biomes. We use this dataset to: (1)
identify and describe the seasonal patterns of these processes; (2)
assess the co-occurrence of seasonal peak and off-peak periods among
processes; and, specifically, (3) determine the temporal relationships
between C assimilation and wood formation at intra-annual
scale. Given the high C-demanding nature of wood formation, we

hypothesize that a synchronization should exist between the seasonal
peaks in carbon assimilation and cell differentiation during wood
formation.

Our study reveals a synchrony between the seasonal peaks of
carbon assimilation and wood formation in coniferous forests across
the Northern Hemisphere. However, while carbon assimilation and cell
differentiation are temporally coupled during peak periods, they are
substantially decoupled during off-peak periods. These findings
emphasize the importance of high-resolution seasonal data to reduce
uncertainties in modelling forest carbon source-sink dynamics and
enhance our understanding of carbon sequestration processes.

Results and discussion

Bioclimatic analysis

The dataset used in this work consists of observations collected at 177
sites belonging to boreal, temperate and Mediterranean biomes of the
Northern hemisphere (Fig. 1).

Bioclimatic analyses were conducted to establish a more precise
climate-based classification of the study sites. However, since this
bioclimatic analysis did not significantly enhance the subsequent
outcomes, we have chosen to present, in this text, the results based on
the classification according to the biome to which each site belongs
(i.e., boreal, temperate, and Mediterranean). Detailed results of the
bioclimatic classification and the subsequent analyses following this
classification are provided in Supplementary Note 1.

Sources-sinks seasonal dynamics within and among biomes
The seasonal dynamics of wood formation (i.e., cambial activity, cell
enlargement, and cell wall thickening and lignification), NSC (i.e.,
starch and soluble sugars in needles, stem and roots), and carbon
fluxes (i.e., NEE, GPP and RECO) were fitted with skewed normal dis-
tribution or V-type exponential curves. All curves were significant (at
least p <0.05) with a residual standard error (RSE) ranging between
0.09 and 0.27 (Supplementary Note 3—Supplementary Table 3).

Seasonal peaks in C fluxes, NSC concentrations and number of
cells during wood formation occur first in the Mediterranean biome,
and later in the boreal biome (Fig. 2 right-hand panel). Soluble sugars
in roots represent the only exception in the Mediterranean biome,
where the minimum concentration is substantially later than that in
boreal and temperate biomes.

The boreal biome is characterized by very sharp peaks, con-
centrated in a short time window of almost 60 days in which the cli-
matic conditions are favourable for C assimilation and the
development of tissues". All processes peak in the boreal biome from
mid-May to mid-July (Fig. 2). The growing season in the temperate
biome last 73 days, from the beginning of May to the end of July
(Fig. 2). The Mediterranean biome has the longest growing season,
from the beginning of April to the beginning of October, for a total of
170 days (Fig. 2).

Within each biome, we observe a similar sequence of events
during the growing season (Fig. 2 left-hand panel). At the beginning of
the growing season, the peaks of NEE and cambial activity are followed
after 1 week by peaks of starch content in needles and stems, and often
roots. The peaks in starch content are followed by peaks in cell
enlargement. Subsequently, we observe in quick succession the peaks
of GPP, RECO and cell wall thickening and lignification. The peak in cell
enlargement precedes GPP by 13 days. The peak of GPP is followed by
peaks of cell wall thickening and lignification by 9 days, and peaks of
RECO by 12 days. Finally, we observe a sequential event of minimum
concentrations of soluble sugars in all organs (i.e., needles, stem and
roots) (Fig. 2). Details of sampling and statistical fits are provided in
Supplementary Methods and Supplementary Note 2.

NEE reached a maximum 32 days before GPP, and 44 days before
RECO (Fig. 2). Our results generalize the evidence from local studies
that NEE cumulates in spring, when the temperature and ecosystem
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Fig. 1| Study sites and climatic characterization. a Study sites in the Northern
hemisphere where the dynamics of wood formation (81 sites), non-structural car-
bohydrates (57 sites) and C fluxes (39 sites) were determined. C fluxes were also
estimated from the FluxSat product for each pixel corresponding to the 87 sites

where wood formation was determined. b A Whittaker biome plot illustrates the
mean annual temperature (°C) and mean annual precipitation (cm) for all 177 study
sites. The figure was created using the R packages rnaturalearth, plotbiomes, and
ggplot2.

respiration are still low?”. When respiration culminates in the summer,
the photosynthetic rate is reduced by high vapour pressure deficit®®,
which explains the short time gap between GPP and RECO. For this
reason, the culmination of GPP and RECO are associated to reductions
in NEE”. Our results suggest that NEE is unable to define the timing of
long-term C storage during wood formation.

Assessment of the seasonal dynamics suggests that NSC may act
as a buffer between C flux and the process of wood formation. The
seasonal dynamics in NSC and their peaks in the different organs
define two distinct periods of the growing season. A first period (i.e.,

early or late spring depending on the biome), characterized by a starch
accumulation in plant organs lasting 51 days (average across biomes)
(Fig. 2). A second period (i.e., late spring or early summer depending
on the biome), with low concentrations of soluble sugars, lasting
21days (average across biomes) (Fig. 2). Starch is a pure storage
compound that may be severely depleted during tree growth, under
harsh winter conditions, or after disturbance events (e.g.,
defoliation)***°. During the tree lifespan, starch plays a dual role in C
allocation®. Beyond its role as a long-term storage compound (espe-
cially in roots, tubers or seeds), starch can act as a sink in the form of a
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Fig. 2 | Timing and duration of peak activity for carbon fluxes, NSC dynamics,
and wood formation phases across biomes. a Peak (dot or triangle) and period of
maximum activity, the 75th percentile (horizontal error bars) for C fluxes, NSC
dynamics and wood formation phenological phases. Minimum concentration is
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events during the growing season is shown. On the right, the difference among

biomes for each event is shown. NEE, GPP and RECO represent the Net Ecosystem

Exchange, Gross Primary Production and Ecosystem Respiration. ST and SS

represent starch and soluble sugars, respectively. Cell WTL represents the pheno-

logical stage of cell wall thickening and lignification.

temporary C reserve®. Starch is converted to soluble sugars in winter
to promote cold tolerance®”, and re-converted into starch at the
beginning of the growing season®. Unlike starch, soluble sugars per-
form various immediate functions, including the supply for new
growth, metabolism, osmoregulation, defence, and adopting the role
of intermediary metabolites and substrates for transport®. Soluble
sugars, therefore, need to remain consistently above a physiological
threshold>**.

Cambial activity and C assimilation

The peak of cambial activity in trees is uncoupled from the peaks of
photosynthesis and ecosystem respiration (Figs. 3 and 4). Standar-
dized major axis (SMA) regressions were all significant (p < 0.05, R*
ranging from 0.21 to 0.81) (Table 1). Cambial activity peaked
30-60 days earlier than GPP, in the boreal and Mediterranean biome,
respectively (Fig. 4). Moreover, the slopes of these relationships

differed significantly among biomes, ranging from 0.51 in the boreal
biome to 0.98 in the Mediterranean biome (Table 1).

The highest rates of xylem cell division occur at the onset of the
growing season, which explains the asynchrony between the peaks of
cambial activity and GPP. The beginning of cell division corresponds
with the peak of starch content (Fig. 2) and the reactivation of primary
growth, i.e. bud burst®. The relationship between primary and sec-
ondary growth is regulated by a physiological trade-off in which the
two processes depend on one another but are also certainly in com-
petition for the same resources*®. In this phase, developing buds
represent a priority sink, supported mainly by new sugars produced
with the photosynthesis occurring in old needles. In contrast, cambial
cell division also relies on reserves stored in the stem rather than C
translocated from the leaves******’, During the growing season, the
peak in cambial cell division represents a watershed moment in which
the prioritization of resources changes to be finally committed to
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Fig. 3 | Differences in timing between carbon fluxes and wood formation phases
across biomes. Differences (i.e., subtraction) between the timing of different
percentiles and peak (i.e., 100th percentile) of C fluxes, i.e., NEE, GPP, RECO and
those of phenological phases of wood formation, i.e., cambial activity, cell

enlargement and cell wall thickening and lignification in boreal, temperate and
Mediterranean biomes. Negative deltas indicate that C fluxes occurred earlier,
while positive deltas that C fluxes occurred later, relative to wood formation, for
each percentile shown in the figure.

secondary growth. It is likely that the peak of cambial activity is
reached when sufficient resources have been allocated to support cell
differentiation, which may account for the coordination between
peaks in cell division and accumulation in reserves (i.e. starch). Several
regulation and post-translational processes are known to control the
allocation to starch as well as the enzymatic hydrolysis of soluble
sugars®.

The sequence of C allocation in wood

The peak of xylem cell differentiation is temporally coupled with the
peak in photosynthesis and ecosystem respiration, suggesting a close
relationship between C assimilation and allocation, and related
respiratory costs (Fig. 3). In all biomes, the culmination of GPP occurs
13 days later than the peak of cell enlargement, and 9 days earlier than
the peak of wall thickening and lignification. The same results were
obtained when the timing of cell differentiation phenological phases
was compared with the estimated GPP extracted from FluxSat (Fig. 4).
The regressions comparing the timing of the peak of GPP and both cell
enlargement and cell wall thickening and lignification phenological
phase were all significant (R*=0.21-0.43 for cell enlargement, and
R?=0.31-0.81 for cell wall thickening and lignification, both p < 0.05)
(Table 1). In both phenological phases, the regressions presented a
common slope across biomes of 0.78 for cell enlargement and 0.80 for
cell wall thickening and lignification. Given that the slopes were not

significantly different, we tested for differences in intercept (Table 1).
The intercepts were statistically different across biomes, with the
boreal biome showing the earliest peaks in both cell enlargement and
cell wall thickening and lignification (Table 1 and Fig. 4). The Medi-
terranean biome showed the latest peaks.

Photosynthesis and cell differentiation are synchronized across a
wide spatial scale (Fig. 3), probably because the two processes occur
during the time window when environmental conditions are optimal
for both. By considering the 10th percentiles of the fitted curves, the
onset of photosynthesis occurs earlier (55days, average across
biomes) than the onset of cell differentiation during wood formation
(i.e., onset of cell enlargement stage) (Fig. 3, Supplementary Table 7).
Conversely, considering the 10th percentiles of the descending por-
tions of the curve the ending of photosynthesis occurs later (33 days,
average across biomes) than the ending of cell differentiation (i.e.,
ending of cell wall thickening and lignification stage) (Fig. 3, Supple-
mentary Table 7). As we progress towards the peaks of these pro-
cesses, the time lag between GPP and wood formation gradually
diminishes (Fig. 3, Supplementary Table 7). During the period of
maximum activity (75th percentile, ascending portion of the curves),
the time gap between GPP and the cell enlargement stage narrows to
an average of 18days across biomes, and 12 days across biomes
between GPP and the cell wall thickening and lignification stage, in the
descending portions of the curve (Fig. 3, Supplementary Table 7). This
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Table 1| Results of Standardized Major Axis (SMA) analyses of the bivariate relationships among timing of the peak of GPP and
timing of cambial activity, cell enlargement and cell wall thickening and lignification in 81 sites across boreal, temperate and

Mediterranean biomes

Phenological stage Biome Y-intercept Slope 95% ClI slope R?
Cambial activity Boreal 118.01 0.51 0.34-0.77 0.50
Temperate 89.83 0.69 0.52-0.91 0.27
Mediterranean 52.71 0.98 0.56 -1.71 0.40
Cell enlargement Boreal 62.64 0.78 0.63-0.96 0.26
Temperate 59.74 0.78 0.63 -0.96 0.43
Mediterranean 53.93 0.78 0.63 - 0.96 0.21
Cell wall thickening and lignification Boreal 1n.16 0.8 0.69 - 0.94 0.51
Temperate 23.73 0.8 0.69 - 0.94 0.31
Mediterranean 28.26 0.8 0.69 - 0.94 0.81

asynchrony for the onset and ending of these processes is linked to the
different sensitivities of these processes to environmental drivers’*,
Indeed, it is well known that growth-related processes, such as cell
enlargement and the synthesis of cell wall and proteins are more
sensitive to temperature and water stress than photosynthesis®*’.

Photosynthesis is less constrained by environmental factors than
meristematic activity and cell differentiation. In conifers, photo-
synthesis can occur as soon as leaf temperature is above freezing
point, and the tree has sufficient water availability*’. Moreover, pho-
tosynthesis can stop and reactivate according to changes in the
weather*"*2, On the contrary, the flexibility observed in C assimilation
cannot be found in primary and secondary meristematic activity.
These processes are triggered by a specific set of environmental cues
that act as signals for reactivation during precise time windows,
ensuring optimal growth while minimizing the risks of damage''>*>**,
Unlike photosynthesis and the resulting C assimilation, the growth
process cannot be completely stopped or resumed based on sudden
changes in environmental factors during the growing season.

The peak of GPP falls between the preceding peak in cell enlar-
gement (averaging 13 days across biomes) and the subsequent peak in
cell wall thickening and lignification (averaging 8 days across biomes)
(Fig. 3). Cell division and cell enlargement are known to be turgor-
driven processes, while secondary-wall formation is based on the
supply of sugars®. In summer, once primary growth (i.e. shoot elon-
gation) is completed, secondary growth (i.e. xylem formation) can
benefit from a strong and continuous supply of carbohydrates®. At the
peak of xylem development, specifically during latewood formation,
the phloem pool acts as the ultimate C source for wood formation*®*’,
Accordingly, the growth process prevalently uses C assimilated during
the current growing season*®*’. This synchronism between sink and

source could explain the culmination of GPP between the peaks of cell
enlargement and secondary wall formation: the moment the demand
for C is higher, the supply is also greater.

Variance and predictors of phenological events

To determine whether the distribution of available data for the main
processes of ecosystem fluxes and wood formation affected our con-
clusions, we used random forest regression models to assess the
relative importance of study year, site, species and biome as predictors
for the peak timing of NEE, GPP and RECO. These variables explained
between 24 and 44% of the variance. Overall, the R? ranged between
0.72 and 0.96 for the training set and 0.49 to 0.68 for the test set
(Supplementary Table 9). Biome resulted as the most important pre-
dictor followed by site and study year across all models (Supplemen-
tary Fig. 14). We observed the same pattern in the random forest model
applied for FluxSat data (Fig. 5), where the model explained 54.06% of
the variance, showing an R? of 0.89 for the training set and 0.66 for the
test set (Supplementary Table 9).

In the random forest regression models for the peak timing of
cambial activity, cell enlargement, and cell wall thickening and lig-
nification phases, the species of the monitored trees was also con-
sidered as a predictor alongside study year, site, and biome. These
models explained from the 38.09 to the 43.09% of the variance, with R?
ranging from 0.76 to 0.83 for the training set and from 0.70 to 0.83 for
the test set (Supplementary Note 3; Supplementary Table 8). The
importance of the biome was confirmed, followed by site, species, and
study year in each model (Fig. 5). However, in the model for cambial
activity, the species showed a greater importance than the site (Fig. 5).

Biome emerged as the most influential predictor for the peak
timing of both wood formation processes and ecosystem C fluxes. This
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result underscores the substantial role of the broader climatic context
in shaping the temporal dynamics in source and sink activities. The
observation that site exceeds the importance of the study year sug-
gests a more important influence of site-specific environmental con-
ditions in determining the temporal occurrence of seasonal peaks. This
possibly implies a more conservative pattern of peak occurrences,
calibrated to the local characteristics, rather than a response to annual
whether variations.

A prior study focusing on conifers in cold environments showed
that the rate of xylem cell production culminates around the summer
solstice™. After that date, cell production gradually decreases until
ceasing. This pattern suggests that trees would have evolved by syn-
chronizing their growth rates with day length®°. Conversely, growth
reactivation (i.e., reactivation of secondary meristem) and onset of
xylem cell differentiation, despite the variability within populations®*?,
are driven by weather conditions, mainly temperature and water
availability**"1>#344,

These insights not only clarify the outcomes of our random forest
regression model but substantiate the observed synchronism of peaks
in ecosystem C fluxes and cell differentiation, contrasting their asyn-
chrony during the onset and ending of the growing season. Indeed,
photosynthesis experiences fewer constraints from environmental
factors compared to meristematic activity and cell differentiation™*-*?,
resulting in the desynchronization of both onset and ending of source
and sinks activities. However, considering that both the rates of
photosynthesis®® and xylem cell production®® respond to day length, it
is plausible that this factor predominantly governs the synchronization

of source and sink peaks. Day length likely acts as a constant envir-
onmental factor over time, ensuring the convergence of a high
demand with a proportionately high supply.

Finally, we emphasize the comparable significance of predictors
between the site and the species. However, these conclusions are
drawn from the analysis of phenological timings in conifers. Therefore,
we cannot directly recognize the potential variation introduced by
broadleaf species.

Reconciling C-source and sink dynamics

The limited availability of sites with concurrent measurements of C
fluxes, NSC concentrations, and wood phenology has hindered our
ability to quantitatively explore the relationships between these three
categories of processes. The extent to which C sources and sinks are
closely linked is fundamentally determined by the magnitude of C
fluxes between different compartments, which are exceedingly diffi-
cult to measure. However, given the ongoing debates surrounding the
significance of potential drivers, temporal sequences, and the level of
correlation among these processes at larger temporal and spatial
scales, we believe that our temporal analysis provides a unique broad
picture of the overall coordination of source and sink activities (and
ultimately of C sequestration in wood) at large scales. Consequently,
our study serves as a foundation to deepen our understanding of the
consequences of climate changes on C sequestration in Northern
hemisphere forests, along with exploring potential biome-specific
responses.

The asynchrony between C assimilation and cell differentiation
during the wood formation process observed in many local studies,
can be largely attributed to limiting carbon sinks governed by mer-
istem activity (i.e.,, C sink limitation to growth)®. In isolation, the
asynchrony between these two processes can be attributed to their
respective different sensitivities to environmental factors and possibly
to differences in biome-specific resource use strategies. At broader
scales, however, our results suggest that this asynchrony may originate
from the longer time window of C assimilation compared to the period
of C allocation to woody tissues. This discrepancy is also evident in the
periods of maximum activity of the processes, as demonstrated by the
present study.

The different responses of photosynthesis and growth to the cli-
mate may also account for the asynchronies observed at local scale,
e.g., under drought conditions. Water deficit can decouple growth
from photosynthesis®*, and likely explain the greater variability in the
peaks of photosynthesis and cell differentiation observed in the
Mediterranean biome in this study (Fig. 4). As a typical response to
water deficit, C allocation (i.e., growth) always decreases before C
assimilation (i.e., photosynthesis)®**.

In Mediterranean regions, a potential lag between C assimilation
and xylem formation can be bimodal, as tree radial growth may slow
down in response to water shortage, and resume in autumn after
summer suspension®**, These conditions cause a rise in the con-
centration of C stores, resulting in the accumulation of compatible
solutes (typically hexoses and polysaccharides) in sink organs®. These
compounds serve as energy sources and as sources of compatible
sugars and other carbon-based solutes, protect subcellular compart-
ments against the harmful effects of water loss, and increase drought
tolerance®. This process of C accumulation in sink organs helps to
explain how water deficit uncouples growth from photosynthesis.
However, in precipitation manipulation experiments an almost syn-
chronic coupling between new assimilates and xylem formation was
observed when trees were irrigated after a long drought period®. This
suggests that the observation of an asynchrony between photo-
synthetic activity and growth is primarily a response to limiting
environmental conditions for growth.

Environmental constraints limit sink activity, which may be the
primary cause of decoupling between the processes of C assimilation
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and growth. However, C-sink limitation should not be interpreted as a
complete disjunction between C resources and sink activity. C is a
limited resource and, in the form of soluble sugars and starch, fulfils
various functional roles, such as transport, energy metabolism,
osmoregulation, and provides substrates for the synthesis of defence,
exchange and biomass components®. While the prioritization of cer-
tain uses of newly-formed photoassimilates is not well understood,
there is evidence that processes related to survival have a higher
priority than increasing structural biomass, i.e., growth”. This is sup-
ported by evidence showing that trees prioritize storage even when
experiencing a C shortage®. Therefore, it is also possible that, beyond
direct environmental limitations, the partial asynchrony found here
between C fluxes and wood formation may reflect varying allocation
priorities among different species and biomes, reflecting different
functional traits and resource use strategies. In summary, direct
environmental cues and biotic disturbances can limit sink activity and
desynchronize C assimilation and growth. In addition, the competition
among sinks for a limited resource should likely be expected to further
contribute to this asynchrony.

Numerous sites are currently equipped for monitoring and mea-
suring carbon fluxes in various forest ecosystems. However, within the
last decade, only a small percentage of these sites have been mon-
itoring wood formation on an intra-annual scale. Incorporating
detailed intra-annual observations of NSC pools, which act as a buffer
between atmospheric C flux measurements (e.g., eddy covariance GPP
and RECO) and intra-annual assessments of forest biomass growth (i.e.,
wood formation monitoring and intra-ring analysis of wood anatomy),
can facilitate the complex task of reconciling, and ultimately clarifying,
the temporal and functional relationships between C uptake and long-
term C sequestration. This, in turn, will enable the examination of the
timing and magnitude of C transfer processes and C use efficiency
across various spatial and temporal scales. Such an analysis is a crucial
step to reduce the sources of uncertainty in global vegetation models
and achieve a deeper understanding of the C cycle at global scale.

Methods

Data selection

This study used data collected in 177 sites of boreal, temperate and
Mediterranean biomes across the Northern hemisphere. We used
mean annual precipitation and mean annual temperature data for each
site, to calculate the Whittaker biome classification of all sites using R
package “plotbiomes™’ (Fig. 1). The sites are located in North America,
Europe and Asia, and distributed over latitudes from 23 to 68 °N and
elevations reaching 3,850 m a.s.l. (Fig. 1). The sites were assigned to a
specific biome based on information in the papers from which the data
were extracted. The study covers 38 coniferous species belonging to
eight genera (Supplementary Methods, Supplementary Table 2). The
dataset consists of the temporal dynamics of wood formation, i.e.
cambial activity and xylem differentiation (81 sites), non-structural
carbohydrates, i.e. starch and soluble sugars in needles, stem and roots
(57 sites), and C fluxes, i.e. Net Ecosystem Exchange (NEE), Ecosystem
Respiration (RECO), and Gross Primary Production (GPP) (39 sites),
this latter dataset extracted from the FLUXNET2015 dataset™. The
observations collected in the sites where wood formation was mon-
itored were combined with estimates of gross primary production
(GPP) using modelled data from FluxSat v2.0°°. FluxSat outputs consist
of a gridded GPP product obtained by upscaling FLUXNET data using
MODIS reflectance®. Details on site selection and assembly of the
datasets are reported in Supplementary Methods, whiles site infor-
mation, coordinates, and data sources are reported in Supplemen-
tary Data 1.

Bioclimatic analyses
To assess the climatic differences among sites where wood formation
has been monitored, we collected bioclimatic data from the CHELSA

bioclimatic database V2.1°° with a spatial resolution of 30 arcseconds.
Out of the 19 available bioclimatic parameters®®, we selected seven
variables (Supplementary Table 1), excluding those that provided
overly general descriptions of climate (e.g., annual temperature and
precipitation) and removing variables that were highly correlated with
each other (r>[0.7 | ). Subsequently, to group the study sites based on
their climate-related characteristics, we applied the Partitioning
Around Medoids (PAM) clustering algorithm, which is an extension of
the k-means clustering algorithm®'. To determine the optimal number
of clusters, we utilized the Within-Sum-of-Squares method (WSS),
which minimizes the distance between points within each cluster.
Therefore, we determined that four clusters were the optimal choice
for grouping the wood formation study sites. We then conducted a
Principal Component Analysis (PCA) on the bioclimatic variables to
determine the climatic classification of our 81 sites (Supplementary
Note 1). Pearson’s correlation coefficient was employed to identify the
climatic factors that influenced the ordering of wood formation study
sites by principal components (Supplementary Table 1). Bioclimatic
analyses have been performed in R version 4.2.2 and its “factomineR”
and “factoextra” packages.

Assessment of seasonal patterns
The seasonal patterns of wood formation (i.e., cambial activity and
xylem cell differentiation), NSC concentrations (i.e., starch and soluble
sugars in needles, stem and roots) and C flux (i.e., NEE, GPP, RECO) for
each biome were determined by performing non-linear regressions on
data normalised between O and 1. The normalisation was performed to
reduce the variability within the same range and compare the temporal
dynamics among sites. We applied two non-linear parametric func-
tions that are a generalisation of the normal distribution, skewed
normal distribution®” and the V-type exponential curve®. The former
allows for non-zero skewness, the latter is a symmetric curve that
describes concave, convex and linear shapes. The skewed curve,
enabling curve asymmetry, was preferred over the exponential curve,
which was used only when data had a concave or linear-like shape not
allowed by the first curve.

The skewed normal distribution curve® is given by the following

formula:
(155" + (1 +erfx (a* (ﬁ) ) ) )

1
Seasonal pattern=————xe¢e
®

* /21

2 [(F p
f,= function= —= “Cdt 2
erf, = error function= - /Oe @)

Where § represents the location parameter, which determines the
“location” or shift of the distribution; w represents the scale parameter;
a represents the shape or form parameter. This parameter skews the
normal distribution to the left or right. The time is represented by t,
included as a month for NSC seasonal pattern and DOY (day of the
year) for wood formation and C fluxes.

The V-type exponential curve® is given by the following formula:

Seasonal pattern = ¥ max *p(¢—* mao’ 3)

Where p controls the growth rate of the curve; parameter Ymax
controls the height (Y-value) of function maximum or minimum;
parameter Xmax controls the location (X-value) of the function max-
imum or minimum. The curve has a minimum for Ymax>0 and
Xmax>1, and a maximum for Ymax >0 and Xmax<1. It is horizontal
line (i.e., Y =Ymax) for u=1. The time is represented by ¢, included as
the month for NSC seasonal pattern and DOY (day of the year) for
wood formation observations and C fluxes. Non-linear regressions
have been performed in R version 4.2.2 using “nls.multistat” package.
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Each curve estimated the timing of the maximum value (or mini-
mum while considering soluble sugar concentrations). In addition to
this, fitted curves pertaining to the seasonal pattern of wood formation
(i.e., cambial activity, cell enlargement, and cell wall thickening and
lignification) and carbon fluxes derived from FluxNet data (i.e., NEE,
GPP, and RECO) were utilized to estimate the timing of key percentiles,
namely the 10th, 25th, 50th, 75th and 90th percentiles, for both the
ascending and descending portions of the curves (Supplementary
Data 2). We opted to use the 75th percentile as the threshold for
defining the period of maximum activity. However, when the curve
exhibited a minimum in soluble sugar concentrations, the period of
maximum activity was determined based on the 25th percentile. We
assessed the area under each curve (AUC) and assessed the AUC of the
maximum activity itself by means of definite integrals by considering
the period of maximum activity interval (Supplementary Note 2).

To assess functional scaling among biomes, we assessed the
bivariate relationships between the timings of culmination of the GPP
extracted from FluxSat, and wood formation using standardized major
axis (SMA). Global scaling patterns (i.e., intercepts and slopes + 95%
confidence intervals) were obtained from the fitted regressions. Slopes
were compared between biomes using a likelihood ratio test®. When
the biomes had similar slopes, we tested for intercept differences
using a Wald test®*. SMA regressions have been performed in R version
4.2.2 using “smatr” package.

To analyze the variability and influence of specific predictors on
the timings of peaks of C fluxes and wood formation, we employed
skewed normal distribution curves. These regressions delineated the
seasonal patterns of cambial activity and xylem cell differentiation for
each study year, species, site, and biome. The same methodology was
applied to FIuxNET (i.e., NEE, GPP, RECO) and FluxSat (i.e., GPP) data.
For each regression, the timings of the maximum value (i.e., peak
timing) of each process was extracted. A random forest regression
model was utilized to quantify the relative importance of predictors in
determining the peak timing for each process.

For each process, we split the timings of the maximum values into
a training set (80%) and a test set (20%) to assess the model perfor-
mance. Five-fold cross-validation with five repetitions was employed as
aresampling method to ensure more robust performance metrics. The
goodness of fit for the regression models was evaluated using the
coefficient of determination (R?) for both the training and test sets,
while the root mean squared error (RMSE) was employed to measure
the accuracy of the models. Random forest models have been per-
formed in R version 4.2.2 using “randomForest” package.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data generated in this study have been deposited in Borealis: https://
doi.org/10.5683/SP3/JRDOUL. Wood formation raw data are available
under restricted access and can be accessed directly contacting the
corresponding author of this study or using the procedure in Borealis.
Data on non-structural carbohydrates are available at Dryad: https://doi.
org/10.5061/dryad.jér5k. Access to FluxNet data is provided through
the FluxNet portal: https://fluxnet.org/data/fluxnet2015-dataset/. Flux-
Sat data can be accessed via the FluxSat portal: https://daac.ornl.gov/
cgi-bin/dsviewer.pl?ds_id=1835. Details of all sites used for the non-
structural carbohydrates data, FluxNet data, and geographical coordi-
nates for downloading FluxSat data are listed in the Supplementary
Methods.

Code availability
Code generated in this study have been deposited in Borealis: https://
doi.org/10.5683/SP3/JRDOUL.
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