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Growth duration is a better predictor of stem increment than
carbon supply in a Mediterranean oak forest: implications for
assessing forest productivity under climate change
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Summary

e Understanding whether tree growth is limited by carbon gain (source limitation) or by the
direct effect of environmental factors such as water deficit or temperature (sink limitation) is
crucial for improving projections of the effects of climate change on forest productivity.

e We studied the relationships between tree basal area (BA) variations, eddy covariance
carbon fluxes, predawn water potential (¥,q) and temperature at different timescales using
an 8-yr dataset and a rainfall exclusion experiment in a Quercus ilex Mediterranean coppice.

o At the daily timescale, during periods of low temperature (<5°C) and high water deficit
(< —1.1 MPa), gross primary productivity and net ecosystem productivity remained positive
whereas the stem increment was nil. Thus, stem increment appeared limited by drought and
temperature rather than by carbon input. Annual growth was accurately predicted by the
duration of BA increment during spring (At ). The onset of growth (t,) was related to
winter temperatures and the summer interruption of growth (¢;) to a threshold ¥4 value of
—1.1 MPa.

e We suggest that using environmental drivers (i.e. drought and temperature) to predict stem
growth phenology can contribute to an improvement in vegetation models and may change

the current projections of Mediterranean forest productivity under climate change scenarios.

Introduction

Forest growth represents a substantial and lasting carbon sink
that may mitigate the ongoing rise of atmospheric CO, (Bonan,
2008; Pan et al., 2011). In addition, tree growth is often used as a
surrogate for tree vitality (Bigler & Bugmann, 2003; Dobbertin,
2005), and an increasing number of studies rely on tree growth
to assess whether and which tree species will be able to persist in a
changing environment (e.g. Gaucherel ezal, 2008; Lévesque
etal., 2013). A better understanding of the factors controlling
tree growth is therefore crucial to assess the impact of climate
change on forests (Babst ez al., 2014).

In order to identify the climate determinants of tree growth
and to anticipate tree vulnerability under climate change projec-
tions, several studies have derived statistical links between tree
ring widths and past climate (Gea-Izquierdo ez al., 2013; Subedi
& Sharma, 2013; Babst eral., 2014). A major advantage of this
approach is that it can be applied with relatively little information
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on the ecology and physiology of the species of interest. How-
ever, these empirical models are valid only for the range of
environmental conditions used for their parameterization, lead-
ing to potentially important uncertainties when extrapolated
under climate change scenarios.

Alternative approaches focus on understanding the ecophysio-
logical processes controlling the responses of tree growth to abi-
otic drivers, including photosynthesis, respiration and biomass
partitioning, as well as leaf and growth phenology. With such an
ecophysiological basis, process-oriented models are built and used
to evaluate the consequences of climate change on forest func-
tioning (e.g. Gaucherel ez al., 2008; Keenan ez al., 2011; Cheaib
etal., 2012). Most of these models consider tree growth to be a
constant fraction of the current year gross photosynthesis. This
assumption is supported by the positive linear relationship found
across biomes between gross photosynthesis and aboveground
biomass growth (Litton ezal., 2007). However, studies linking
different proxies of tree stem growth (e.g. dendrometers, tree

New Phyrologist (2015) 1
www.newphytologist.com



rings or inventory) and eddy covariance (EC) carbon fluxes at
finer spatial levels (stand or tree) and temporal resolution (day to
year) have yielded contradicting results. Although these differ-
ences could arise from the different methodologies used, it may
also be that different processes are involved in the growth deter-
minism according to the site and the timescale considered.

Using automatic dendrometers (AD), Zweifel eral. (2010)
reported very tight associations between stem radial variations
and EC fluxes (gross primary productivity, GPP, and net
exchange productivity, NEP) at timescales ranging from hours to
years in a Norway spruce (Picea abies) forest in the Swiss Alps. By
contrast, Rocha eral. (2006) found no significant correlation
between tree ring width and GPP in a mature stand of black
spruce forests in Canada, and suggested that the active mobiliza-
tion of carbon storage may control between-year stem growth
variations. This conclusion was reinforced by the study of
Richardson ¢t al. (2013) who improved the prediction of inter-
annual variations in wood growth in three temperate forests by
accounting for the mobilization of carbon storage pools that were
several years old. Other studies performed in temperate forests
have found intermediate results. For instance, at five sites span-
ning a wide range of latitudes across Europe, Babst ezl (2014)
found a significant link between tree ring estimation of annual
biomass increment and EC carbon fluxes (GPP and NEP) cumu-
lated over the early growing season (January to June/July). Gra-
nier er al. (2008) reported robust links between radial growth and
spring to early summer carbon fluxes, in a French beech (Fagus
sylvativa) forest. This suggests an overriding role of the spring
period in the stem growth process. Similarly, using manual band
dendrometers in another fertile beech forest of Germany, Mund
eral. (2010) suggested that the length of the growing season, lim-
ited by both the effects of spring temperature on cambial reacti-
vation and summer water deficit on growth interruption, exerted
a prominent control on growth. These later results are in line
with studies that use stem growth phenology as a driver for
annual growth (Rossi ez al., 2008, 2013). Also, they are consistent
with observations that cell division and expansion are more sensi-
tive than photosynthesis to drought and cold stress (Boyer, 1970;
Hsiao & Acevedo, 1974; Korner, 2003; Daudet eral., 2005;
Muller ez al.,, 2011).

Despite several studies attempting to link stem growth and car-
bon fluxes, few have explicitly attempted to decipher whether tree
growth is more related to carbon availability (i.e. source limita-
tion of growth) or to the direct effect of the environment (i.e.
sink limitation of growth) and at which timescale (Daudet ez al.,
2005). Yet, this question is crucial in the context of climate
change because considering tree growth as a source- or a sink-lim-
ited process in vegetation models may have a strong impact on
forest growth projections (Fatichi ezal, 2014). This is particu-
larly important in the Mediterranean region where climate mod-
els project a substantial increase in aridity for the end of the
century (Gao & Giorgi, 2008; Diffenbaugh & Giorgi, 2012;
IPCC, 2014), in line with the increase in water deficit observed
in the region over the last decades (Ruffault ez 2/, 2013)

In this study we aimed at understanding whether stem growth
is related more to the ecosystem photosynthesis or to
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environmental constraints (e.g. temperature and water deficit) for
a mature Mediterranean evergreen oak Quercus ilex coppice by
using stem basal area variations (assessed with AD) as a proxy for
growth. Our objectives were to assess: the links between stem
basal area variations and ecosystem carbon fluxes at different
timescale (from daily to yearly); the links between annual stem
growth and stem phenology; the links between stem phenology,
temperature and water deficit; whether annual growth is more
predictable with the drivers of stem growth phenology or to car-
bon fluxes; and finally the impact of climate change on stem
growth at our site.

Materials and Methods

Site description

The study site is located 35 km north-west of Montpellier (south-
ern France), on a flat plateau, in the Puéchabon State Forest
(3°35'45"E, 43°44'29"N, 270 m a.s.l.). This forest has been
managed as a coppice for centuries and the last clear cut was per-
formed in 1942. Vegetation is largely dominated by a dense over-
storey of the evergreen oak Quercus ilex L. In 2011, the top
canopy height was 5.5 m on average. The stem density of Q. ilex
evaluated on four plots larger than 100m?® was 4703
(£ 700) stems ha™!. The diameters at breast height (DBH) of
Q. ilex stems were distributed as follows: 21% of stems were
under 6 cm DBH, 44% were between 6 and 8.5 cm and 35%
were over 8.5 cm. The climate is Mediterranean with a mean
annual precipitation of 903 mm and a mean annual temperature
of 13°C (average 1984-2011). The very shallow bed rock
imposes a strong constraint on water availability: the volumetric
fractional content of stones and rocks averages 0.75 for the top
0-50 cm and 0.90 below. More details on the sites characteristics
are available in Rambal ez 4/ (2003, 2004, 2014) and in Support-
ing Information Methods S1.

Experimental design

Stem basal area (BA) variations of individual Q. zlex stems were
measured using two complementary experimental designs. First,
a long-term monitoring (LTM) was set up in March 2003 in an
homogeneous plot of forest of 100 m? (Fig. la—¢; details in
Limousin ezal., 2009). Second, Q. ilex trees were subjected to a
rainfall exclusion experiment (RE) in 2009. Rainfall was excluded
from two 195-m? forest plots (set up in 2007) from 1 February
to 31 July 2009 (Fig. 1b,d,e), without changing other climate
variables such as incident radiation, temperature and vapour
pressure deficit. One plot was subjected to rainfall exclusion
(REp,,) and one plot was used as reference (REg.f). A mobile
rainfall shelter of 15 x 13 m sliding above the canopy was
designed to trigger for any rainfall event over 0.25 mm (Fig. 1d;
Misson etal, 2010). Despite the shelter being designed to
exclude nearly all the incoming rain, only 87% was excluded
from REp,, (435 out of 491 mm) because of two power failures
that delayed the movement of the roof (more details in Misson
etal, 2010).
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Fig. 1 Data and experimental set-up used in this study. Measurements were performed on the Quercus ilex forest of Puéchabon, France, using long-term
monitoring (LTM) and rainfall exclusion (RE). (a) Net ecosystem productivity measured using the eddy covariance method (NEPg, solid green lines) and
basal area increment (3BA, black points; error bar is SD between sampled trees) are shown as daily cumulative values. (b) Predawn water potential (¥p,q)
observed (white triangles; error bar is SD) and extrapolated by simulation (solid black line). The solid red line framed by the crosses depicts the period of
spring rainfall exclusion from 1 February 2009 to 31 July 2009 (b, e), the ¥4 simulated for this period is represented (solid red line, with hatched red area
above). (c) Daily rain (blue bars). (d) Picture of the mobile shelter used for the RE. (e) Daily cumulative value of the basal area increment measured in tree
subjected to the RE.

2004 2005 2006 2007 2008 2009 2010 2011
Time (yr)

Table 1 Diameter at breast height (DBH) and stem density in Quercus ilex for the studied plots at Puéchabon, France (long-term monitoring plot, LTM,
and the two rainfall exclusion plots: reference, REgef, and exclusion, REp,,) for the years 2003 and 2007

LTM 2003 LTM 2007 REget 2007 REpry 2007
Quercus ilex

Mean DBH (cm) 7.2 (2.65) 7.69 (2.55) 6.83 (2.78) 6.99 (2.65)
Mean DBH AD trees (cm) 11(1.1) 11.4(1.2) 10.8 3.4) 8.8(1.4)
Density (stem 100 m~2) 68 52 66 70

Means and SD in brackets are given for plots and stems followed by automatic dendrometers (AD).

In each monitored plot (LTM, REg. REp,y), six trees were
selected and assessed for BA variations (Table 1). As the Q. ilex
species exhibits very low wood growth at our site (Rodriguez-
Calcerrada ezal, 2011), we selected trees that belong to the
higher classes of DBH (>7 c¢m) in order to ensure a stronger
BA signal. From 2008 onwards, trees of the LTM experiment
were pooled together with trees of the REges in order to
increase sample size.

Stem circumference measurements

Stem circumference changes were recorded using AD (ELPA-98,
University of Oulu, Oulu, Finland). The outer layer of dead bark
was removed on each selected tree before setting up the AD 1.3 m
aboveground. Band dendrometers are made of a potentiometer
and a band of stainless steel (resolution <27 pm, temperature
sensitivity 1.65 x 107> mm ™' C™") connected to a data logger
(model CR 1000; Campbell Scientific Ltd, Shepshed, UK). Mea-

surements were recorded at a 30-min time-step resolution. The
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maximum daily value of circumference was recorded daily (typi-
cally happening around midnight). The daily circumferences
were transformed and expressed in mm? to obtain daily basal area
(8BA, in mm?”d™"). Analyses and graphs were performed with
averaged OBA values of 6-12 individual trees expressed either in
absolute or in relative to the maximal individual yearly BA.

Identification of the phenological stages of the seasonal
pattern of stem growth

In order to identify the phenological stages of stem growth, we
assumed that shrinking stems never lose wood volume; instead,
they shrink as a result of decreasing water content in the elastic
tissues of stem (mainly phloem) or of decomposing phloem tis-
sues (Zweifel et al., 20006).

For each tree and each year we estimated the different phe-
nological stages that described the course of stem BA variations
by analysing the pattern of cumulated daily variations of 6BA
(in mm?) according to Zweifel eral (2010; Fig.2a). The
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Fig. 2 lllustration of the method used for the data processing of automatic
dendrometers (AD) and net carbon fluxes in Quercus ilex, following the
approach of Zweifel et al. (2010). Data from 2007 has been used for the
example. (a) Pattern of cumulated daily basal area variations (3BA). The
stem water deficit (hatched areas), tree predawn water potential (¥,4; red
dashed line) and rainfall (Rain; blue bars) are indicated. The different
phases of BA variations (At 1, Aty s, Aty 43) are illustrated with the
double arrows and the different stages of stem increment (onset of
growth, to; summer interruption of growth, t;; summer growth resumtion,
t; autumn growth interuption, t3) are reported. The zero-line of the
current year is the culmination point of the past year. (b) Pattern of
cumulated net ecosystem production (NEP,,). The yearly NEP (NEP,,) is
the culminating point of the cumulated NEP from the culmination point of
the past year (Zero-line 2007) to the culmination point of the current year
(Zero-line 2008). The tree ¥y is indicated by the red dotted line. ¢, date
when the ecosystem switches from carbon sink to source.

starting point of annual BA increment (hereafter %), noticeable
from AD measurements, was defined as the first day at which
BA exceeded the culmination point of the previous year (zero-
line in Fig. 2a; Campelo eral., 2007; Zweifel ezal., 2010) plus
an error term G, specific to each year. This term G, corre-
sponds to the variability of 8BA out of the growing period and
was set as the SD of OBA from early November to the end
February (corresponding to the period when no significant
trend on OBA was observed). The last day of spring growth (#)
corresponds to the first day when OBA was null or negative.
For more information on determination of % and #, see Meth-
ods S2 and S3, Table SI and Fig. SI.

A second growing period occurred in autumn bounded by #
and 7. The beginning of this period (#) was defined as the first
day when 0BA was equal or higher than the dBA recorded at #.
The end of this autumn BA increment period (#) was defined as
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the first day for which 6BA was lower than the 6BA recorded out
of the increasing period (November—end February) minus o,
The duration (A# and the variations of basal area (ABA) for
the time periods of interest are subscripted with the following
indices: 0 1, n-n »-s and , for the period from # to #,
from # to %, from 7, to #;, and for the whole year, respectively

(Fig. 2a).

Ecosystem carbon flux measurements

Eddy covariance fluxes of CO,, sensible heat, latent heat and
momentum had been measured continuously since 2001 at the
top of a 12-m-high tower that is ¢. 6 m above the canopy (more
details in Methods S4). Our eddy covariance facility included a
three-dimensional sonic anemometer (Solent R3; Gill Instru-
ments, Lymington, UK) and a closed path infrared gas analyser
(IRGA, model LI 6262; Li-Cor Inc., Lincoln, NE, USA), both
sampling at a rate of 21 Hz. Processing schemes of Fluxnet have
been used for filling data gaps and partitioning NEP into GPP
and ecosystem respiration R.., (Reichstein eral, 2005; Papale
etal., 2006). The half-hourly fluxes were summed at yearly time
steps for further analysis.

Both GPP and NEP were summed on a daily and yearly time
step and for each period defined earlier (Atg 4, Aty_n, Atp 33
Fig. 2a). NEP was summed yearly (NEP,,) over the period delim-
ited as follows: onset, the first day when NEP was higher than the
NEP maximum value of the previous year; ending, the maximum
value of the year (Fig. 2b).

Environmental variables and predawn leaf water potential
modelling

A standard weather station was located in a tree-free area, 230 m
east of the eddy covariance tower; the station had provided long-
term climatic data since 1984. Precipitation was measured with a
tipping bucket rain gauge (ARG100; Environmental Measure-
ments, Sunderland, UK) calibrated to 0.2 mm per tip and placed
1 m above the ground surface; air temperature was recorded with
an MP100 sensor (Rotronic, Bassersdorf, Switzerland) and net
radiation was measured with a pyranometer (SKS1110; Skye
Instruments, Powys, UK), both at 2 m above the ground surface.
Soil water storage integrated over the rooting depth (i.e. 4.5 m,
Rambal, 2011), was measured for the period 1984-1986 and
then 1998 onwards, at approximately monthly intervals, using a
neutron moisture gauge (Hoff eral, 2002). Discrete measure-
ments were interpolated at a daily time step with a soil water bal-
ance model (Rambal, 1993; Grote eral, 2009) The drainage
curve relating deep drainage to soil water storage depends on the
stone content over the whole-soil profile (Rambal, 1990). The
model was driven by daily values of incoming solar radiation,
minimal and maximal temperature, and rain amount. Soil water
storage and soil water potential were related by a Campbell-type
retention curve (Campbell, 1985) whose parameters are strongly
dependent on soil texture (Saxton eral, 1986; see details in
Rambal ¢t al., 2003). Comparison of measured against simulated
values predawn leaf water potential, displayed very good
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agreement: reduced major axis (RMA) regressions yielded an R
of 0.84, the slope was 0.93 £ 0.05 (2<0.0001, n=>54), and the
intercept was not significantly different from 0. Leaf water
potential values came from discrete measurements performed on
the study site (Limousin ez al., 2012). We used the simulations of
predawn water potential rather than soil water content as it is
much more closely related to plant water potential and therefore
plant functioning (Rambal ez 4/, 2003). In order to characterize
the interannual variations of water limitation, we computed a
drought severity index, the water stress integral (WSI) defined by
Myers (1988), as the yearly sum of predawn water potential.

Statistical analysis

We assessed the links between stem BA variations and stem phe-
nology, climatic variable and ecosystem carbon fluxes by testing
the correlations (Pearson) at the daily, monthly, seasonal (JEM,
AM], JAS and OND) and annual timescales and for different
growth periods. In order to assess whether the different stages of
stem BA increment (see earlier) were driven by some particular
environmental factors, we computed the correlations between the
different growth stages and climatic variables (precipitation and
temperature) aggregated at the monthly and the seasonal scales.
See Methods S5 for additional information.

Spring increment period duration under climate projections

We finally investigated the climate change impacts on the length
of the spring growing period (Azg ). We used climate projec-
tions under the ‘business as usual scenario’ of the IPCC 2014
(IPCC-SRES A1B scenario) from a limited-area circulation
model (LAM) and extracted the 8 x 8 km gridded daily data cov-
ering the Puéchabon study site. The LAM technique consists of
nesting a limited-area circulation model — here the ALADIN-Cli-
mate model — inside a coarser global climate model (GCM) —here
the CNRM ARPEGE-climate GCM (Colin etal, 2010) — in
order to deliver a more accurate reproduction of the climate at
fine resolution. Daily temperatures, incoming solar global radia-
tion and rain amount simulated by the ALADIN-Climate were
used as input data in the water budget model described earlier to
provide daily projections of the predawn water potential. Three
30-yr time-slices were retained: current period (1971-2000),
near future (2021-2050) and remote future (2071-2100).

Results

Seasonal pattern of stem BA variations

At the seasonal scale, BA variations showed a pattern character-
ized by successive periods that can be circumscribed by four dates
(Fig. 2a). Two periods of BA increase occurred in spring (Atg )
and autumn (Azy_s). Aty 4 was highly variable among years
(44.5% of variations) and values ranged from null in 2006 to
78d (SE=7) in 2007 (Fig.la). Two periods without stem
growth occurred in summer (A#;_p) and in winter between #
and % of the following year. Az, lasted 81d (SE=10) on
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average but varied among years and was strongly correlated with
the WSI (»=0.87, P<0.05). The dates %, #, & and # occurred
on average in mid-May (day 135, SE=4), carly July (day 184,
SE=06), late September (day 264, SE = 06) and late October (day
296, SE = 3), respectively.

This bimodal pattern was found across all years except in 2006
(Fig. 1a), which was extremely dry (Table2), with the lowest
WSI recorded since 1984 (data not shown). This extreme
drought was due to low rainfalls between March and August
(142 mm vs average 296 mm) combined with high temperatures
during the same period. This year, five trees out of six exhibited
no positive variation of stem BA before 9 September (day 252).
A single tree experienced a small spring increase (contributing to
17% of its annual growth this year) in stem growth that hap-
pened 1d (7 May, day 127). Hence, % and 7 were not deter-
mined in 2006 and we considered that Az, was nil.

Yearly variations of growth characteristics

The yearly basal area increment (ABA,,) exhibited important
variations between years (CV = 37%; Fig. 1a). The ABA,, of trees
averaged 174 mm? (SE=23), the minimal value was 65 mm?

Table 2 Meteorological data and annual water deficit (water stress
integral, WSI) in Quercus ilex for the studied period (2004-2011)

Rain (mm) Tair
WSI (MPad™")

Year  yr AMJ JAS  yr JEM JAS yr

2004 990 234 213 1295 6.10 2070 113
2005 832 178 277 1292 541 2112 -162
2006 952 53 299 14.07 574 2233 359
2007 682 289 126 13.79 841 2041 -160
2008 1231 355 59 13.49 794 2093 187
2009 779 270 80 14.15 6.81 2249 279
2010 948 166 74 1288 5.04 2196 246
2011 1164 114 123 1445 730 2151 256

Sum of rainfall (rain), mean air temperature (T,;) and WSI are indicated for
the whole year (yr), from January to March (JFM); April to June (AMJ) and
from June to August (JJA).

300+

200

ABA (mm?)

0 20 40 60 80
Aty (d)

Fig. 3 Relationship between yearly basal area increment (ABA,,) and the
duration of the spring BA increment period (Atyo 4; see Fig. 2a) (R*=0.91;
P <0.001) in Quercus ilex. The bars depict the + SE between sampled
trees (n=6or 12).
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Fig.4 Interannual variations of the spring onset of growth (%o; circles) and
the summer growth interruption (t;; triangles) for observed (symbols) and
predicted (dashed lines) values in Quercus ilex. to and t; observed are
depicted with dark grey circles and light grey triangles, respectively. The
dark grey dotted line represent the t, predicted using a nonlinear
relationship fitted between the onset t, and the mean January—March
temperature (Tjem): to=2849.2 x exp(—0.6436 Tjpp) +121. R? and RMSE

are 0.95 and 2.6 d, respectively. The light grey dotted line represents the ¢4

predicted using the day of year (DOY) when a threshold plant water
potential of —1.1 MPa was reached (R*=0.75; RMSE =7 d). In 2006 the
early and strong drought precluded any observation of growth, but the
predicted to and t, are reported with a red circle and a red triangle,
respectively. No growth was observed in trees subjected to the rainfall

exclusion in 2009, and thus we reported the t; predicted (red asterisk) and

the ¢, was taken from the control plots. The errors bars represent + SE

withn=6or 12.

(SE=18) in 2006 and the maximal value was 282 mm?>

(SE=51) in 2007 (Fig. 1a).

Most ABA,, was achieved during spring (Figs 1a, 2a). ABA 4
averaged 67% of ABA,, over the study period, the remaining
increment being achieved in autumn (ABA,_ ). The yearly vari-
ations of ABA,, were principally driven by the length of the
spring growing period (Azg ) as evidenced by the close relation-
ship between ABA,, and Az, (Fig. 3; »=0.96, P<0.001). The
correlation between ABA,, and Az, 5 was not significant

(P=0.38; Table S2).

The stage 7, was correlated with mean temperature from Janu-
ary to March (r=—0.91; Table S3). A decreasing exponential
model between mean January—March temperature and % was the
best model that described this correlation (Fig. S2).

The stage # was positively correlated with the sum of precipi-
tations from April to June (»=0.82, P<0.01, Table S3). By
exploring the role of predawn water potential (‘¥},4) in determin-
ing #;, we found that stem increment interrupted in summer for
a threshold value of ¥4, ¥4 = —1.1 MPa (RMSE =7 d, Fig. S1).
Using this ¥, the relationship between predicted and observed
# was highly significant (P<0.01, ®*=0.75), with a slope of 1
and an intercept not significantly different from 0. However, a
substantial uncertainty was observed in the predictions of # as we
found very close results for ¥,; values ranging between —1.1 and

—1.3 MPa (see Methods S3 and Fig. S1).

Using the relationship between % and temperature, and the
relationship between # and W4, we simulated the dates % and #
over the period 20042011 (Fig. 4). In 2006, the year when no
spring growth was observed (see earlier), 7 would have occurred

on day 140 and # on day 148 according to the model (Fig. 4).
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Stem BA variations in response to a rainfall exclusion
experiment

The rainfall exclusion experiment (REp,,) was carried out from 1
February to 31 July 2009 and led to an unusually long period of
water deficit. The simulated predawn water potential (¥,q)
dropped very eatly in the excluded plot compared with the con-
trol treatment (Fig. 1b, see also Misson et al., 2010). According
to the water budget simulations, W, reached the threshold ¥, in
early May (between days 126 and 131; Fig. 4) and remained c.
155 d below ¥,; (Fig. le). In the trees monitored by AD, Azg 4
was null and no growth was observed in spring. The stem shrink-
age during the summer reached 2.4 and 0.7% of the total stem
BA for the REg,, and LTM plots in 2009, respectively. After the
first autumnal rainfall events, no significant basal area increment
was observed (i.e. most trees remained below the zero line;
Fig. 1e). The annual increase in stem basal area of trees subjected
to REp,, was very low (ABA,, =47 mm?, SE=15; Fig. le), sig-
nificantly lower (£<0.05) than for trees in the control treatment
(131 mm?, SE=31; Fig. 1a), and even lower than the lowest
value observed for the whole time period during the extremely
dry year 2006 (Fig. 1a).

Relationships between growth, fluxes and environmental
factors at different timescales

The correlation between ecosystem carbon fluxes and stem incre-
ment decreased with increasing temporal resolution (Table 3). At
the yearly timescale, the stem basal area increment (ABA) was
positively and highly correlated with carbon fluxes of ecosystem
(NEP, GPP and Reco with »=0.87, 0.81 and 0.78, respectively,
Table 3). At the seasonal and monthly timescales, the GPP and
Reco remained positively correlated with ABA but the magnitude
of the correlation (7) decreased drastically to 0.63 and 0.72 at sea-
sonal and to 0.44 and 0.62 at monthly timescales, respectively
(Table 3). We also noticed that the correlation between ABA and
NEP became nonsignificant (Table 3) at these two temporal
scales. At the daily timescale, the correlations between ecosystem
carbon fluxes and stem increment were still significant but the
coefficients were much closer to 0 (Table 3). At a daily timescale,
carbon fluxes and stem increment exhibited specific responses to
temperature and W4 (Figs 5a,b, §3). SBA depicted a parabolic-
like response to temperature (Fig. 5b). 6BA was almost always
positive between 5 and 25°C. Below 5 or >25°C 8BA was nil,
and even negative below 0 or above 28°C. NEP showed a similar
pattern but remained positive for a larger range of temperatures
(0 to 28°C). The GPP depicted a similar shape but always
remained positive. Stem BA growth and ecosystem carbon fluxes
were both highly sensitive to ‘¥4 (Fig.5b). 8BA rapidly
decreased as W,y decreased, and reached zero for the plant water
potential threshold we identified (¥,; =—1.1 £ 0.1 MPa). The
NEP decreased with W,,4 but became negative (ecosystem became
a net source of CO;) only for values of ¥},4 greatly below ¥, at
¢. —=2.7 MPa. At a lower rate, GPP also decreased with decreasing
W4 but remained above 0 even for very low water potentials

(< —4 MPa).
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Table 3 Correlations at different timescales between basal area increment (BA), net ecosystem photosynthesis (NEP), gross primary productivity (GPP) and

respiration of ecosystem (Reco) in Quercus ilex

Yearly Seasonally Monthly Daily
BA (mm?) vs r P-value r P-value r P-value r P-value
NEP (gCm~2j") 0.87 0.0045 0.27 0.135 41074 0.997 ~0.23 <0.0001
GPP (gC m72j71) 0.81 0.0156 0.63 0.000 0.44 <0.0001 —0.06 0.001
Reco (€CM2j") 0.78 0.0215 0.72 <0.0001 0.62 <0.0001 0.18 <0.0001

Correlations were carried between sums of daily values calculated yearly, seasonally and monthly for 8 yr (2004-2011). The coefficient of correlation (r)
and P-value are given. Negative correlations are indicated by (-), and significant correlations (P < 0.05) are in bold.
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Fig.5 Function of response of daily stem basal area variations (8BA, white circles), daily gross primary productivity (GPP, dark grey inverted triangles) and
daily net ecosystem productivity (NEP, light grey triangles) to (a) air temperature (7) and (b) simulated predawn water potential (¥pq) in Quercus ilex. For
(a) the daily data were averaged for each 1°C step of temperature. For (b) only the data for the spring growing period and the summer growth-
interruption period (At ¢ and Aty ; see Fig. 2a) were taken and binned for 0.2 MPa step of ¥,4. The estimated predawn leaf potential of growth

cessation (Wy1) is represented by a grey area; & SE are represented.

At the annual scale, we found a good correlation between the
index of water stress (WSI) and NEP, the & of the linear rela-
tionship between NEP,, and the WSI was 0.81 (2<0.05; Fig.
S3). To a lower extent, WSI was also linearly related to the stem
basal area increment (ABA,,, R=0.53, P<0.05; Fig. S3), how-
ever, the slope of the linear relationship became not significantly
different from 0 when the very dry year 2006 was removed
(£=0.29). The best explanatory variable for the annual stem
increment (ABA,,) was the length of the spring growing period
(r=0.96; Table S2) as evidenced by the linear relationship
between Azy 4 and ABA,, (ABA,,=2.27 x Ay 4 +75.58,
R=0.91; Fig.4). Similarly, spring basal area increment
(ABA,_,;) was correlated with NEP,, , (»=0.81; Table 3) but
the correlation was better with Az, ,; (r=0.90; Table S2). On
the contrary, the autumn basal area increment (ABA, ) was
well correlated with NEP,, and NEP4_,;, but not with the time
elapsed during the autumn basal area increase (Azy_5; Table S2),
suggesting an overriding role of the spring conditions in the
amount of growth achieved in autumn.

Projection of spring growth duration under climate change
scenario

We provide the time courses of yearly rainfall amounts, potential
evaporation and the mean air temperature for the three time-
slices in the Supporting Information (Table S4). The climate
projection predicted a regular increase in potential evaporation as
a result of higher temperature from the current period to the
remote future period. Whereas yearly rainfalls were predicted to
remain constant for the near future period, a marked decrease in
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Fig. 6 Probability densities of stages to (spring onset of growth) and t,
(summer interruption of growth) under current and future climate in
Quercus ilex. Projections were obtained using a simulated climate for
historical conditions (1971-2000, black solid/dashed lines), or under a
climate change scenario (IPCC, 2014, A1B) for the mid-century (2031-
2060, dark grey solid/dashed lines) and late century (2071-2100, light
grey solid/dashed lines). ¢, distributions (solid lines) were predicted as a
function of the mean January—March temperature (T)epm) using the
following equation: to=849.2 x exp(—0.6436 T)rp) + 121 (see Fig. 4); t4
distribution (dashed lines) was determined as the first day when the water
potential fell below —1.1 MPa (see Fig. 4). Arrows indicate the direction of
the changes in the median of ty and t; from current to future climate.
DOY, day of year.

summer rainfall was projected for the remote future period. The
length of the spring growing period (Azg ) simulated for the
current period (1971-2010) was 48 d on average. Aty 4 was pre-
dicted to increase up to 50 d for the near future period (2021—
2050) as a result of an earlier 5 (Fig. 6). Earlier #, resulted from
an increase in the projected winter temperature from the current
period to the near future period. In fact, # was not much affected
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for the near future period (Fig. 6), as little changes in rainfall and
therefore in the projected water deficit were predicted by the cli-
mate model for the near future period (not shown). Conversely,
an opposite trend was projected in the remote future period
(2071-2100) and Az 4 decreased to 40 d on average mainly
due to an earlier #. The distribution of # shifted by 15 d between
the near future and the remote future period (Fig. 6) due to an
earlier and more intense water deficit projected for the end of
century (not shown). Despite the continuous increase in tempera-
ture from the near future to the remote future period, the distri-
bution of # shifted only 3 d earlier (Fig. 6); this was the result of
the nonlinearity of the relationship between January—March tem-
perature and £ (Fig. S2).

Discussion

Correlations between BA increment and carbon fluxes

We found a close relationship between different ecosystem car-
bon fluxes cumulated over the year (GPP,,, NEP,,) and the
cumulated variations of BA over the year (ABA,,) (Table 3). This
is in agreement with the strong correlations between growth and
carbon gain reported at larger spatial and temporal scales that
legitimate the representation of growth as a constant fraction of
GPP in most vegetation models (Litton e¢zal, 2007). The rela-
tionship between carbon fluxes and growth remain highly signifi-
cant at all timescales and reinforce the idea that tree water
relations and stem growth information contained in AD signal
are indicative for forest productivity as proposed by Zweifel ez al.
(2010). However, contrary to the findings of Zweifel ezal.
(2010), the strength of the correlation became drastically less
important when the temporal resolution was decreased from the
annual to the daily timescale. It may be that the strong seasonal
variations of water deficit and temperature that are typical of the
Mediterranean climate of our site have affected stem basal area
variations and carbon fluxes differently at high temporal resolu-
tion. This hypothesis is supported by the observed stem incre-
ment and carbon fluxes responded differently to temperature and
water deficit (Fig. 5a,b). Indeed, a synchronization of the
responses to temperature of stem increment and carbon gain was
observable only for temperatures ranging between 5 and 25°C
(Fig. 5a). Below 5°C the stem increment was close to 0 whereas
GPP remained positive. This decoupling is congruent with the
knowledge that the different processes involved in wood forma-
tion (cell division—elongation) are far more sensitive than
photosynthesis to cold stress (Korner, 2003, 2006). We also
observed that daily GPP decreased continuously with decreasing
predawn water potential (i.e. increasing water stress), whereas
stem increment decreased sharply until —1.1 MPa and then
remained mostly nil and invariant for values of ¥4 ranging from
—1.1 to —4 MPa (Fig. 5b). These observations are also consistent
with the premise that growth stops before stomata are fully closed
and before cavitation occurs (Delzon & Cochard, 2014; Martin-
StPaul eral, 2014), and that processes involved in secondary
growth are more sensitive than photosynthesis to water deficit
(Hsiao & Acevedo, 1974; Hsiao & Xu, 2000; Korner, 2003;
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Daudet eral., 2005; Muller eral, 2011). Interestingly, when
stem increment was nil, during the periods of low temperature or
high water stress, the NEP frequently remained positive (i.e. the
whole ecosystem is a carbon sink; Figs 1a, 5a,b). Consequently, it
is unlikely that a lack of available substrate (caused by higher res-
piration rates than photosynthesis) was responsible for the
decrease of stem increment we observed during summer and win-
ter period. This conclusion is also supported by the recent study
of Rodriguez-Calcerrada ez al. (2014) conducted on the same site,
which showed that the nonstructural carbohydrate content of the
sapwood and phloem tended to increase with the seasonal
increase in water deficit. Other possible destinations for the car-
bon sequestered during the growth interruption period need fur-
ther investigation. Among the different possible destinations, this
carbon, if not consumed by maintenance respiration, may be
allocated preferentially to organs close to the source as proposed
by Woodruff & Meinzer (2011) (e.g. growth, leaves and repro-
ductive organs), used for the maturation of the tissue produced
during the previous weeks (see Babst eral, 2014) or used to
repair or build organs involved in water resource acquisition and
transport such as fine roots or xylem (Brodribb ez 4., 2010).

Opverall, these results indicate that part of stem increments at
fine temporal resolution is driven by the climatic constraints
rather than by the carbon gain. We must, however, acknowledge
that the complexity of the information contained in the AD sig-
nal may blur our conclusions. Indeed, if in the case of a long-
term integration period (e.g. year), growth-related processes likely
form the dominant part of the AD signal (Steppe eral., 2006;
Zweifel et al., 2006), at higher temporal resolution the AD signal
is the product not only of wood growth (cell enlargement), but
also of water-related processes and phloem size changes (Zweifel
eral., 2006). Moreover, probable lag effects between carbon
uptake at the leaf level and wood production further down the
stem (e.g. Gessler ez al., 2014), may blur the correlation between
fluxes and BA growth at short timescales. Hence, it is likely that
the deterioration of the correlations between stem BA variations
and fluxes is also related to nongrowth components. However,
we will discuss in the following how the seasonal timing of tree
basal area variations seems to exert a tight control over annual
stem growth, which also seems to be under the control of temper-
ature and water deficit.

Spring conditions as the main drivers of Q. ilex annual
growth

Yearly BA increment showed biphasic growth pattern over the
year, which is congruent with studies on Q. ilex stem growth
(Campelo eral., 2007; Montserrat-Marti ez al., 2009; Gutiérrez
eral., 2011) and those on other Mediterranean tree species (e.g.
Camarero etal., 2010). Despite this pattern, the spring growing
period was the main driver of the annual stem basal area growth
as shown by the relationship between the length of the spring
growing period and the annual BA increment (Fig. 3). The inter-
cept of this relationship defines a residual autumnal growth
observed in 2006 when the important and early drought pre-
vented any spring growing period (Fig. 1a,b). Such residual
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growth may have resulted either from an autumnal cambial activ-
ity (i.e. cell formation and expansion) or from the enlargement of
cells produced during spring. The latter hypothesis is supported
by the results from the rainfall exclusion experiment as trees in
the exclusion plot did not grow at all — even after soil had
returned to field capacity following autumnal rainfall (Fig. le) —
whereas trees under ambient conditions showed a substantial
increment (Fig. 1a). These results are consistent with an early
determinism of most of the stem increment (i.e. before drought
has occurred), and it may be that most cambial activity happened
during spring. In 2006, spring cambial activity was probably
insufficient to be detected in the noisy signal of dendrometers,
only a residual autumnal growth was observed. Overall, the idea
that spring conditions control the annual stem enlargement to a
large extent is in line with robust correlations between spring car-
bon sequestration and annual growth evidenced in temperate for-
est (Granier eral., 2008; Babst eral, 2014). Under temperate
climate, the summer interruption of stem growth has been related
to changes in day length (Rossi eral, 2006; Camarero etal.,
2010), but in our case the good relationship between # and the
predawn water potential support the idea that water deficit plays
a crucial role in determining the interruption of stem growth

(Fig. 3).

Drivers of the spring onset and the summer cessation of
stem increment

The spring BA increment duration (Azg ) is determined by the
onset and interruption of spring BA increment (% and #, respec-
tively; Table 3). To understand what drives the interannual varia-
tions of Az, we isolated those factors controlling % and 7.

The onset of BA increment (%) was closely linked to the mean
temperature from January to March (Fig. S2). This is in agree-
ment with several studies reporting that the onset basal growth is
highly responsive to temperature (Korner, 2006; Rossi ezal.,
2007, 2008, 2011; Deslauriers ez al., 2008; Swidrak ez /., 2011).
The minimum daily temperature during the week preceding %
was never <5°C, which is in agreement with a daily minimum
threshold temperature ranging between 4 and 7°C, previously
reported in other tree species (Rossi ez al., 2007, 2008; Deslauri-
ers et al., 2008; Swidrak ez al., 2011).

The summer BA increment cessation is frequently reported for
Mediterranean trees and is discussed as a period of quiescence of
cambial activity induced by water limitation (Campelo eral,
2007; Montserrat-Marti  etal, 2009; Camarero etal, 2010;
Gutiérrez et al., 2011). In this study, water deficit played a critical
role in the timing of summer increment BA cessation (#) as evi-
denced by the positive correlation between the amount of rainfall
in spring and # (Table S3). More importantly, we found a close
relationship between # and the date when predawn plant water
potential reached a threshold plant water potential of —1.1 MPa
(thereafter W,;; Fig. S1). This threshold value provides a link
between BA increment cessation at the tree scale and environmen-
tal conditions (influenced by climate and soil). As discussed earlier,
it is acknowledged that the processes involved in wood growth are
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highly sensitive to water deficit (Hsiao & Xu, 2000; Muller ez 4/,
2011). Lockhart (1965) formalized the reduction of plant cell
growth in water deficit conditions by a decrease of the pressure
required for cell enlargement (the turgor pressure) below a critical
value. The turgor pressure depends on both the hydrostatic
pressure, which itself depends on hydraulic conductance, and the
cell solute potential that relies on accumulation of osmolytes
within the cell medium (Hsiao & Xu, 2000). ¥,; may therefore
approximate the plant water potential that precludes any osmotic
adjustments to maintain a turgor pressure allowing cell growth.

Identification of the factors controlling % and # allows us to
predict stem growth duration which is highly correlated with
annual stem growth (Fig.3). We acknowledge that our
approach to predicting stem growth is simple and neglects
important factors such as the delayed effects of drought
(Granier ez al., 2008), changes in allocation pattern due to mast
seeding (Mund eral, 2010) or age-related changes in tree
allometry (Magnani ezal, 2002). However, despite these chal-
lenges, the Az, simulated for the past 40 yr explained ¢. 40%
of variation of yearly tree ring width sampled at our site
(P<0.0001, data not shown).

Implication for vegetation models

Opverall these results suggest that at our site stem growth is lim-
ited more by a decrease of the sink activity (sink limitation) due
to low temperature and high water deficit, than by a decreased
availability of carbon substrate (source limitation). By projecting
these simple rules under a climate change scenario, we found an
important reduction of the average Az , for the remote period
(2071-2100) mostly due to an earlier interruption of increment
associated with a 15 d shift in the date # (Fig. 6), that may trans-
late into a decrease in stem growth (Fig. 3). This lacter result is in
agreement with the shift towards an earlier drought season pro-
jected by Ruffault ez al. (2014) using a water balance model along
with climate projection under the A1B scenario in southern
France. The decrease in growth we projected for the end of the
century contrasts markedly with projections performed at our site
with an ecophysiological process-oriented model that reported an
increase in Q. 7lex growth for the end of the century with the
same climate scenario, mostly as a result of a positive feedback
between increasing atmospheric CO, concentration and photo-
synthesis and productivity (Davi ez al., 2006). Our projections of
tree water potential must be considered cautiously as they do not
account for acclimation mechanisms to drought (e.g. plant
allometry, hydraulic conductivity, leaf area index, stem density)
that may dampen the increase in tree water stress in a dryer future
(Barbeta et al, 2013, 2014; Martin-StPaul ez al, 2013). We must
also acknowledge that higher winter temperature may compen-
sate for the shorter growing season by stimulating cell divisions,
expansion and maturation rates (see, for instance, Rossi ezal.,
2014). However, integrating such sink limitation mechanisms in
ecophysiological process-oriented models of forest functioning
can help refining the projections of climate change outcomes on
forests.
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