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a  b  s  t  r  a  c  t

Trees  experience  frequent  periods  of severe  drought  during  their long  lives  and  must  therefore  be able
to recover  and  compensate  for the  limitations  of previous  stresses.  In  this  study,  the response  of  pho-
tosynthesis  to a severe,  long-lasting  summer  drought  and  drought  release  was  followed  in saplings  of
a mesic  and  xeric  provenance  of European  beech  transplanted  to  mesocosms  with  experimentally  con-
trolled  water  supply.  Photosynthesis  was  assessed  in  stressed  and non-stressed  saplings  over  the  course
of an  entire  vegetation  season.  The  drought  response  was  divided  into  three  phases:  (1)  limitation,  (2)
recovery  and  (3)  post-drought  stimulation.  Limitation  of  photosynthesis  developed  gradually  and  caused,
in both  provenances,  a major  loss  of  cumulated  photosynthetic  activity.  It was  accompanied  by impaired
PSII  photochemistry  indicating  severe  stress.  Recovery  started  rapidly  after  re-watering  and  was  fully
accomplished  within  20 and  10 days  in  the mesic  and  xeric  provenances,  respectively.  After  recovery,
henology
eech

photosynthesis  remained  at high  levels  while  decreasing  in  control  trees.  This  post-drought  stimulation
was  sustained  until  the  end of  the vegetation  period,  partly  counterbalancing  the previous  loss  of  pho-
tosynthetic  activity.  It was  attributable  to an  altered  leaf  ontogeny  as  indicated  by a  delay  of autumnal
leaf  senescence.  These  observed  responses  might  be important  factors  when  modelling  seasonal  carbon
uptake  and phenology  of  forest  ecosystem  under  future  climate  change.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Drought is the major environmental constraint, causing physi-
logical limitations on growth, reproduction and survival of plants
orldwide (Boyer, 1982; Chaves et al., 2003). It has therefore been

ecognized as a serious threat to forest ecosystems (e.g. Allen et al.,
010). Forest trees are of particular concern as they experience fre-
uent periods of severe drought during their exceptionally long

ife span. The strong reduction in primary productivity of forest
cosystems in wide parts of Europe due to the extreme summer
rought in 2003 is one of the most prominent examples of the

imiting effects of drought on trees (Ciais et al., 2005). An increased

requency and intensity of this type of extreme climatic condition
s predicted for the near future together with a temporal and spa-
ial change in precipitation patterns (IPCC, 2012). Hence, responses
f trees to drought are studied intensely at different scales of plant

∗ Corresponding author. Tel.: +41 447392436.
E-mail address: matthias.arend@wsl.ch (M.  Arend).

ttp://dx.doi.org/10.1016/j.agrformet.2016.01.011
168-1923/© 2016 Elsevier B.V. All rights reserved.
organization and function (e.g. Bréda et al., 2006; Rennenberg et al.,
2006) to provide the scientific knowledge base for estimating the
effects of climate change on forest ecosystems. However, physio-
logical studies assessing the recovery phase and longer-term effects
after drought are scarce.

Trees respond to drought with specific changes of physiological
and metabolic activities constraining their functional integrity. Leaf
photosynthesis is among the most seriously affected activities as it
is tightly linked to tree water balances via stomatal control of CO2
uptake (Hetherington and Woodward, 2003; Zweifel et al., 2007).
Recently, mesophyll conductance for CO2 has been recognized as
a further cause of photosynthetic variation that responds to envi-
ronmentally driven fluctuations in the internal plant water balance
(Flexas et al., 2006, 2012; Hommel et al., 2014). With increasing
drought intensities, metabolic limitations of photochemical reac-
tions become more and more effective disturbing the biochemistry
of the photosynthetic apparatus. The degree to which stomatal con-

trol, mesophyll conductance and metabolic limitations contribute
to drought-induced impairments of photosynthesis is still a matter
of debate and depends largely on the severity and duration of the
experienced stresses (Grassi and Magnani, 2005). Photosynthetic

dx.doi.org/10.1016/j.agrformet.2016.01.011
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2016.01.011&domain=pdf
mailto:matthias.arend@wsl.ch
dx.doi.org/10.1016/j.agrformet.2016.01.011
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predawn water potentials below −2.0 MPa, the mesocosms were
intensely re-watered for 1 day with 200 l m−2 and afterwards reg-
ularly irrigated as described above.
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Fig. 1. Soil and plant water balances in irrigated and drought-treated mesocosms.
Soil moisture was  measured in 10 cm soil depth as volumetric soil water content
4 M. Arend et al. / Agricultural and

et CO2 exchange is a physiological measure that integrates all
hese sources of photosynthetic variation and is thus a widely used

easure of stress in eco-physiological studies on drought exposed
lants. On an ecological scale, it represents the plant physiological
eterminant that drives the seasonal course of net ecosystem fluxes
f CO2 and its climate dependent fluctuation (Baldocchi, 2003; Xu
nd Baldocchi, 2003).

As photosynthesis, and the underlying physiological processes
nd metabolic reactions, are tightly linked to plant water status
hey attracted much attention in terms of acclimation and adapta-
ion to drought. A large number of studies reported effects of natural
r experimentally imposed drought on photosynthetic traits of pot-
ed or field-grown trees providing basic information on stomatal
nd non-stomatal restrictions of photosynthesis (e.g. Epron et al.,
993; Epron and Dreyer, 1993; Kubiske and Abrams, 1993; Schaub
t al., 2003; Haldimann et al., 2008; Mitchell et al., 2013). The major-
ty of these studies dealt with trees exposed to immediate drought

hile information gathered over a seasonal time scale and includ-
ng processes of drought recovery is scarce. To date, there are only

 few studies that addressed this fairly overlooked issue although
he capacity to recovery is, in a broader sense, part of the tree’s
rought response (e.g. Kirschbaum, 1988; Gallé et al., 2007; Gallé
nd Feller, 2007; Liu et al., 2010; Vaz et al., 2010). Most of these
tudies focused on the early response to re-watering while infor-
ation gathered over a longer time period and placed in a seasonal

ontext is mostly missing.
Recently, seasonal drought development and recovery were

tudied in different European oak species, indicating that drought
olerant species resume photosynthesis faster than less tolerant
pecies (Arend et al., 2013). There was also some indication that
rees do not simply recover but retain a “memory” of drought in
erms of overcompensating photosynthesis or delayed autumnal
hlorophyll degradation. This idea is supported by previous stud-
es on grassland and heath species that remained acclimated to
rought and “remembered” earlier stresses when exposed to recur-
ent drought (Walter et al., 2011; Backhaus et al., 2014). These
tudies are included in the concept of an “ecological stress mem-
ry” describing any response of a plant after stress release that
mproves its response towards future stress experience (Walter
t al., 2013). In this sense, it refers exclusively to improved toler-
nce upon exposure to recurrent stress while responses occurring
ithout recurrent stress are not considered. The need for a broader

oncept of an “ecological memory” was only recently stressed by
gle et al. (2015) to better understand and model current plant and
cosystem processes.

Responses of trees to drought are optimally studied under nat-
ral field conditions with slowly developing soil water shortage
nd including the whole sequence of seasonal drought develop-
ent and drought recovery. Such an approach provides a realistic

icture on the tree’s drought resistance and resilience but com-
rises some difficulties in controlling drought conditions. In the
resent study, provenances of European beech (Fagus sylvatica L.)
ere transplanted into large model ecosystems with controlled
ater supply and subjected to a long-lasting drought and re-
atering treatment. This approach combines the advantage of

xperimentally controlled conditions with a semi-natural growth
nvironment and allows for studying the whole seasonal sequence
f tree responses to drought and re-watering. European beech was
hosen as model tree as it is a key species in European forests that is
ommonly considered to suffer from increasing drought (Ellenberg,
988; Ohlemüller et al., 2006). Our study aims to (i) evaluate the
ffect of severe summer drought and re-watering on the seasonal

ourse of photosynthesis and (ii) study the long term effects that
odify the leaf physiological status and leaf ontogeny after recov-

ry from drought. Provenances of mesic and xeric origin were
ncluded in this study as physiological drought responses may  differ
 Meteorology 220 (2016) 83–89

among such provenances (Tognetti et al., 1995; Peuke et al., 2002,
2006).

2. Material and methods

2.1. Plant material and growth conditions

The present study was undertaken in the framework of the
interdisciplinary beech experiment BuKlim: beech in a changing cli-
mate. In this experiment, saplings of twelve beech provenances
were excavated in natural forest stands growing along steep pre-
cipitation gradients in two Swiss inner-alpine valleys (Table 1).
From each provenance, 64 saplings with a size of about 20 cm
were transplanted in spring 2011 in a randomized design to the
model ecosystem facility MODOEK of the Swiss Federal Institute
for Forest, Snow and Landscape Research WSL. The MODOEK facil-
ity comprises 16 large mesocosms with a height of 3.5 m and a
plantable area of 6 m2. Each mesocosm is equipped with an auto-
mated irrigation system and a sliding roof closing automatically at
the onset of rainfall. Belowground, each mesocosm is split into two
lysimeters with a depth of 150 cm one filled with an acidic (hap-
lic Alisol), one with a calcareous (Fluvisol) forest soil (Kuster et al.,
2013). In each mesocosm 2 saplings from each provenance were
transplanted on acidic and calcareous soil, respectively.

From November to April, the sliding roofs of the mesocosms
were kept open to allow natural precipitation. By closing the sliding
roofs from May  to October, natural precipitation was excluded. The
mesocosms were irrigated every second or third day with 50 l m−2

deionized water enriched with nutrients to simulate the average
composition of ambient rainfall (see Kuster et al., 2013). During
hot summer periods, the irrigation intensity and frequency was
increased to counterbalance higher rates of evapotranspiration and
hold the soil moisture at 10 cm soil depth above 20%. With this
target value, soil moisture in deeper soil layers was above field
capacity as indicated by a constant outflow of drainage water at
the bottom of the lysimeters. In 2014, a severe, long-lasting sum-
mer  drought was  imposed in half of the mesocosms by withholding
irrigation from 22 May  to 2 August (Fig. 1). As evapotranspirational
water loss was particularly high at hot days, intermediate irrigation
was applied to avoid too fast/intense soil drying and irreversible
drought damage of the saplings. After the first saplings reached
(VWC) and related to soil matrix potential (� soil) and pre-dawn leaf water potential
(� pd; only shown before re-watering). Re-watering of drought-treated mesocosms
started on 2nd August. Marks at the top indicate the temporal sequence of single
irrigation events in control and drought-treated mesocosms. Soil and leaf data are
means with n = 8 and n > 13, respectively.
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October. PN was adversely affected by the applied drought treat-
ment resulting in an altered seasonal pattern of leaf physiological
activity. The whole seasonal drought response of PN was  divided
into three distinct phases: (1) drought limitation from spring to

Fig. 2. Seasonal change of PN in control and drought-exposed trees of (A) the mesic
provenance Mastrils and (B) the xeric provenance Saxon.  The drought response of PN
M. Arend et al. / Agricultural and

.2. Determination of soil and plant water balances

Volumetric soil water content and soil matrix potential were
easured in each lysimeter compartment at 10 cm soil depth

sing PC-controlled moisture probes (5TM, Decagon, USA) and
F-sensors (Ecotech GmbH, Bonn, Germany). Tree water sta-
us was measured as predawn leaf water potentials using a
cholander pressure chamber (M 600, Mosler Tech Support, Berlin,
ermany).

.3. Measurements of net-photosynthesis and analysis of
hlorophyll a fluorescence

Two provenances from a mesic (Mastrils) and xeric (Saxon)
orest stand (Table 1) growing on acidic soil were selected for
ssessing photosynthetic responses to drought. These provenances
riginate from environmentally contrasting forest stands in terms
f annual precipitation and differed most in phenological behav-
or (Arend et al., 2015). Instantaneous rates of net-photosynthesis
PN) were measured once per sapling between 11:00 and 16:00
sing a portable photosynthesis system (LI-COR 6400, Lincoln, NE,
SA) equipped with a broadleaf cuvette. The conditions inside

he cuvette were kept constant with 400 ppm CO2, a photon
ux density of 1000 �mol  m−2 s−1 and temperature adjusted close
o outside conditions. Fast fluorescence kinetics were analyzed
nce per sapling between 11:00 and 12:00 on dark adapted
eaves using a portable plant efficiency analyzer (Pocket PEA,
ansatech Instruments Ltd., Norfolk, UK). After a saturating light
ulse of 3500 �mol  quanta m−2 s−1 of red light (650 nm), flu-
rescence rise was recorded in a high resolution mode. The
aximum quantum efficiency of PSII (ratio of variable to maxi-
um fluorescence FV/FM) and the total performance index of PSII

PItot; Strasser et al., 2010) were calculated from the fluorescence
inetics.

.4. Assessment of autumnal leaf senescence

Autumnal leaf senescence was assessed by non-invasive mea-
urements of autumnal leaf chlorophyll loss. All provenances on
cidic soil were considered to reduce the statistical uncertainty
n the analysis of this highly variable trait. Leaf chlorophyll loss

as measured from August to November in intervals of 1 to 3
eeks using a SPAD chlorophyll meter (Konica Minolta Optics Inc.,
saka, Japan). In each sapling, 8 to 10 leaves from different tree
ositions were measured to account for variable senescence devel-
pment within individual trees. From the resulting chlorophyll loss
urves, the average date of 50% leaf chlorophyll loss (LCL50) was
erived as quantitative indicator of leaf senescence (Arend et al.,
015).

.5. Statistical analysis

Significance of the treatment effect on photosynthetic traits
ere tested by the Student‘s t-test for each beech provenance

nd time point separately. To test the significance of the treat-
ent effect on autumnal leaf senescence, data were subjected to
NOVA with drought as fixed factor and provenance as random fac-

or. According to the experimental design of the MODOEK facility,
rought was considered as nesting factor for provenance. Treat-

ent effects were tested with individual saplings in each treatment

s replicate (n > 13) and considered to be significant for P < 0.05. All
tatistical analyses were performed with SPSS 17.0 (IBM Corpora-
ion, USA).
 Meteorology 220 (2016) 83–89 85

3. Results

3.1. Soil water conditions and tree water balances

Withholding natural precipitation and irrigation from the meso-
cosms resulted in a severe soil drought with soil moisture gradually
decreasing from the end of May  to early August (Fig. 1). Prior to
re-watering in early August, the average soil water content was
reduced to 8.2%. These values corresponded to a soil matrix poten-
tial distinctly lower than the measurement limit of −0.5 MPa  of
the pF sensors. In the irrigated control mesocosms, the soil water
content ranged between 18.0 and 25% throughout the vegeta-
tion period and the soil matrix potential never dropped below
−0.05 MPa. After re-watering of the drought-treated mesocosms,
soil water content and soil matrix potential increased immediately
and reached nearly the level of regularly irrigated control meso-
cosms. Pre-dawn leaf water potentials were measured as plant
based drought indicator prior to re-watering in the two prove-
nances selected for leaf physiological analysis (Mastrils and Saxon;
Fig. 1). Average leaf water potentials were −1.8 MPa  (SE ±0.1) in
drought-exposed trees of both provenances, indicating a severe
internal water deficit. In irrigated control trees of both provenances,
the average leaf water potentials were −0.2 MPa  (SE Mas. ±0.02/Sax.
0.03).

3.2. Seasonal drought response of net-photosynthesis

Net-photosynthesis (PN) showed a distinct seasonal pattern
in irrigated trees with high rates from spring to mid-summer
and gradually decreasing rates from late summer towards the
end of the vegetation period in autumn (Fig. 2A and B). The
loss of net-photosynthetic activity coincided with the progres-
sion of autumnal leaf senescence and leaf discoloration in late
is divided into the three phases: limitation, recovery and post-drought stimulation.
Numerical data indicate the loss and gain of cumulated photosynthetic activity in
drought-exposed trees in relation to control trees as estimated by the cumulated
deviation of PN . Closed grey circles indicate significant differences between control
and drought-treated trees. Data are means ± SE with n > 13.
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Table 1
Beech provenances transplanted to the model ecosystem facility MODOEK and environmental characteristics of the provenance sites. Climate data (annual mean temperature
and  annual sums of precipitation) taken from nearby METEO SWISS stations (distances ≤ 10 km).

Provenance Geographic location Elevation [m a.s.l.] Ann. temperature [◦C] Ann. precipitation [mm]

Ardon 46◦ 13′ N 7◦ 14′ E 750-850 9.2 542
Chamoson 46◦ 12′ N 7◦ 12′ E 750-850 9.2 542
Saxon 46◦ 8′ N 7◦ 11′ E 700-800 9.2 542
Martigny 46◦ 6′ N 7◦ 6′ E 500-700 9.2 843
Collombey 46◦ 16′ N 6◦ 56′ E 550-650 8.9 1055
Ollon  46◦ 18′ N 6◦ 59′ E 600-700 8.9 1055
Felsberg 46◦ 51′ N 9◦ 28′ E 650-800 8.9 798
Chur  46◦ 52′ N 9◦ 32′ E 700-800 8.9 798
Malans 46◦ 59′ N 9◦ 34′ E 600-700 8.9 1102
Mastrils  46◦ 58′ N 9◦ 32′ E 550-650 8.9 1102
Sargans  47◦ 3′ N 9◦ 26′ E 650-750 9.2 1325
Mels  47◦ 3′ N 9◦ 24′ E 650-750 9.2 1325
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Fig. 3. Seasonal changes of chlorophyll a fluorescence as indicated by the total per-
formance index of PSII (PItot) in control and drought-exposed trees of (A) the mesic
provenance Mastrils and (B) the xeric provenance Saxon. The seasonal response of
PItot to the applied drought treatment is divided into the phases limitation and
id-summer, (2) recovery after drought release in mid-summer,
nd (3) post-drought stimulation from late-summer until the end of
he vegetation period in autumn (Fig. 2A and B). Drought limitation
as a gradual process proceeding along with the slowly decreasing

oil moisture and finally resulting in strongly impaired rates of PN

ccounting for less than 20% of that in control trees. The two tested
rovenances showed nearly the same degree of drought limitation
xcept for an earlier response of the wet provenance Mastrils to
ecreasing soil moisture compared to the xeric provenance Saxon.

PN responded immediately to re-watering and increased within
ne day to more than 60% of the level observed in control trees.
ull recovery was reached 10 days after re-watering in the xeric
rovenance Saxon and 20 days in the mesic provenance Mastrils. In
he latter, the final step of recovery was strongly delayed as the ini-
ially fast increase of PN slowed down before it reached the level
f the respective control trees. After full recovery, PN remained
t high rates until the end of summer in the previously drought
xposed trees, while it started to decrease in the control trees. As a
esult, PN was relatively increased in the hitherto drought-exposed
rees, an effect referred here to as “post-drought stimulation”. This
ffect was sustained until the end of the vegetation period in late
ctober when leaves lost physiological activity due to progression
f autumnal leaf senescence.

To better compare the different phases of the seasonal drought
esponse in the two provenances, the deviation of PN in drought-
xposed trees from that in control trees was calculated and
umulated for each phase as a quantitative estimate of the photo-
ynthetic response. A negative cumulated deviation was  obtained
n drought-exposed trees during the phases of drought limitation
nd recovery, with values of −87.3 and −78.2 �mol  CO2 m−2 s−1 in
he provenance Mastrils and Saxon,  respectively. For the recovery
hase alone, the cumulated deviation was −24 �mol  CO2 m−2 s−1

n the provenance Mastrils and −14 �mol  CO2 m−2 s−1 in the pro-
enance Saxon.  The post-drought stimulation after full recovery
esulted in a positive cumulated deviation of PN that yielded the
ame value of 18.9 �mol  CO2 m−2 s−1 in both provenances.

.3. Effects on chlorophyll a fluorescence

Chlorophyll a fluorescence was analyzed to detect metabolic
imitations of leaf photosynthesis and photochemical stress effects.

aximum quantum efficiency of PSII (FV/FM) did not respond to the
pplied drought treatment although the trees experienced a severe
tress situation with water potentials decreasing to −1.8 MPa  and

trongly impaired rates of PN. FV/FM constantly ranged between
.7 and 0.8 in control and drought-exposed trees throughout
he whole measurement period (data not shown). The total
erformance index of PSII (PItot), a fluorescence parameter that
recovery as well as a tendency for a post-drought-stimulation. Closed grey circles
indicate significant differences between control and drought-treated trees. Data are
means ± SE with n > 13.

integrates light harvesting, electron trapping and energy conver-
sion at PSII, was therefore used as a fluorescence indicator of
higher (drought-) stress sensitivity (Strasser et al., 2010; Albert
et al., 2011). In contrast to FV/FM, PItot was adversely affected in
drought-exposed trees decreasing in both provenances by approx.
50% compared to control trees (Fig. 3A and B). After re-watering,
PItot did not show the same immediate response as observed for PN.
As a consequence, PItot recovered much more slowly reaching the
level of control trees only after 3 to 4 weeks. Later in the season,
there was  an obvious tendency for an increased PItot in formerly
drought-exposed trees, despite the large variability and strong day-
to-day fluctuations of this fluorescence parameter. The two tested
provenances did not substantially differ in their seasonal drought
response, except an earlier recovery of PItot in the xeric provenance
Saxon.
3.4. Effects on autumnal leaf senescence

As post-drought stimulation of PN sustained until the end of
the vegetation period, we additionally tested for any effects of the
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Fig. 4. Onset of autumnal leaf senescence in control and formerly drought-exposed
trees. Almost completed leaf senescence in (A) control trees and delayed leaf senes-
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ence in (B) previously drought-exposed trees at the end of October. Dates of LCL50
or  (C) each provenance and (D) over all provenances. Data are means ± SE with

 = 13 (C) and n > 194 (D).

ummer drought on autumnal leaf phenology. A first indication for
ltered autumnal leaf senescence was observed in October when
oliage of control trees started turning yellow while leaf yellow-
ng started later in hitherto drought-exposed trees. This difference
ecame even more clearly visible when senescing leaves which
xceeded the senescence threshold of LCL50 (see below) were suc-
essively harvested for another study of leaf growth not reported
ere (Fig. 4A and B). To quantify this difference, the threshold of
0% leaf chlorophyll loss (LCL50) was derived from chlorophyll

oss curves and used as a quantitative indicator of autumnal leaf
enescence. The onset of LCL50 was found to be highly variable
mong individual trees spanning a time period from early October
o early November. Therefore additional provenances of the exper-
ment were considered to reduce the uncertainty of statistical
nalysis (Fig. 4C). All provenances showed a distinct trend for a
elayed onset of LCL50 in formerly drought-exposed trees, though
ot all treatment differences were statistically significant. Over all
rovenances, the onset of LCL50 was delayed in formerly drought-
xposed trees by 5.7 days (Fig. 4D; P < 0.001) compared to the onset
f LCL50 in control trees.

. Discussion

Trees must cope with frequent periods of severe drought dur-
ng their exceptionally long life time. Responses of trees to drought
ave therefore been intensively studied at different scales of plant
rganization and function and a large body of information on the
onstraining effects of immediate drought has been accumulated
ver the past decades (Bréda et al., 2006). Much less is known
bout the recovery from drought and studies dealing with long
erm effects from previous stresses are lacking. In the present study,
e followed the whole seasonal response of European beech to

evere summer drought and drought release by analyzing seasonal
equences of leaf photosynthetic activity in provenances of mesic
r xeric origin. Three temporally separated phases of the seasonal
hotosynthetic drought response could be observed reflecting (1)
rought limitation, (2) drought recovery and (3) post-drought stim-

lation.

The limitation of leaf photosynthesis is a common response
f plants to drought and has also been reported for European
eech (Tognetti et al., 1995; Gallé and Feller, 2007). In our study,
 Meteorology 220 (2016) 83–89 87

however, a severe, long-lasting drought was imposed reducing net-
photosynthesis and photochemical reactions for several weeks,
thus leading to a substantial loss of overall seasonal photosyn-
thetic activity. This compares well with the situation in field-grown
trees where severe summer drought causes long-lasting stress that
may  alter the carbon balance of forest ecosystems. Indeed, single
plant and ecosystem CO2 assimilation are closely related (Granier
et al., 2000) and adverse effects of long-lasting summer drought
on the carbon balance of forest ecosystems have been frequently
reported (e.g. Ciais et al., 2005; Holst et al., 2008). These studies pro-
vided ground-breaking information about the constraining effect
of drought on ecosystem carbon balances but the underlying plant
physiological responses are not fully explored. This may  explain the
uncertainty in modelling approaches which use simplified assump-
tions about plant responses to drought whereas recovery processes
and persistent drought effects are not considered (Verstraeten et al.,
2006; Verstraeten et al., 2008).

Trees are able to quickly restore substantial rates of photosyn-
thesis after relief from severe drought but full recovery to pre-stress
level needs a longer time as some degree of stomatal and/or pho-
tochemical limitation may  persist (Gallé et al., 2007; Gallé and
Feller, 2007; Arend et al., 2013). The underlying mechanisms are
not well understood but increased sensitivity of stomata to the
stress hormone abscisic acid after drought relief are likely to be
involved (Loewenstein and Pallardy, 2002). A lag of full photosyn-
thetic recovery was also observed in the present study that, beyond
the immediate effect of drought, contributed to an extended loss of
seasonal photosynthetic activity. Interestingly, the xeric proven-
ance Saxon could minimize such additional losses as it reached
full recovery much earlier than the mesic provenance Mastrils. This
compares well with the observation that forest stands in xeric envi-
ronments experienced less reduction of net ecosystem productivity
in an exceptionally dry summer and restored photosynthetic car-
bon uptake faster than forest stands in mesic environments (Ciais
et al., 2005). Different rates of photosynthetic recovery have also
been shown for tree species from xeric and mesic habitats and
exclusively attributed to their drought tolerance (Ni and Pallardy,
1992).

To date, there has been a general belief that photosynthe-
sis is no longer affected by drought once it has recovered from
this limiting stress (Flexas et al., 2006). This is not necessar-
ily true as demonstrated in the present study by the distinct
post-drought stimulation of photosynthesis that occurred after
recovery in previously stressed trees. As this post-drought stimu-
lation sustained until the end of the vegetation period, the trees
were able to compensate for a substantial part of the previous
loss of photosynthetic activity. However, further information on
respiratory activities is needed before whole plant C balances
can be calculated. Also, it has to be proven to what extent the
observed post-drought response can be translated to mature trees,
although different leaf functioning in young and old trees is rather
unlikely.

The mechanisms driving the observed post-drought stimulation
of photosynthesis remain speculative but it is reasonable to assume
that factors inherent to the tree’s leaf phenology play a role. In fact,
a leaf has a characteristic seasonal life span of photosynthetic activ-
ity after which photosynthetic activity turns down and senescence
is initiated even when environmental conditions are still favor-
able (Quirino et al., 2000; Wilson et al., 2000, 2001; Grassi and
Magnani, 2005; Arend et al., 2013). A transient drought limitation
of photosynthesis may  extend a leaf’s life span to compensate the
previous loss of photosynthetic activity and thus provide the car-

bon resources required for re-growth in the following season. The
assumption of an altered leaf ontology is consistent with the obser-
vation of a delayed onset of autumnal leaf senescence. Although
photoperiod and temperature are commonly considered to be the
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ain drivers of this phenological trait, there is still some uncer-
ainty in attempts explaining the onset of autumnal leaf senescence
ith these environmental factors alone (Estrella and Menzel, 2006).
ere, we show the influence of previous drought on this phenolog-

cal trait. Together with the observed post-drought stimulation of
hotosynthesis, this may  be an important factor to consider when
odelling vegetation season length and seasonal ecosystem carbon

alances with future climate change.

. Conclusion

It was only recently acknowledged in ecological modelling that
ntecedent environmental conditions might influence and modify
he effects of concurrent environmental drivers on various plant
nd ecosystem processes and that ecological memory might be
rucial to explain ecosystem behavior (Ogle et al., 2015). Both, the
bserved post-drought stimulation of photosynthesis after drought
elease as well as the delayed autumn phenology cannot be pre-
icted by any model that does not take into account such drought
emory effects but relies on direct driver-response relationships.

or a first attempt to incorporate the effects of previous drought
nto stochastic models it will be required to more exactly quan-
ify the length and the strength of such memory effects as outlined
y Ogle et al. (2015). Before mechanistic models can be extended
ith memory effects, a better understanding is needed on how the

ntecedent information is relayed.
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