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Abstract

Key message Different environmental conditions affect

tree senescence by different patterns of carbohydrate

concentrations and have specific impact on the dissec-

tion of the photosynthetic apparatus.

Abstract A proactive cultivation of Mediterranean

broadleaf species, including oaks, has been suggested to fill

possible temporal and spatial gaps in forestry created by

Climate Change in Central Europe in the future. Climate

can affect trees in several different ways, e.g., by modu-

lating the course of leaf senescence. Senescence-associated

processes, like regulation of carbohydrates and changes in

chlorophyll fluorescence under drought stress conditions

were studied with leaf tissue of drought-tolerant downy oak

(Quercus pubescens). Two months of consistent drought

stress in a frost-free greenhouse led to significantly earlier

senescence and significant increased amounts of soluble

sugars in the leaves of the drought-stressed group in

comparison to a well-watered control group. Similar sugar

accumulation was observed in trees outdoors, after expo-

sure to frost. In contrast to monocarpic plants the accu-

mulation of free sugars is neither triggering leaf senes-

cence, nor is it a side effect of age-depending changes in Q.

pubescens. Instead, sugar accumulation is induced by abi-

otical factors, like drought and frost. Furthermore, we

suggest that the senescence process in the absence of

drought stress or frost depends on the source status of the

leaf, which, in term, is a function of light (through pho-

tosynthesis) and night temperature (through respiration).

Contents of the storage metabolite starch decreased during

late summer in all three groups. Drought-stressed plants

showed a decline of the connectivity of photosystem II

antenna, reflected as the L-band in the chlorophyll fluo-

rescence induction curves, and stronger correlations

between the declines in the capacity of photosynthetic dark

reactions and electron transport-associated chlorophyll

fluorescence parameters. We conclude that the disassembly

of single parts of the photosynthetic apparatus during leaf

senescence is a uniform process, but the onset of this

process depends on abiotical environmental factors.

Keywords Chlorophyll fluorescence � Quercus �
Senescence � Carbohydrates � Drought stress � Climate

change

Abbreviations

A Net assimilation rate (under saturating CO2 and

high light)

C Control(s)

CF Chlorophyll fluorescence

DOY Day of year

DS Drought stress(ed)

FW Fresh weight

PAR Photosynthetic active radiation

PS Photosystem
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Introduction

Forestry always has to deal with climate, but the climatic

changes have never been as fast as currently (Folland et al.

2001). An average temperature increase, less precipitation

and frequent heat waves in the forthcoming 100 years

(Schär et al. 2004; Jacob et al. 2014) will put nowadays

already dry forestry areas to the test. Under Climate

Change, drought stress (DS) will become one of the major

problems of agri- and silviculture in Central Europe with

increasing importance also in regions where it has been

negligible until now (Chaves and Oliveira 2004). Distri-

bution models of European broadleaf trees like oak and

beech reveal that there could be a shift of these species’

distribution ranges towards northeast in the forthcoming

90 years (Hickler et al. 2012). Around 34 % of European

forest land may only be suitable for Mediterranean oak

type forest instead of more economically valuable beech,

conifers or Central European oak species (Hanewinkel

et al. 2012). In this context, proactive cultivation of

Mediterranean broadleaf species, including oaks, has been

suggested to fill possible gaps created by Climate Change

in Central Europe on difficult stands in the future (Sch-

miedinger et al. 2009; Bolte et al. 2009, Pflug and

Brüggemann 2012). Climate Change may affect trees in

several different ways. Whereas warming has positive

effects on the biomass production via earlier bud burst and

earlier intra-annual shoot growth (Kuster et al. 2013),

drought stress leads to earlier senescence behaviour and

shortens the length of the growth period. This process

offers a possibility to maintain a favourable water balance

in the whole plant, in case water supply becomes limited

through reduction of the transpiring surface (Larcher 1995;

Munné-Bosch and Alegre 2004). This regulation of leaf

senescence allows monocarpic plants to complete their life

cycle and ensures the survival for perennial plants until the

next favourable growth period, even under stressful con-

ditions (Gan and Amasino 1997; Ono et al. 2001). Drought-

adapted perennials can revert to accelerated cellular

senescence and their nutrients during a drought period

(Günthardt-Goerg and Vollenweider 2007) already before

autumn starts. In Mediterranean ecosystems, the onset of

drought stress is correlated with earlier leaf senescence in

deciduous as well as in evergreen trees (Escudero and Del

Arco 1987). Strong drought periods can cause higher

annual litter fall in evergreen conifers (Pedersen and Bille-

Hansen 1999). Field observations on the drought-tolerant

deciduous tree species Q. pubescens under severe drought

also indicated the induction of the leaf senescence pro-

cesses (Damesin and Rambal 1995; Haldimann et al.

2008). The aim of this well-balanced process is the storage

of nutrients from the leaves in other plant organs. In

deciduous trees, these nutrients support the development of

new leaves in the following spring (Clausen and Apel

1991; Larcher 2003; Matyssek et al. 2010). The dissection

of the photosynthetic apparatus during senescence, moni-

tored by chlorophyll a fluorescence, gives information

about the stage of senescence (Holland et al. 2014).

Senescence processes are often accompanied by changing

levels of carbohydrates, especially of free sugars (Wingler

and Roitsch 2008), which are increasing in several plant

species during senescence (reviewed by Nooden et al.

1997). It is still under debate, whether the accumulation of

free sugars is a trigger for senescence or if it is a conse-

quence of age-depending changes in the metabolism (Dai

et al. 1999; Wingler and Roitsch 2008). Accumulation of

soluble sugars was not only observed during monocarpic

senescence, but also as stress response in several plant

species (Wingler and Roitsch 2008). In this context, the

accumulation of free sugars, especially hexoses, could be a

protection mechanism for the cell tissue. In our study, we

focused on the physiological impact of environmental

factors such as drought and frost on senescence behaviour

and sugar accumulation. Q. pubescens, as a species with

mainly Mediterranean distribution is extending its area of

distribution northwards to the warmest regions of Ger-

many. The species is traditionally ranked among the

deciduous oaks, but has the ability to keep a fraction of

leaves green if the climate conditions stay mild during

autumn and winter. The present study investigates senes-

cence in a frost-free control group (C) and a drought-

stressed group (DS) of Q. pubescens plants and compares

the developmental processes with the behaviour under

natural (frost) conditions. The main questions of the study

were:

1. Is the senescence process accompanied with an

accumulation of carbohydrates in the leaves?

2. Are there differences in the dissection of the photo-

synthetic apparatus during senescence under control,

DS and frost conditions?

Materials and methods

Plant material, drought stress induction

and sampling dates

Ten specimens of Q. pubescens WILLD. trees, approxi-

mately 2 m high and 5 years old originating from

Languedoc, France (F-QPU701, supplied by Darmstädter

Forstbaumschule, Darmstadt, GER), were grown during the

vegetation period 2011 (mid-August until the end of

October) in a (frost-free) foliar greenhouse (Nitsch & Sohn
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GmbH & Co, Kreuztal-Eichen, GER) in plastic pots of

45 L volume, respectively. Trees were planted in loamy

soil (sand ? silt 86–89 %, clay 11–14 %), and watered

thoroughly every second day until the beginning of the DS

experiment to ensure controlled water supply. Plants were

randomly selected and split in two groups after the control

measurements. Volumetric soil water content was mea-

sured with a Theta probe ML2x (Delta-T Devices, Cam-

bridge, UK). Pre-dawn leaf water potentials (WPD) were

recorded with a Scholander pressure bomb (SKPM 1400

pressure chamber (SKYE Instruments, Powys, Wales, UK)

on one branchlet per tree. The maximum midday light

intensities in the greenhouse were 1430 lmol m-2 s-1

photosynthetic active radiation (PAR) and we estimated the

average (PAR) light sum in the greenhouse to be approx-

imately 70–75 % of the outdoors insolation. Light intensity

and temperature within the greenhouse were monitored

continuously with an iMetos SMT280 climate station

(Pessl Instruments, Weiz, AT). While the 5 plants of the

control group were continuously watered, water was

withheld from the stress group until WPD was below

-1 MPa. These pots were weighed daily and transpira-

tional water loss was individually replaced at the end of the

day. The experiment started on August 11th (day of year

(DOY) 223) and the DS induction started 1 week later on

August 18th (DOY 230). After the control measurements,

the main sampling dates followed on September 29th

(DOY 272) and October 27th (DOY 301). South-exposed

sun leaves were used for all measurements.

Comparison with a field study: To obtain a more com-

prehensive picture of senescence processes, we compared

the results to an outdoor Common Garden study, which

was carried out in the same year under natural conditions

with eight different (deciduous: Q. robur, Q. cerris,

Q. frainetto, Q. pubescens; semi-evergreen: Q. x hispanica,

Q. x turneri; evergreen: Q. ilex, Q. suber) well-watered oak

taxa, including Q. pubescens from the same source and age

as in the greenhouse experiment (experimental design and

data shown in Holland et al. 2014). Precipitation and

temperature data were collected from German Meteoro-

logical Survey (Deutscher Wetterdienst, Offenbach, Ger-

many; www.dwd.de).

Chlorophyll contents and characterization of tree

senescence stages

From the 10 trees, three trees per treatment group were

chosen randomly for the characterization of the senescence

level: all leaves per tree were counted and visually grouped

into five senescence stages: green, leaves visually healthy

without any damages; green-yellow, leaves with 10–90 %

yellow area; yellow, no green colour is visible; brown,

leaves are dry and without pigments; shed, leaves are no

longer connected to the tree (Table 1). Averaged relative

dimensionless chlorophyll contents were assessed by so-

called SPAD-readings (SPAD-502, Konica-Minolta,

Osaka, JP). The SPAD 502 is a portable chlorophyll metre

that assesses leaf absorbance at 650 nm (red) and at

940 nm (near-infrared) and displays a value, which is

calculated using the 940 nm absorbance as a reference for

structural (i.e., non-pigment associated) absorption. The

device, thus, measures the relative chlorophyll content of

the sample non-destructively. To ensure comparability of

the measurement itself and the CF methods on the patchy

senescing leaves, the SPAD-readings as well as the CF

measurements were taken from the same position on the

leaf.

Chlorophyll fluorescence measurements

To assess the overall plant vitality and to dissect different

partial processes of the photosynthetic apparatus, we used

the fast CF induction of Photosystem (PS) II described by

Strasser et al. (2000, 2004). PS II functionality was

investigated by the JIP-test with a portable fluorimeter

(Pocket-PEA, Hansatech Instruments Ltd, Kinǵs Lynn,

UK) on 3*x leaves per tree and measuring date measured at

the same leaf and leaf position throughout the experiment

according to Strasser et al. (2000, 2004), using the 50 ls
fluorescence level as F0. In situ measurements were carried

out pre-dawn. The JIP-test parameters derived from the

original induction curves were calculated using the PEA

Plus Software (PEA Plus 1.0.0.1, Hansatech Instruments

Ltd, Kinǵs Lynn, UK) and using Excel 2010 formulae

(Microsoft corporation, Albuquerque, USA) according to

Strasser et al. (2000) as explained in Table 2. The indi-

vidual induction curves (n = 8–21) were averaged for each

taxon and sampling date. The averaged CF induction

curves of the measurements taken in August were used as

references for comparison with the averaged curves of the

following dates to calculate double normalised (between F0

and Fm) differential induction curves (e.g., Jiang et al.

2008; Yordanov et al. 2008).

DV tð Þ ¼ Ft�F0ð Þmd= Fm�F0ð Þmd

� �
� Ft�F0ð Þc= Fm�ð

�

F0Þc� with md = measuring date and c = control date.

Photosynthetic activity of leaves with different

senescence stages

Gas-exchange rates of south-exposed leaves of the different

senescence stages were measured with a Clark oxygen

electrode in an LD 2/3 setup (Hansatech, Kinǵs Lynn, UK).

For the calculation of the net assimilation rate (A) at sat-

urated CO2 concentration, leaf discs (13–32 mm in diam-

eter, depending on leaf size) were excised with a cork
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borer. O2 was measured after 10 min of dark adaptation for

10 min, at 25 �C, 900 lmol quanta m-2 s-1 PAR (emitted

by the LH36/2R light source). In order to avoid the effect of

drought-induced closing of the stomata on the assessment

of the capacity of the photosynthetic apparatus, the pho-

tosynthetic capacity was measured under low O2 and high

CO2 conditions (2 % O2, 4.5 % CO2 in N2) to ensure CO2

saturation.

Carbohydrate concentration of leaves with different

senescence stages

Soluble sugars were determined enzymatically in extracts

obtained according to Stitt et al. (1983) with some modi-

fications: two leaves of each plant and each senescence

stage were harvested around 12 a.m., pooled, frozen in

liquid nitrogen and ground at 30 Hz in the frozen state for

Table 2 Explanations of CF parameters and derived physical variables used in this study

Fluorescence

parameters

F0 = F50ls Fluorescence intensity at 50 ls

F300ls Fluorescence intensity at 300 ls

FJ Fluorescence intensity at 2 ms

FI Fluorescence intensity at 30 ms

Fm Maximal fluorescence intensity

FV Variable fluorescence intensity, FV = (Fm–F0)

M0 Initial slope of the induction curve. M0 = 4 (F300ls–F0)/(Fm–F0)

VJ Relative variable fluorescence at 2 ms. VJ = (F2ms–F0)/(Fm–F0)

VI Relative variable fluorescence at 30 ms. VJ = (F30ms–F0)/(Fm–F0)

DVOP Relative variable fluorescence during the OP-Phase in comparison to control

DVOPðtÞ ¼ ðFt � F0Þ=ðFm � F0Þ½ �DS� ðFt � F0Þ=ðFm � F0Þ½ �C
DVOJ Relative variable fluorescence during the OJ-Phase in comparison to control

DVOJðtÞ ¼ ½ðFt � F0Þ=ðF2ms � F0Þ�DS� ðFt � F0Þ=ðF2ms � F0Þ½ �C
DVOK Relative variable fluorescence of the OK-Phase in comparison to control

DVOKðtÞ ¼ ½ðFt � F0Þ=ðF300ls � F0Þ�DS� ½ðFt � F0Þ=ðF300ls � F0Þ�C
Specific fluxes per active PS II reaction center

ABS/RC Absorption flux, effective antenna size of an active reaction center

ABS=RC ¼ M0ð1=VJÞð1=/P0Þ
Quantum yields

/P0 Quantum yield of primary photochemistry. Expresses the probability that an absorbed photon leads to a reduction of QA.

/P0 = Fv/Fm

/E0 Quantum yield of electron transport. Expresses the probability that an absorbed photon leads to an electron transport

further than QA. /E0 = /P0 (1 - VJ)

/D0 Expresses the probability that the energy of an absorbed photon is dissipated as heat

/D0 = 1 - /P0

/R0 Expresses the probability that an absorbed photon leads to a reduction of the PSI end acceptor.

/R0 = /P0 (1–VI)

Performance Index

PIabs Performance Index on absorption basis. Efficiency of energy conservation from absorbed photons to reduction of

intersystem electron carriers.

PIabs ¼ ½1=ðABS=RCÞ�½ð/P0=ð1� /P0Þ�½ð1� VJÞ=VJ�

Table 1 Classification of the

leaves in senescence stages and

associated SPAD-readings

(n C 14)

Level State of the leaf Ø SPAD ± SEM

Green Leaves looking healthy without any damages 28.6 ± 7.46

Green-yellow Leaves started to become yellow 16.1 ± 6.7

Yellow No green colour is visible 2.86 ± 2.3

Brown Leaves are dry and without pigments 0

Shed Leaves are no longer connected to the tree –
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1 min in a mixing mill (MM 400, Retsch GmbH & Co.,

Haan, GER). 500 ll of 20 % HClO4 were added to 300 mg

frozen leaf powder and ground. After thawing 1000 ll H2O

were added and the samples were placed on ice for 10 min

and then centrifuged (20 min, RT, 10,000g). To the

supernatant 165 mg Polyclar (SERVA, Heidelberg, GER)

was added to remove phenolic compounds. The samples

were centrifuged again (10 min, RT, 10,000g) and the pH

of the supernatant was adjusted to pH 8 with 5 M KOH and

133 mM tri-ethanol amine (TRA). After 10 min on ice,

KClO4 was removed by centrifugation (10 min, 4 �C,
10,000g). In the supernatant, soluble sugars were deter-

mined enzymatically (Bergmeyer 1962) and presented in

hexose units as the sum of glucose, fructose and 2*

sucrose.

Starch was measured after washing 0.5 g of the frozen

leaf powder from the mixing mill for 30 min at 80 �C in

6 ml 80 % EtOH to remove soluble sugars. After cen-

trifugation, the pellet was suspended in 5 ml of 3 % HC1

and starch was hydrolyzed for 1 h at 98 �C. 100 ll of the
hydrolysate was neutralised with ca. 30 ll 0.5 M KOH and

133 mM TRA and used for glucose determination. Then

glucose was measured according to Bergmeyer (1962).

Statistical analysis

For comparison of data from different dates within one

treatment group, we used an unpaired t test with Welch’s

correction. The statistical correlation analyses of different

parameters were performed using a Spearman correlation

analysis. All statistical analyses were calculated using

GraphPad PRISM 5.04 (GraphPad Software, Inc., La Jolla,

CA, USA).

Results

During the vegetation period 2011, spring was relatively

dry (55 mm precipitation, March–May), but summer was

quite wet (223 mm precipitation, June–August). Normal

precipitation in autumn prevented any possible drought

periods for the outdoor growing plants. An additional

irrigation system secured an efficient water supply through

out the whole year. C and DS group installations displayed

average soil water contents of 23 vol% at the beginning of

the experiment on DOY 223. Whereas the control

(C) group was well watered during the whole experiment

and its soil water content stayed stable, water was withheld

from the plants of the DS group and soil water content

decreased to 5–10 vol% on DOY 242. While WPD of the C

plants never fell below -0.38 MPa during the experiment,

WPD of the DS plants decreased significantly from DOY

244 on (p value\ 0.0001) and remained always below

-1 MPa with an average value of -1.79 MPa, due to the

controlled daily replacement of water loss by transpiration

until the end of the experiment on DOY 301 (ESM 1).

Figure 1 depicts the senescence development of the C

and DS group over time. At the beginning of the mea-

surements on DOY 223 all trees bore only green leaves.

Seven weeks later, on DOY 272, both groups showed clear

senescence behaviour. While around 70 % of the leaves in

the control group were still green, the amount of green

leaves in the DS group had decreased to\5 %. One-third

of the leaves had turned brown with no chlorophyll content

measurable using the SPAD-metre and the rest had turned

yellow at this time point. After 4 weeks, on DOY 301, the

C group still showed only 10–15 % green leaves, with

nearly all leaves were still on the trees, whereas the DS

group had shed more than half of the leaves and no green

leaves were retained.

The soluble sugars and the starch concentration in the C

and DS groups were nearly identical at the beginning of the

experiment (DOY 223). The starch content was about

280–315 lmol gFW
-1 and thus twice as high as the content of

the soluble sugars (150 lmol gFW
-1 ; Fig. 2a, b). Seven

weeks later (DOY 272) the soluble sugars had increased

significantly (p value = 0.0013) in the green leaves of the

DS group (Fig. 2d) due to increases in the monosaccharide

glucose and fructose (individual data not shown). At the

same time, a significant decrease in starch content was

observed (p value = 0.0035), while the contents of soluble

sugars and starch in the control leaves had not changed

significantly (Fig. 2c). The leaves of the DS group with

green-yellow or yellow senescence level showed a further

(not significant) decrease trend in the starch contents,

whereas a significant decrease (p value = 0.016) of the

soluble sugar contents from the green leaves to the yellow

leaves was observed (Fig. 2d). Another 4 weeks later

Fig. 1 Comparison of the mean senescence states of foliage in C and

DS Q. pubescens trees at three points in time: DOY 223, DOY 272,

DOY 301; n = 3
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(DOY 301), at the end of the experiment (Fig. 2e, f), the

starch contents of the C group had dropped significantly

(p value\ 0.0001) to one-third of the initial value. The

concentration of the soluble sugars in the C group showed a

noticeable decline from DOY 272 to DOY 301, with very

similar values in all senescence stages. In the last residual

green-yellow and yellow leaves (DOY 301) of the DS

group, the starch concentration remained very low, and the

concentrations of the soluble sugar decreased below the

initial values on the control date DOY 223.

For a better understanding of the senescence processes

under DS, we compared our data to observations on plants

growing outdoors under natural temperature and light

conditions (Fig. 3). In these plants first signs of senescence

(chlorophyll degradation) were only visible from DOY 290

on, i.e., much later than in C or DS plants in the greenhouse

drought experiment. From DOY 286 on (first frost nights),

starch concentrations remained constant at a low level

(±26 lmol hexose gFW
-1 ) until the end of the vegetation

period. During a warmer period after the frost, the con-

centration of soluble carbohydrates increased significantly,

exhibiting near equimolar increases of glucose and fructose

(data not shown). A second significant increase of soluble

sugars was observed after the temperature dropped below

0 �C again. Similar behaviour of leaf starch and soluble

sugar contents as in Q. pubescens were observed in five

other (evergreen and semi-evergreen) Quercus taxa grown

under identical conditions. At the same time, fully decid-

uous taxa, shedding their leaves earlier than Q. pubescens,

revealed constantly low starch and soluble sugar contents

until abscission (ESM 2).

To analyse the developmental changes in the photo-

synthetic apparatus in the course of senescence, we com-

pared C leaves at DOY 301 and DS leaves at DOY 272. At

this respective date, all trees contained green and green-

yellow senescing (Fig. 4). While the Fv/Fm values (Fig. 4a)

as well as the rate of photosynthesis (Fig. 4c) did not show

significant differences between the green leaves from C

and DS plants, a significant decline of PI(abs) of the green

leaves was found in DS plants (Fig. 4b). The green-yellow

Fig. 2 Contents of starch and soluble sugars at different senescence

stages (green; green-yellow; yellow) in leaves of C and DS trees,

shown at three points in time: a, b DOY 223; c, d DOY 272; e, f DOY
301 (mean ± SD, n[ 3)

Fig. 3 Senescence behaviour of Quercus pubescens under natural

conditions: a concentration of soluble carbohydrates (black lines) and

starch (black dotted line) and the relative chlorophyll values (SPAD,

deposited in grey) in lmol hexose gFW
-1 (DOY 242-329; n = 3, of

pooled leaf samples, mean ± SD); b minimum temperature 2 m

above ground
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leaves differed only slightly between the C and the DS

group in their assimilation rates (A) and PI(abs), but showed

only a significant decline of Fv/Fm in the leaves from the

DS.

The averaged differential CF induction curves in Fig. 5

revealed similar shapes in the C and the DS groups in the

course of senescence. The induction curves of both DS and

C group were nearly identical in the beginning of the

experiment (DOY 223) and were pooled and considered as

reference curves for both groups. Relative fluorescence

intensity changed considerably during the course of

senescence in both groups in leaves of different senescence

stages. The differences are presented in Fig. 5 as differ-

ential (DV) curves between green-yellow and green leaves.

The leaves of the DS group as well as the leaves of the C

group showed positive values in the differential curves

(Fig. 5a). Both groups showed an increase of fluorescence

around 0.5–1 ms in the green-yellow leaves compared to

the non-senescing references in August (DOY 223). Fur-

thermore in both groups, a strong peak occurred in the

DVOJ-curves (Fig. 5b), i.e., a so-called K-band (Fig. 5b). In

the DVOK-curves of the DS group, additionally, a so-called

L-band was visible in the green-yellow leaves (Fig. 5c).

To assess whether the well-known decrease of photo-

synthetic capacity (assimilation rate A under near-saturat-

ing conditions) during senescence (cf. Holland et al. 2014

and references therein) occurs independently of or in a

well-coordinated manner with the disassembly of the

chloroplast electron transport chain, correlation analysis

were carried out. The quantum yields of different processes

associated with electron transport of individual leaves

derived from the CF induction curves (i.e. uD0, uP0, uE0,

uR0), were plotted against their respective photosynthesis

rate under saturating CO2 (A [lmol m-2 s-1]; Fig. 6). The

statistical correlation analysis revealed that A of the green

and green-yellow leaves of the C and the DS group cor-

related significantly especially with uE0 (electron

Fig. 4 Effects of drought treatment on photosynthesis parameters in

leaves of different senescence stages. a Maximum quantum yield of

PS II (Fv/Fm). b Performance Index on absorption basis [PI(abs)] and

c Photosynthetic capacity (A [lmol m-2 s-1]) of C plants (DOY 301,

shaded bars) and of DS plants (DOY 272,. white bars) (mean ± SD,

n = 10–40). Statistical significance: p value = w\ 0.05,

ww\ 0,01

Fig. 5 Averaged (n = 8–21) differential CF induction curves of

green-yellow leaves in C plants (DOY 301) and DS plants (DOY 272)

as compared to green leaves in August (DOY 223). Curves were

double normalised to O and P (4a), O and J (4b) and O and K (4c)

Trees (2016) 30:215–226 221
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transport). In the DS group the alterations of the values in

the green-yellow leaves in general were stronger and

yielded higher Spearman rank correlation coefficients (rS)

than in the control group, best visible in uD0 and uP0.

Discussion

Different accumulation of soluble sugars

under different senescence scenarios

In accordance to field observations on Q. pubescens under

severe drought (Damesin and Rambal 1995), the DS

treatment of our Q. pubescens in the greenhouse experi-

ment inducted an accelerated senescence processes. The

onset of senescence in the DS group happened about

1 month earlier than in the C group and impaired a larger

number of leaves (Fig. 1).

Decreasing concentrations of amino acids and starch,

but increasing concentrations of free sugars have been

observed in several plant species during senescence (re-

viewed by Nooden et al. 1997; Wingler and Roitsch 2008).

Between August and October, starch contents decreased in

all three experimental groups, both under outdoor condi-

tions (Fig. 3) and in the greenhouse (Fig. 2). In oaks, late

summer is the main period of starch storage in the trunk

(Maunoury et al. 2007). However, the concentration of

soluble sugars increased in the DS plants. It is known that

DS leads to an increase of soluble carbohydrates as osmotic

adjustment even without inducing senescence. This

Fig. 6 Spearman correlation

analysis of the net assimilation

rate (A [lmol m-2 s-1]) and the

quantum yields uD0, uP0, uE0,

uR0 of pooled green and green-

yellow leaves of the C (n = 40)

and the DS group (n = 47)

depict as rS (Spearman rank

correlation coefficient). p values

of correlation analysis of both

leaf stages depicted as asterisk
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accumulation promotes the influx of water, thus main-

taining cell volume and counteracting the wilting process

(Larcher 1995). Patakas and Noitsakis (2001) e.g. showed a

doubling of monosaccharide concentrations in immature

leaves of DS grapevines (Vitis vinifera) in comparison to C

leaves, similar to our findings. The contents of soluble

sugars increased also in the outdoor growing Q. pubescens

after the first frost (Fig. 3). Glucose, fructose and sucrose

accumulate together with other osmolytes during cold

treatments, possibly as a result of a feedback effect from

limited sink strength, provided the ambient conditions still

allow photosynthesis (Brüggemann et al. 1992). This

accumulation also decreases the freezing point of the cell

sap and has been interpreted as a proactive physiological

process during winter acclimation (Cook et al. 2004;

Kaplan et al. 2007). In field conditions, the sugar accu-

mulation was also observed after frost events in Q. pub-

escens as well as in the semi-deciduous hybrids and the

evergreen species in the course of autumn, but not in Q.

robur, Q. frainetto or Q. cerris during their earlier senes-

cence process before the occurrence of frosts (EMS 2). In

contrast to the DS greenhouse plants and the outdoor-

grown plants, the C group in the frost-free greenhouse

showed no significant changes in the soluble sugar contents

(Fig. 2a, c, e). As demonstrated by the chlorophyll contents

(Fig. 3), the senescence process of the Q. pubescens plants

in the Common Garden experiment started after DOY 286,

2 weeks later than in the C plants (DOY 272) and 5 weeks

later than the DS plants in the frost-free greenhouse (DOY

251). A possible reason for the earlier start of senescence of

the C plants in the greenhouse as compared to the outdoor

plants could be a change in its source strength, indicated by

the low starch contents (Fig. 2e, green leaves). While

outdoor growing plants also contained low starch contents

already at the same point of time (Fig. 3; ESM 2), green-

house plants only received 70–75 % of the outdoor inso-

lation. In combination with the warmer night temperatures

in the greenhouse (and thus higher respiration rates), a

decreased 24-h net assimilation rate as compared to the

outdoor growing plants can thus be reasonably assumed.

This would lead to a faster change of the leaf status from

source to sink and could be a reason for the earlier

occurrence of senescence. However, to elucidate the way

by which the light sum in combination with temperature

triggers senescence, further experimental investigations by

monitoring the plants under controlled light and tempera-

ture regimes would be required.

The DS plants showed the same patchy pattern of

chlorophyll degradation, as C plants and the course of

senescence did not differ from the C plants in discoloration

or length of the senescence period in single leaves. Many

molecular processes of DS-induced and developmental leaf

senescence have been reported to occur in the same way

during the re-organisation and terminal phases of senes-

cence, whereas differences have been observed during the

initial phase (reviewed by Munné-Bosch and Alegre 2004).

Several genes have been identified to play a role in the

initiation of developmental senescence (Quirino et al. 2000

and citations therein), but only some of them are regulated

in DS-induced senescence. Hensel et al. (1993) assumed

that a decline in photosynthetic rate acts as one of the basic

triggers of developmental leaf senescence in monocarpic

species. Pic et al. (2002) pointed out that in Pisum sativum

under DS senescence is already initiated, while the leaves

of the plants are still able to perform high rates of photo-

synthesis. Once senescence is initiated, the decline of the

photosynthetic capacity is accompanied by the breakdown

of thylakoid membranes and stromal proteins (Nooden

1988) and the decrease of the expression of several pho-

tosynthesis genes (Woo et al. 2002). The accumulation of

free sugars could be a part of the occurring signal trans-

duction chain in drought-induced senescence by the inhi-

bition of the expression of photosynthesis genes (Krapp

et al. 1993; Jang and Sheen 1994; Jones et al. 1996).

Differential disassembly of the photosynthetic

apparatus under different senescence scenarios

In the green leaves of the DS group (Fig. 2b, d), an inter-

mittent sugar accumulation in comparison to the C group

had been observed (Fig. 2a, c), together with a decrease of

the O2 evolution rates (23 %, n.s., Figure 4c) and signifi-

cant changes in the functionality of the photosynthetic

electron transport chain (Fig. 4a, b). Figure 4b shows a

clear decline in PIabs, a factor combining three components

associated with light capturing and PS II electron transport.

Similarly, in several deciduous oak taxa under natural

senescence, first strong changes occurred in PIabs prior to

measurable effects of senescence on Fv/Fm (uP0; Holland
et al. 2014).

To investigate whether there are differences between

DS-induced and natural senescence in the disassembly of

the photosynthetic apparatus we compared the differential

CF induction curves of the plants (Fig. 5). At the end of

September (DOY 272), the green-yellow leaves of the DS

group (Fig. 5a), like those of the C group four weeks later

(DOY 301) showed impaired electron transport at

0.5–1 ms (i.e., higher CF = positive values in the differ-

ential DVOP curves) as compared to green leaves at DOY

223. These data match with the photosynthesis measure-

ments. We observed the development of K-bands (Fig. 5b)

in the CF induction curves (DVOJ) in the green-yellow

leaves of both groups, indicative of constraints in electron

donation to PS II, e.g. by a damage to the water-splitting

apparatus (Srivastava et al. 1997), but only in the green-

yellow leaves of the DS plants the occurrence of a well-
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developed L-band could be observed (Fig. 5c). L-bands are

considered indicators of decreasing connectivity of PS II

antennae and have been described under DS in barley

(Oukarroum et al. 2007) as a stress symptom. The con-

nection between the CF parameters and the photosynthetic

capacity (A) is shown in Fig. 6. The correlation plots of A

with the quantum efficiency fluxes, uD0, uP0, uE0, uR0,

representing different processes of the photosynthetic

electron transport (Fig. 6), showed the same patterns dur-

ing senescence in both tested groups. Generally, the sig-

nificance of the (positive or negative) correlations was

stronger in the DS plants as evidenced by higher Spearman

rank correlation coefficients. In detail, uD0, the maximum

quantum efficiency of energy dissipation increased with

decreasing A, while the quantum efficiencies of light

trapping (uP0), electron transport (uE0) and PSI end

acceptor side reduction (uR0) decreased (Fig. 6). The

higher Spearman rank correlation coefficients during DS-

induced senescence may indicate that the decrease of the

capacity of the dark reactions is better coordinated with the

disassembly of the electron transport chain (e.g., visualised

in the parameter uE0) than under developmental senes-

cence. The frost exposed plants from the field study

exhibited practically unchanged Fv/Fm, strongly decreasing

PIabs and the occurrence of the 300 ls K-band in the O, J

double normalised plot of the CF induction curves after the

first frost. An L-band was not observed in those studies

(Holland et al. 2014).

Conclusions

In Table 3, compiling the data from Holland et al. (2014)

and this study, we summarise the different processes

associated with leaf senescence under the different envi-

ronmental conditions. We conclude that the time course

of the disassembly of the photosynthetic apparatus during

senescence is identical, but shows stress-related additional

side effects and the onset of the process depends on the

abiotic factors, which act on the plants during senescence.

In the case of the Mediterranean, potentially wintergreen

Q. pubescens, DS shortens the leaf life span significantly.

DS-induced senescence comes along with a significant

increase in free sugars. We propose that the senescence in

the greenhouse C group must have been triggered by the

source status of the leaves, since these plants did not

experience any frost or other external factors. Accumu-

lation of free sugars also takes place under outdoor con-

ditions, when frost events occur before a possible day

length trigger starts the senescence process. Neither the

accumulation of soluble sugars in the leaves is likely to

be the crucial senescence trigger, nor occasional mild

frost events seem to be an effective senescence trigger in

Q. pubescens, as it was the case in Populus tremula

(Keskitalo et al. 2005). We further conclude that the

disassembly of single parts of the photosynthetic appara-

tus follows a unified scheme under all senescence sce-

narios. DS plants showed an additional decline of the

connectivity of PS II antennae, reflected as the L-band in

the CF induction curve, and a higher correlation coeffi-

cient between the declines in photosynthetic dark reac-

tions and electron transport-associated parameters,

indicative of a more coordinated disassembly of the

electron transport chain components together with the

proteins involved in the dark reactions.

In our opinion the drought-adapted Q. pubescens could

be a suitable cultivation alternative for Central Europe. The

trees would benefit from the warming climate in the sum-

mer and from the predicted wet and mild winter conditions.

Additionally, they have the ability to avoid the more fre-

quently occurring severe drought periods or the from time

to time still appearing strong frost conditions of future

Table 3 Comparison of senescence-associated processes between August and October in Q. pubescens grown in a frost-free greenhouse or

outdoors in a common garden together with other deciduous and evergreen oak taxa

Taxon conditions Starch Soluble 
Sugars

Fv/Fm PIabs K-band L-band

Q. pubescens Greenhouse (C)

Q. pubescens Greenhouse (DS)

Q. pubescens Common garden

Quercus spp. 
(deciduous)

Common garden

Quercus spp. 
(evergreen)

Common garden

We used information either presented as average values over all leaves (Common garden experiment, Holland et al. 2014) or those from the

present greenhouse study for green-yellow leaves
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climate scenarios through environmentally controlled

accelerated senescence.
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