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Oak sprouts grow better than seedlings under drought stress
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This study focused on the comparison of two contrasting forest regeneration
types and their susceptibility to drought stress. Transpiration and biomass pro-
duction were studied on young sessile oak trees Quercus petraea (Matt.) Liebl.
regenerated as sprouts and seedlings, and grown in a coppice experimental
site in the Czech Republic. Biomass production was estimated using destruc-
tive methods, while transpiration was derived from sap flow measurements
and assessed according to the plant biometry and microclimatic conditions.
Sprouts  were characterized by a  significantly  higher diameter,  height,  leaf
area and above-ground biomass and by a lower wood density as compared with
seedlings of the same age. Moreover, the sap flow of sprouts was higher than
that of seedlings, which was explained by the plant dimension. Transpiration,
expressed  as  sap  flow  scaled  to  plant  leaf  area,  did  not  differ  between
seedlings  and  sprouts  when  soil  water  was  not  limiting.  However,  during
drought periods, when soil water potential dropped below -1.4 MPa, sprouts
transpired significantly more than seedlings. Our results confirm that sprouts
have access to a larger water pool via the old stump root system and are able
to draw more water under drought. Moreover, sprouts seemed to be less sus-
ceptible to water limitations than seedlings of similar age. Less influence of
drought on sprouts may partially explain their higher above-ground biomass
production. Based on our results, coppice could be an appropriate manage-
ment  system to  be adopted in  sites  characterized by frequent or  extreme
drought periods.

Keywords: Drought Stress, Sap Flow, Transpiration, Biomass Production, Sessile
Oak, Coppice, Sprout, Seedling

Introduction
Coppicing  is  the  oldest  silvicultural  me-

thod used  worldwide,  and has  played  an
important role in Europe until  the second
half  of  the  19th century  (Matthews  1991,
Fujimori 2001). After many years of margi-
nal  importance  due  to  the  abandonment
and  conversion  of  coppices  into  high  fo-
rests, a new interest in the coppice system
arose for biomass production, nature con-
servation,  biodiversity  maintenance  (Van
Calster  et  al.  2008,  Mason  &  MacDonald

2002) and as an alternative to urban fores-
try (Nielsen & Moller 2008). Moreover, the
coppice  system  has  proved  to  be  advan-
tageous for slope stabilization, as fast-gro-
wing sprouts control soil erosion by inter-
cepting precipitation and maintaining a vi-
gorous,  well-developed  rooting  network
(Roy & Morgan 2011).

Water availability is one of the most limi-
ting  factors  for  plant  growth  (Larcher
2003). Drought affects water relations and
water  use  efficiency  (Aroca  2012),  alters

the nutrient uptake and reduces photosyn-
thesis  (Farooq  et  al.  2009).  Additionally,
drought may lead to hydraulic failure and
carbon starvation, due to decreased photo-
synthesis  and  transport  of  non-structural
carbohydrates,  and increase  the  suscepti-
bility to other abiotic and biotic stress fac-
tors (Ryan 2011,  McDowell 2011). Global cli-
mate change models predicted the occur-
rence  of  more  frequent  and  severe
drought periods in the future (IPCC 2007).
The projected increase in temperature will
cause greater evapotranspiration and sur-
face drying. Along with unbalanced precipi-
tation  (long  periods  of  dryness,  extreme
storms and increased run-off  –  Trenberth
2011), this may cause a severe water deficit
during  the  growing  season,  especially  in
shallow  soil  layers,  which  are  the  most
important for seedling establishment. Fur-
thermore,  drought  reduces  biomass  pro-
duction, decreases forest stability (Aranda
et al. 2012), and increases tree mortality ra-
tes (Allen et al. 2010).

The  regeneration  type  of  stand  recruit-
ment  (generative for seedlings or vegeta-
tive  for  sprouts)  deeply  affects  the  early
development of new trees. Indeed, sprouts
and  seedlings  show  a  different  ability  to
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use  soil  resources  (nutrients,  water)  and
compete with the surrounding vegetation.
Several  studies  reported  a  faster  initial
growth of sprouts compared to seedlings,
as they benefit from the existing root sys-
tem of  the stump (Dickmann et  al.  1996,
Bond & Midgley 2001 Lloret et al. 2004, Var-
tiamäki 2009). Moreover, the rapid growth
of sprouts can hamper the natural genera-
tive regeneration of stands, as sprouts can
out-compete seedlings in the early stages
(Vartiamäki 2009). The initial reduced abili-
ty  of  seedlings  to  uptake  resources  from
the soil  makes  them more  susceptible  to
water  and  nutrient  stress  (Savé  et  al.
1999).  However,  many  physiological  as-
pects of  growth, biomass production and
susceptibility  to  stress  factors  related  to
different  regeneration  forms  have  not
been studied in detail.

We hypothesized that sprouts cope bet-
ter  with  drought  as  they  better  tolerate
water limitations compared to seedlings of
similar  age,  resulting  in  a  higher  biomass
production. The aim of the present study
was to compare young sessile oak (Quer-
cus  petraea  (Matt.)  Liebl.)  seedlings  and
sprouts  in  terms  of  biomass  production,
sap flow, transpiration, water use and sus-
ceptibility  to  water  deficit  in  relation  to
plant  biometry  and  microclimatic  condi-
tions.

Material and methods

Site description
The study was conducted at  the experi-

mental  site of  Mendel  University in Brno,
located near Sobešice, in the southeast of
the Czech Republic (49° 14′ N, 16° 35′ E, 300
m a.s.l.). The annual mean temperature of
the  site  is  approximately  7.5  °C  and  the
average  annual  precipitation  varies  from
550 to 650 mm (Trouet & Van Oldenborgh
2013). The main forest type of the experi-
mental site (according to the Czech forest
typology  system)  is  rich  oak-hornbeam
with meadow-grass and soft-leaved sedge
on a plateau and rounded ridges with some
dry  oak-hornbeam  in  exposed  stands  at
lower altitudes (Kadavy et al. 2011). Accor-
ding to  Plíva (1987), such forest types are
significantly  influenced  by  drought.  The
research site was established in the winter
of 2009/2010 by cutting of a 73-year-old fo-
rest formed by 95% of sessile oak (Quercus
petraea  (Matt.)  Liebl.)  of  predominantly
coppice origin. The whole area (4 ha) was
divided into 16 square-shaped plots of 2500
m2 differing in felling intensity (Kadavy et
al. 2011). The study presented in this paper
was conducted in one of the post-clearcut
plots,  with  sessile  oak  regenerated  natu-
rally as seedlings and sprouts.

Biometric characteristics
A  total  of  twenty-two  plants  (eleven

sprouts and eleven seedlings) were harves-
ted to compare their biometric characteris-
tics.  Before  harvesting,   plant  height  (H,
cm) and stem diameter  10  cm above the

stump/ground  (i.e.,  base  diameter  D0.1m,
cm)  were  recorded.  The  cross-sectional
area (CSA, cm2) was calculated on the basis
of D0.1m. Leaf samples (ten per plant) were
taken randomly from the upper part of the
crown.  Leaves  were  scanned  fresh,  then
dried at 105 °C to steady weight, and finally
weighed.  The specific  leaf  area (SLA,  cm2

g-1) was calculated. Wood samples (ca. 5 cm
long) from 10 cm above the ground/base
were measured, dried at 105 °C to reach a
constant  dry  weight  and  then  weighed.
Plant wood density (ρ, g cm-3)  was calcu-
lated based on the wood sample volume
and its dry weight. The age of plants was
determined  by  counting  the  annual  rings
on  cross-sections  of  the  wood  samples,
taken at the same height. All  plants were
four years old. All the above-ground plant
material was sub-divided into leaves, bran-
ches  and stem,  dried  as  described  above
and  its  dry  biomass  measured (g  plant -1).
Specific  leaf  area  and  leaf  biomass  were
used to calculate the entire plant leaf area
(LA, m2 plant-1). 

Sap flow and transpiration
Sap  flow  was  measured  based  on  the

trunk  heat  balance  method  (THB  –  Lind-
roth et  al.  1995,  Cermak et  al.  2004)  and
used  to  estimate  the  water  consumption
of  seedlings  and  sprouts.  The  measure-
ments were conducted from April to Sep-
tember  2014  on  five  seedlings  and  five
sprouts in the same plot. EMS 62A sensors
(EMS, Czech Republic) with external heat-
ing and internal temperature sensing were
mounted on the plant stem below the fo-
liage at a mean height of 25 cm above the
ground/stump.  The  stem  diameter  at  the
position of sensors varied from 8 to 18 mm.
The measurement system was set to main-
tain a 4 °C temperature difference between
two thermocouples. The input power nee-
ded to maintain a fixed temperature diffe-
rence was proportional  to the amount of
water passing the sensor (the sap flow Q,
expressed  in  kg  h-1).  Measurements  were
conducted every minute, while data avera-
ges were recorded at ten-minute intervals.
Heat  loss  from  sensors  was  eliminated
from the total sap flow value on the basis
of  zero-flow baseline subtraction at  0300
h,  conducted  using  the  Mini32  software
pack  (Mini32,  EMS,  Czech  Republic).  Sap
flow measurements were used to calculate
mean hourly and daily  whole plant  water
fluxes. In order to compare plants of diffe-
rent sizes, sap flow data were scaled using
the parameters D0.1m, CSA, H and LA. Plant
leaf  area  was  chosen  as  the  best  scaling
parameter based on the coefficient of de-
termination obtained from regression ana-
lysis.  Sap flow scaled to plant LA was ex-
pressed as  seedling and sprout  transpira-
tion (E, kg m-2 h-1) and used in further analy-
ses.

Microclimatic measurements
The  following  microclimatic  variables

were  recorded  at  the  experimental  site:

global  radiation (GR, W m-2);  air  tempera-
ture (Tair, °C); relative air humidity (RH, % –
all the three variables measured by Minikin
RTHi, EMS, Brno, CZ); precipitation (P, mm
– MetOne 380, EMS, Brno, CZ); volumetric
water content of soil (VWC, m3 m-3 – 10 HS,
Decagon Devices, Inc., Pullman, USA); and
soil  water  potential  (SWP,  MPa  –  GB  2,
EMS,  Brno,  CZ).  Soil  water  potential  and
soil  volumetric  water  content  were  mea-
sured  using  six  sensors  at  the  following
three depths: 5, 30 and 55 cm. All microcli-
matic variables were measured in one-hour
intervals during the entire period of study.
Microclimatic data were used to calculate
the  vapor  pressure  deficit  (VPD,  Pa)  and
the potential evapotranspiration (ET0, mm)
using the FAO modified Penman-Monteith
equation  (Allen  et  al.  1998),  in  order  to
detect periods of water stress.

Drought stress indication
The analysis of precipitation patterns, vo-

lumetric soil water content and soil water
potential  allowed  to  identify  drought  pe-
riods,  defined as  those days without pre-
cipitation,  with  a  relatively  high  VPD  and
temperature (according to site-specific mi-
croclimate  monitored  for  several  years)
and SWP below -1.2 MPa at the three mea-
sured soil depths. Drought stress was con-
sidered severe when SWP < -1.5 MPa and
moderate when -1.2 < SWP ≤ -1.5 MPa after
Hsiao (1973). Climatic variables were used
to distinguish periods with limiting and/or
normal  water conditions. Days under nor-
mal and dry soil conditions, but with com-
parable  evaporative  demand  (GR,  VPD,
ET0) were selected for the comparison of
sprout and seedling transpiration.

According to  Bequet et al.  (2010), other
indicators  of  water  stress  were  recorded
such  as  the  continuously  decreasing  sap
flow  rate  with  no  change in  ET0,  the  de-
crease in the effective crown area (Aeff, m2)
and the small relative effective crown area
(aeff, %). Plant sap flow and ET0 were quanti-
tatively compared during days without pre-
cipitation,  as  suggested  by  Nicolás  et  al.
(2005). The effective crown area of plants
was calculated according to  Bequet et al.
(2010) as the ratio Q/ET0,  and the relative
effective crown area as the ratio of the cur-
rent-to-maximal effective crown area over
the studied growing season (measured on
9th and 10th August). These parameters pro-
vide  information  on  the  extent  to  which
the plant is able to follow the evaporative
demands of  the surrounding air.  Low  Aeff

and  aeff indicate  soil  water  stress  condi-
tions.

Statistical analysis
Statistical analyses were conducted using

STATISTICA® version 12 (StatSoft Inc., Tulsa,
OK, USA) and SigmaPlot® (Systat Software
Inc., Chicago, IL, USA). Biometric data were
analyzed by  t-test,  ANOVA and regression
analyses.  The  Q  and  E  of  seedlings  and
sprouts  were  compared  using  the  non-
parametric  Mann-Whitney  U  test.  Simple
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Oak sprouts grow better than seedlings under drought stress

and multiple regressions were used to ana-
lyze  the  relationships  between  transpira-
tion, plant biometry, regeneration type and
climatic conditions.

Results

Biometric studies
Most of the measured biometric parame-

ters  differed  significantly  between  seed-
lings  and  sprouts  (Fig.  1).  Compared  to
sprouts, seedlings had a lower H and D0.1m

by approx. 35% and 53%, respectively. The
differences in biomass of the various plant
parts varied from 81% (leaves) to 87% (bran-
ches).  It  is  worth  noticing  that  the  diffe-
rence  in  the  plant  LA  was  approx.  77%
greater  for  sprouts.  Constrastingly,  wood
density was significantly higher in seedlings
(approx.  by  40%),  which  was  related  to
their  slower  stem  diameter  increment  as
compared with sprouts.

Sprouts and seedlings differed in the rela-
tions  between  the  individual  biometric
parameters.  The  relation  between  D0.1m

[mm] and H [cm] was strong for sprouts
(R2 = 0.86, D0.1m = 0.014×H - 0.538, p < 0.001)
but not significant for seedlings. Plant leaf
area  was  significantly  related  to  D0.1m  in
both  plant  types,  with  R2  being  0.75  and
0.84  for  sprouts  and  seedlings,  respec-
tively.  The  linear  regression  function
between  plant  leaf  area  [m2]  and  stem
diameter [mm] was LA = 0.84×D0.1m  -  0.39
for sprouts  and LA = 0.75×D0.1m -  0.30 for
seedlings, respectively. D0.1m  was a suitable
predictor  of  the  total  above-ground  bio-
mass [g], with the coefficient of determina-
tion R2 =  0.86  for  sprouts  (TAB  =  0.859×
D0.1m -  0.538)  and  R2 =  0.93  for  seedlings
(TAB = 0.927×D0.1m - 255.99). The correlation
between plant  leaf  area and plant  height
was not significant.  The specific  leaf  area
did  not  differ  between  seedlings  and
sprouts.

Sap flow and transpiration
During  the  entire  measurement  period,

sprouts had a significantly higher sap flow
(Q) compared to that of seedlings, with a
mean daily Q (±SE) of 0.20 ± 0.02 kg day-1

for seedlings, and 0.50 ± 0.04 kg day -1 for
sprouts. The higher Q of sprouts was moni-
tored  during  entire  study  period,  despite
the soil water potential. The analysis of the
relation  between  biometric  data  and  Q
showed  a  high  correlation  of  the  latter
parameter with the plant size. Regardless
of plant type (vegetative or generative ori-
gin),  the  mean  daily  sap  flow  was  best
explained by the plant leaf  area,  then by
CSA and D0.1m. A low though significant rela-
tion was also found between Q and H (Tab.
1).

As  the  mean  daily  sap  flow  was  best
explained by the plant LA, the observed Q
values were scaled to the LA and expres-
sed  as  plant  transpiration  (E).  Thus,  the
water consumption of different plant types
was properly compared without the influ-
ence of the plant size. No significant diffe-

rences  in  the  seasonal  E  were  found
between seedlings and sprouts. However,
the relation between the transpiration of
different  plant  types  changed  with  SWP.

The variable E was analyzed in several SWP
classes of 0.1 MPa. Differences in transpira-
tion occurred when the soil water potential
dropped below -1.4 MPa, which is close to
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Fig. 1 - Comparison of seedling and sprout biometric characteristics. (D0.1m): plant stem
diameter 10 cm above the ground/stump base (cm); (CSA): base cross-sectional area
(cm2); (H): height (cm); (LB): leaf biomass (g plant -1); (BB): branch biomass (g plant-1);
(SB):  stem  biomass  (g  plant-1);  (TAB):  total  above-ground  biomass  (g  plant -1);  (ρ):
wood density (g cm-3); (SLA): specific leaf area (cm2 g-1); (LA): leaf area (m2 plant-1); (*):
p < 0.05; (**): p < 0.01; (***): p < 0.001.

Tab. 1 - Linear regressions of mean daily sap flow (Q) as a function of plant height (H),
base diameter (D0.1m), base cross-sectional area (CSA) and plant leaf area (LA).

Parameter Intercept b-value R2 adjusted R2 p- value
H -0.547 0.007 0.67 0.39 0.0324
D0.1m -0.586 0.066 0.86 0.84 0.0001
CSA -0.133 0.296 0.92 0.85 0.0002
LA -0.019 0.262 0.94 0.93 0.0000
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the severe water stress indicated by Hsiao
(1973). Days with SWP < -1.4 MPa made up
almost 40% of the studied period; therefore
the  difference  in  transpiration  between
sprouts  and  seedlings  was  meaningful  in
this growing season.

Two four-day periods with similar evapo-
rative demand (i.e.,  ET0 values non-signifi-
cantly  different)  but  with  contrasting soil
water conditions, were chosen for a detai-
led  comparison  of  seedling  and  sprout
water relations (Fig. 2). The drought period
selected for  monitoring was 21st-24th June
while  the  non-limiting  water  conditions

period  was  6th-9th August.  Two-factorial
ANOVA  tests  showed  significant  differen-
ces  in  daily  transpiration  between  these
two periods in seedlings and sprouts (p =
0.00168). In the selected dry period, mean
daily transpiration (± SE) was 0.08 ± 0.01 kg
m-2 day-1 for seedlings and 0.24 ± 0.02 kg m -2

day-1 for sprouts. Under non-limiting water
conditions,  these values were 0.61 ± 0.05
kg m-2 day-1 and 0.56 ± 0.03 kg m-2 day-1 for
seedlings  and sprouts,  respectively.  Seed-
lings  transpired  under  normal  conditions
eight times as much during drought, while
sprouts  approx.  twice  as  much,  which

means a much greater decrease in transpi-
ration  of  seedlings.  Evidently,  seedlings
and sprouts  differed in transpiration only
during drought (p < 0.0001).

The  diurnal  curves  of  transpiration  also
changed during drought periods (Fig. 2). In
non-limiting  water  conditions,  transpira-
tion showed a dome-shaped diurnal  cour-
se,  following  changes  in  global  radiation
and the vapor pressure deficit. This pattern
changed for seedlings during drought con-
ditions,  when  sap  flow  decreased  before
midday despite of  transpiration demands,
and continued to fall  in  the afternoon.  In
non-limiting water conditions, seedling and
sprout transpiration strongly correlated (R2

= 0.98 -  Fig. 3).  This relation changed du-
ring drought stress, when R2 decreased and
the slope of the regression function increa-
sed.

Water stress indicators
The  effective  crown  area  (Aeff)  was  on

average (± SE) 0.13 ± 0.008 m2 for sprouts
and 0.05 ± 0.004 m2  for seedlings. The ma-
ximum  (reference)  Aeff  was  0.27  m2 for
sprouts  and  0.13  m2  for  seedlings.  The
mean  relative  effective  crown  area  (aeff)
was  39.7%  for  seedlings  and  47.2%  for
sprouts. The Aeff and aeff  were much lower
during the drought stress period, especially
for seedlings. Aeff was approx. one-third of
these values lower in drought for sprouts,
and almost one-tenth of  these values for
seedlings  than  during  non-limiting  water
conditions  (Tab.  2).  The  differences  were

532 iForest 9: 529-535

Fig. 2 - Seedling and sprout 
transpiration in relation to 
microclimatic variables in 
normal, non-limiting soil 
water conditions and in 
drought. (E): plant transpi-
ration of seedlings (broken
line) and sprouts (solid 
line); (VPD): vapor pressure
deficit; (GR): global radia-
tion.

Fig. 3 - The relation
between mean

transpiration of
seedlings and

sprouts in drought
(open circles) and

non-limiting soil
water conditions

(full circles).
Slopes (a) of the

linear function
equations and
coefficients of

determination R2

are shown in the
graph.
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not  great  during  the  non-limiting  water
conditions period.

Discussion
In  our  study,  sprouts  had  a  higher  bio-

mass  and  size  compared  to  seedlings  of
the same age. Sprouts were characterized
by  a  higher  H,  D0.1m,  TAB  and  LA.  Similar
results  have  been previously  reported by
Dickmann et al. (1996), Lloret et al. (2004)
and  Vartiamäki  (2009).  Initial  growth  of
sprouts is associated with some degree of
mobilization of previously accumulated re-
serves  of  nutrients,  starch,  sugars  and
other  soluble  and  insoluble  energy  reser-
ves  (Wildy  & Pate  2002).  Sprouts  benefit
from the well-developed root system of a
previously established tree (Bond & Midg-
ley 2001), thus more biomass can be alloca-
ted to above-ground structures. Moreover,
compared  to  seedlings  in  the early  deve-
lopment  stage,  water-use  efficiency  of
sprouts can be greater due to the surplus
of  water  and nutrients,  thus  their  photo-
synthetic activity is not limited by resource
availability  (Drake et al.  2012).  The slower
above-ground growth rate of seedlings can
be attributed to their higher investment of
assimilates into the root system, in order
to improve water and nutrient uptake.

The observed differences in growth rate
and  above-ground  biomass  production
between the two studied plant types can
also  be  related  to  the  influence  of  the
drought. Stomata are environmentally con-
trolled gateways of plants, controlling CO2

uptake  and  transpiration,  thus  regulating
photosynthesis,  cooling  and  nutrient  up-
take (Farooq et al.  2009). Since transpira-
tion and CO2 uptake occur in the leaf sto-
mata,  these  two  processes  are  strongly
related  (Cienciala  &  Lindroth  1994).  We
found  similar  leaf-scale  transpiration  for
seedlings  and  sprouts,  suggesting  similar
photosynthetic  rates  during  non-limiting
water  conditions.  Contrastingly,  seedlings
had  much  lower  transpiration  during  the
drought period,  as  a  consequence of  the
closure of  stomata and soil  water  deficit.
This response affects the net CO2 assimila-
tion rate (Miyashita et al. 2005) and leads
to lower plant biomass production (Brug-
noli & Bjorkman 1992, Mugnai et al. 2009).
Additionally,  drought often limits nutrient
uptake (Aroca 2012),  as water  is  required
for  their  solubilization  and  translocation
(Singh & Singh 2004).  Also,  drought may
lead  to  carbon  starvation  by  interfering
with  the  transportation  of  carbohydrates
from  the  storage  in  the  roots  to  above-
ground tissue (Ryan 2011).  Therefore,  fre-
quent  and  severe  droughts  dramatically
affect  biomass  production.  At  drier  sites,
seedling growth may even be slower than
that of  sprouts due to a lower water  up-
take,  as  observed  in  this  study  and  pre-
viously reported by Drake et al. (2012). As a
result, in drought conditions sprouts have
higher  survival  ability  and  faster  growth
than seedlings in the earliest  ontogenetic
stage (Lloret et al. 2004).

Our results indicate lower water availabi-
lity for seedlings during drought as a con-
sequence of shallow roots and/or a smaller
root  absorptive  area.  Lloret  et  al.  (2004)
studied  the  response  of  Phillyrea  latifolia
seedlings  and  Quercus  ilex sprouts  to  ex-
perimental drought. Generally, Quercus ilex
is more susceptible to drought than P. lati-
folia  in  the  adult  stage  of  development.
However, these authors reported a greater
water  use efficiency (WUE) and ability  to
regulate  water  use  under  stressful  condi-
tions for  Q. ilex sprouts as compared with
P.  latifolia seedlings.  This  suggests  that
sprouts  are  less  stressed by  water  limita-
tion  since  they  benefit  from  resources
stored in parent trees. Therefore, the type
of  regeneration  alters  the  competition
among  species  in  mixed  forests,  as  rege-
neration by sprouting gives to susceptible
species  a  better  chance  of  survival  to
drought.

Drake et al. (2012) compared the transpi-
ration and  water  use efficiency  of  young
seedlings and sprouts of  Eucalyptus globu-
lus, finding a higher production of stem vo-
lume for sprouts compared to that of seed-
lings  of  1-2  years.  Transpiration  was  also
higher in the case of sprouts both at indi-
vidual  and stand level.  In their  study,  the
difference in stand transpiration was most-
ly related to a significantly higher leaf area
index (a greater surface area for transpira-
tion) of the coppice. However, they did not
find  that  the  differences  in  transpiration
were caused by a different level of stoma-
tal control. In our case, differences in leaf
area-scaled  transpiration  between  seed-
lings  and  sprouts  were  observed  under
drought conditions,  suggesting that plant
origin can influence stomatal control when
soil water is limited (i.e., SWP < -1.4 MPa).

It  has been reported that  differences in
transpiration  rate  between  seedlings  and
sprouts are primarily related to the trans-
missive surface area (sap wood area or leaf
area)  for  water  transport  (Drake  et  al.
2012).  This implies that plants with similar
basal and leaf area would transpire at simi-
lar  rates  regardless  they are  seedlings  or
sprouts. This is in contrast with our results,
as the influence of drought on seedling and
sprout transpiration was significant in this
study.

Simultaneous measurements of sap flow

and microclimatic factors allowed us to ob-
tain valuable information on the water rela-
tions of trees and their response to chan-
ges  in evaporative conditions  and in phy-
siological  processes  related  to  the  water
balance (Nadezhdina 1999),  especially  un-
der limited soil water availability (Bequet et
al.  2010). Such approach also enabled the
analysis of several drought indicators. Our
results  showed  a  significant  decrease  in
the effective crown area and in the relative
effective  crown  area  during  drought  for
both seedlings and sprouts,  which shows
the  limited  ability  of  plants  to  meet  the
evaporative  demands  during  drought
stress. A low effective crown area suggests
stressful conditions, water deficit and sto-
matal closure. In our study, the significant
difference in Aeff confirmed a more severe
stress for seedlings, supporting the results
of the transpiration analysis.

From the point of view of forest manage-
ment, it is important to know how long the
coppice  system  has  an  advantage  over
high  forests  in  terms  of  production  and
water use, especially during droughts. Such
advantage is connected to the differences
in  plant’s  biomass  allocation  and  growth
dynamics.  Transpiration  of  coppice  trees
will likely be higher as long as its leaf area is
higher  than  that  of  high  forest  trees.  As
plant leaf area can be explained by allome-
tric relations to biomass and basal diame-
ter of plants (as showed in this paper), the
difference in transpiration would probably
exist until seedlings (or young trees) reach
a  similar  size  to  coppice  trees.  However,
the absorptive root area and the root-to-
shoot ratio are the most important factors
determining the water availability and tran-
spiration of plants differing in their regen-
eration form (Savé et al. 1999). Therefore,
seedlings  may  experience  more  severe
water limitations than stump sprouts until
they develop an extensive root system to
withdraw water in drought periods. On the
other  hand,  to  our  best  knowledge,  no
studies comparing the root system of cop-
pice and high forest trees and its develop-
ment over time are available in the litera-
ture.  However,  in a study focused on the
production  at  the  stand  scale,  Giurgiu  &
Draghiciu (2004) found that the total yield
of a sessile oak coppice forest was equal to
that of a high forest at the age of 40 years.
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Tab. 2 - Mean effective crown area (Aeff, m2) and relative effective crown area (aeff, %)
of seedlings and sprouts during non-limiting water conditions (Normal) and during
drought. (DOY): day of the year.

Plant type
Normal Drought

DOY Aeff aeff DOY Aeff aeff

seedling 218 0.112 84.9 141 0.017 12.8
219 0.114 86.4 142 0.016 12.0
220 0.112 84.5 143 0.008 6.4
221 0.095 71.6 144 0.008 6.4

sprout 218 0.265 97.4 141 0.087 31.9
219 0.263 96.6 142 0.109 40.0
220 0.237 87.0 143 0.075 27.5
221 0.213 78.1 144 0.072 26.5
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Differences  in  water  availability  between
coppice and high forest trees might theo-
retically exists at that age (or even later),
though  site-specific  conditions  should  be
taken into account.

Sessile oak is described as intermediately
tolerant to drought (Arend et al. 2011, Dick-
son & Tomlinson 1996). Several studies de-
monstrated  that  net  assimilation  of  CO2,
stomatal conductance and transpiration of
sessile oak decrease to overcome drought,
and  remain  substantially  constant  during
severe stress (Bréda et al. 1993,  Raftoyan-
nis  &  Radoglou  2002).  In  this  study,  the
observed  small  (though  still  measurable)
transpiration of seedlings and sprouts sug-
gests an incomplete stomata closure under
stress conditions. According to  Thomas &
Gausling  (2000),  stomatal  conductance
strongly contributes to drought tolerance
in oaks. Sessile oak is able to overcome a
long-term  water  shortage  (Bréda  et  al.
1993), although this may impair its biomass
production and competition ability. 

The increased initial  biomass production
and  transpiration  rate  of  sprouts  under
drought stress detected in this study sug-
gest that coppice could be an appropriate
management system in sites characterized
by frequent droughts. In the context of the
current  climate  change,  a  better  under-
standing of drought response, survival, and
mortality of trees (McDowell 2011), as well
as the choice of the most appropriate ma-
nagement  system,  are  critical  to  ensure
long-term persistence of forests under the
projected extreme drought.

Conclusion
Coppice and high forest differ in their re-

generation form, and this affects the initial
growth of trees, their utilization of resour-
ces and their susceptibility to stress factors
such as drought. Significantly higher tran-
spiration of  seedlings  during drought,  to-
gether with the higher biomass production
of  sprouts  under  water  shortage,  confir-
med  the  better  performance of  the  cop-
pice system as compared with high forest,
at least during the initial stage of the forest
development cycle. 
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