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Abstract
Key message Flooding reduces leaf photosynthesis but
initially enhances plant respiration. Differences in
flood-induced restrictions to plant net carbon gain could
underlie distinct susceptibility to flooding between
species.
Abstract Flooding affects plant physiology and development, ultimately determining species’ ecology and distribution. Ulmus laevis Pallas and Ulmus minor L. are two
European riparian trees facing habitat degradation and
Dutch elm disease. Here, we have investigated the sensitivity to flooding of 2-year-old seedlings of these species to
ascertain their level of tolerance in relation to future
reforestations. Gas exchange of leaves, stems and roots,
hydraulic conductivity and growth were measured in a
controlled experiment. Seedlings of U. minor died by the
60th day of flooding, but not those of U. laevis, which
partly recovered physiological functions after 30 days of
adequate watering. Light-saturated net photosynthesis rate
(Pn) and stomatal conductance progressively declined after
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flooding started. Forty-six days later, Pn was 2 and 3 times
lower in flooded compared to control U. laevis and U.
minor plants, respectively; at this time, the percentage loss
of root hydraulic conductivity increased by fourfold relative to control plants. Rates of respiration initially
increased with flooding in leaves, stems and roots, and then
were similar in flooded and control plants. Aerenchyma
was not formed on either species, but lenticels at the water
line became increasingly hypertrophied and could help in
providing oxygen and sustaining respiration. Whole-plant
net carbon gain was 3 and 9 times lower in flooded than
control plants in U. laevis and U. minor, respectively. Our
data suggest that the inability to maintain a positive carbon
balance somehow compromises seedling survival under
flooding, earlier in U. minor than U. laevis, partly
explaining their differential habitats.
Keywords Waterlogging  Plant mortality  Anatomy 
Xylem cavitation  Carbon budget

Introduction
Perpendicular to terrestrial water bodies, there is a marked
environmental gradient that shapes the zonation of riparian
vegetation (Glenz et al. 2006). Many of the environmental
factors that vary along this gradient such as the depth of the
groundwater table and the duration and the frequency of
floods have been shown to play an important role in the
distribution of tree species (Ferreira and Stohlgren 1999;
Buijse et al. 2002; Glenz et al. 2006). Thus, the ecophysiological response to experimental flooding may help in
explaining natural distribution of species (Ferreira et al.
2009; Dat and Parent 2012), selecting adequate species for
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riverbank protection (Evette et al. 2012), and determining
species sensitivity to flooding (Piper et al. 2008).
Flooding alters soil physicochemical properties, since
water occupies soil pores which are otherwise filled with
air (Pezeshki 2001). Because oxygen has approximately
10,000 times slower diffusivity in water than in air,
reductions in oxygen concentration and redox potential
take place in waterlogged and flooded soils (Ponnamperuma 1972; Parent et al. 2008). The availability of nutritional elements such as phosphorus decreases, while CO2,
sulfides, methane, ethylene and heavy metals such as
manganese are accumulated in the soil (Kozlowski 1997).
These alterations in the soil gas composition provoke a
cascade of molecular to morphological changes that affect
growth and can eventually kill the plants (Kozlowski 1997;
Striker 2012).
Soil oxygen deficiency and increased CO2 concentration
can inhibit root aerobic respiration and impede normal root
functioning (Colmer 2003; Kreuzwieser et al. 2004; Maček
et al. 2005; Bailey-Serres and Voesenek 2008; Jaeger et al.
2009). Water absorption and hydraulic conductivity can
decline and cause water deficits in the plants (Kozlowski
1997; Nicolás et al. 2005), partly due to suberization of
roots, changes in aquaporin expression and activity, and
altered cambial growth (Else et al. 2001; Javot and Maurel
2002; Tournaire-Roux et al. 2003; Islam and Macdonald
2004). However, other studies report no symptoms of plant
water deficit under flooding (e.g., Ismail and Noor 1996).
The stomata play an important role in the regulation of
plant water homeostasis (Else et al. 2001; Aroca et al.
2012). Induced by an accumulation of abscisic acid
(Bradford and Hsiao 1982; Castonguay et al. 1993) or other
type of anti-transpirant compound (Else et al. 1996) stomatal closure can occur, even in the absence of previous
water deficits, and improve the water status of flooded
plants. Moreover, tolerant plants could maintain water
uptake under conditions of hypoxia/anoxia (McKee 1996;
Striker 2012).
Photosynthesis will decline during flooding due to stomata closure and reduction in CO2 diffusion to the chloroplasts (Kozlowski 1997; Gravatt and Kirby 1998; Li et al.
2007). Continued flooding may also reduce chlorophyll
concentration, carboxylation activity, photosynthetic electron transport efficiency and, therefore, carbon fixation
(Kozlowski 1997; Pezeshki 2001). This, together with the
reduced translocation of photosynthates from the leaves to
the stems and roots (Yamamoto et al. 1995; Angelov et al.
1996; Kozlowski 1997; Pezeshki and Santos 1998), can
make soluble sugars reach limiting concentrations for
sustaining respiration of all plant organs. Compared to
photosynthetic rates, the response of respiration rates to
flooding has been less studied. With increasing oxygen
deficiency, a shift may occur from aerobic respiration to
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anaerobic fermentation of glucose (Kennedy et al. 1992;
Vartapetian and Jackson 1997). Fermentation produces 16
times less energy than normal oxidative phosphorylation
occurring in aerobic conditions (Vartapetian and Jackson
1997; Dat and Parent 2012), so that a deficit in energy
production can occur and make plants more sensitive to
flooding and other concurrent stresses or pathogens
(Munkvold and Yang 1995; Yanar et al. 1997). Maintaining a positive balance between carbon uptake and release
can thus be crucial for survival. Sometimes recently
assimilated photosynthates are insufficient to keep up with
the metabolic activity of the plant and a depletion of
nonstructural carbohydrate reserves occurs (Anderson and
Pezeshki 2000; Parent et al. 2008). However, the downregulation of energy-demanding processes can attenuate
the depletion of carbon reserves and ensure glucose supply
to fermentation over longer periods. Maintaining a positive
carbon balance favors plants’ recovery from flooding
stress, with stored carbohydrates being used in repairing or
replacing damaged structures (Blom and Voesenek 1996;
Blanke and Cooke 2004).
Plants can acclimate to relatively long periods of
flooding by modifying some morphological and anatomical
features. The hypertrophy of lenticels or the formation of
aerenchyma facilitate plant oxygenation and contribute to
maintain root aerobic respiration and water uptake under
flooding (Yamamoto et al. 1995; Blom and Voesenek
1996; Kozlowski 1997). The development of adventitious
roots may replace submerged roots when they become
dysfunctional (Yamamoto et al. 1995; Glenz et al. 2006).
Growth is another way plants have to acclimate to flooding
stress, for example by producing shoots emerging from the
water line. The response of plant growth to flooding is
variable, with flooded plants showing either higher or
lower growth than non-flooded ones (Newsome et al. 1982;
Kozlowski 1997; Ye et al. 2003; Gérard et al. 2008). Often,
phloem and xylem are affected differently by flooding,
which can restrict xylem growth but not stem diameter due
to swelling or proliferation of parenchyma in the phloem
(Kozlowski 1997).
The area of distribution of riparian trees Ulmus minor L.
and Ulmus laevis Pallas expands from the Iberian Peninsula
in the south of Europe to Russia and the Scandinavian
countries in the north. Dutch elm disease (DED) has decimated U. minor populations throughout Europe, but longterm conservation programs have allowed the propagation
of Spanish DED-resistant U. minor genotypes which are
planned to be used in reforestation programs in the near
future. This species grows in lowland floodplains, but it is
also found in drought-prone sites (Venturas et al. 2014a).
Actually, in the Iberian Peninsula, U. minor is the riparian
tree most tolerant to water table depletions (Castro 1997).
U. laevis is less susceptible to DED than U. minor;
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however, it faces the degradation of its habitat, typically
the riparian deciduous forests suffering long term floods
(Collin et al. 2004; Venturas et al. 2014b). Assessing
seedling vulnerability to flooding is necessary if large-scale
reforestations are to be made with these species in floodprone areas.
The aim of this study was to compare the sensitivity of
seedlings of U. laevis and U. minor to flooding. Based on
their distribution in riverside forests, our working hypothesis is that U. laevis is more tolerant to flooding than U.
minor. To test this hypothesis and the effects of flooding on
plant function, we have compared the ecophysiological
response of 2-year-old seedlings of both species to an
experimental flood lasting 2 months, followed by another
month of normal watering to test for potential recovery.
We evaluated flood impacts on growth and anatomical
factors, and on physiological factors related with plant
carbon balance (i.e., leaf net photosynthesis and leaf, stem
and root respiration) and water status (i.e., leaf water
potential, and root and stem hydraulic conductance), as all
these aspects are key to plant survival.
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Leaf water potential at midday and gas exchange were
measured repeatedly on five plants per species and treatment, more frequently at the beginning of the experiment
and once per week afterwards. At days 12, 49 and 93 after
the start of the experiment, we measured respiration and
hydraulic conductance in stems and coarse roots. Each time
plants were measured over 2 days, from 1000 to
1600 hours. Plants were moved from the pool to the laboratory in sets of four, left for 1–2 h at moderate sunlight
and approximately 25 °C (the same as the measurement
temperature), and then harvested. In addition, anatomical
properties at the root collar were examined in both species
and treatments on days 12 and 49 of the experiment.
Leaf water potential
Leaf water potential was measured with a pressure chamber (PMS Instrument Company, Albany, OR, USA) in the
same leaves sampled for gas exchange measurements.
Leaves were cut and then immediately placed into the head
of the pressure chamber to be measured.
Gas exchange

Materials and methods
Experimental design
This experiment was conducted with 2-year-old seedlings
of U. laevis and U. minor, in the campus of the School of
Forestry, Madrid, Spain (3°430 W, 40°270 N). Seeds from
several trees were sown in 15-l plastic pots containing a
substrate of peat and sand mixed 1–3 in volumetric proportions. Seedlings were grown under partial shading and
regular watering for the first year. In late spring of the
second year, 30 healthy plants from each species were
randomly selected and moved to another plot with a pool
with running water. Half of the plants were immersed in the
pool, with the basal 2–3 cm of the stem permanently covered by water (F plants), and the other half were placed next
to the pool and kept well watered throughout the experimental period as controls (C plants). The pots in the pool
were drilled in the upper part to allow water to flow through.
The flooding period lasted for 60 days, from June 10th
to August 10th 2013. Plants of U. minor had died by the
60th day of flooding, but not those of U. laevis, which were
taken out of the pool and kept well-watered for 30 days to
assess recovery from flooding effects. We measured water
temperature, pH and oxygen concentration twice over the
experimental course; values barely changed over time and
were, on average, 23 °C, 8.1, and 7.8 mg O2/l, respectively. Average air temperature and relative humidity were
25 °C and 41 %, respectively, over the experimental
course.

Gas exchange was measured in fully expanded leaves with
a LI-6400 portable gas exchange system (Li-Cor Inc., NE,
USA), equipped with a 6 cm2 chamber coupled to a LED
light source (LI-6400-02B). Measurements were conducted
between 1000 and 1300 hours, at ambient air relative
humidity, but artificially adjusted micro-environmental
conditions of 1,500 lmol m-2 s-1 photon flux density,
400 ppm CO2 concentration and 25 °C. Light-saturated net
photosynthesis rate (Pn), stomatal conductance to water
vapor (gs), internal CO2 concentration (Ci) and transpiration rate (E) were calculated for the exact leaf area included in the chamber. Dark respiration rate (Rd) was then
measured in the same leaves. Prior to measurements, leaves
were covered with aluminum foil paper for 30 min to
prevent light-enhanced respiration (Atkin et al. 1998).
Area-based gas exchange rates were converted to mass
units using the mass per area of measured leaf.
Respiration in stems and coarse roots was measured in a
conifer chamber (LI-6400-05) attached to the portable gas
exchange system. Measurements were performed on severed fragments at 400 ppm CO2 concentration (using the
LI-6400-01 CO2 injector), 25 °C temperature and 35–55 %
air relative humidity. All measurements were completed
within 10 min of cutting. Previous tests showed the rate of
respiration in stems and coarse roots was relatively stable
soon after cutting (Supplementary Figure 1). Shifts in the
rate of respiration of fine roots after cutting were faster and
so we decided not to measure fine roots. The two cut ends
of stem and coarse root fragments were sealed with putty
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(Terostat; Teroson, Heidelberg, Germany) to avoid CO2
release through the open ends (Teskey and McGuire 2004)
and minimize heterogeneity between samples. The chamber foam gaskets were also covered with putty to prevent
leaks. The rate of respiration of stems and coarse roots was
expressed per unit of surface area and dry mass. Considering both organs as perfect cylinders, their curved surface
area was calculated from the diameter and height. The ratio
of curved surface area to oven-dry mass was used to convert area-based respiration rates to mass-based rates.
Hydraulic conductance
Xylem hydraulic conductance was measured in the main
stem and root of each plant using a XYL’EM embolismmeter (Bronkhorst, Montigny les Cormeilles, France). The
stem and main root were cut under water to avoid air entering
through the cut surfaces. Then, root segments and currentyear and 2-year-old stem segments of approximately 30 mm
length were re-cut under water, removing the bark before
measuring. Initial hydraulic conductivity (Ki) was determined as the water mass flow per pressure gradient across the
length of segment, using a solution of 10 mM KCl and 1 mM
CaCl2 in deionized degassed water. After measuring Ki,
segments were flushed with the same solution at 0.18 MPa
for 10 min to remove embolisms, and hydraulic conductivity
was measured again to obtain the maximum hydraulic conductivity through the segment (Kmax). The percentage loss of
hydraulic conductivity (PLC), was calculated as: PLC
(%) = 100 9 (Kmax - Ki)/Kmax. The cross-sectional area
(S) and length (L) of segments were also measured to calculate the specific maximum hydraulic conductivity (Ksmax)
as: Ksmax = Kmax 9 L/S.
Anatomy
Transverse sections of stems at the root collar were cut
using a sliding microtome. They were stained with an
aqueous solution of 1 % safranine and 1 % alcian blue, and
mounted for optical microscopy. Photographs were taken
with a digital camera Canon EOS 600D with an LM
microscopy adapter (MicroTech Lab). Images were analyzed with WinCELL Pro (version 2004a; Regent Instruments Inc. Canada) for measuring aerenchyma proportion,
earlywood and latewood width, vessel frequency (Vf, vessels mm-2), mean vessel area (Va, lm2) and percentage of
grouped vessels (PGV, %) in earlywood and latewood.
Growth
Five plants from each treatment and species were selected
to measure main stem diameter increment continuously
from June 12th to July 7th with linear variable
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displacement transducers (LVDTS, Model DF2.5, Solartron Metrology Bognor Regis UK). The number of new
leaves formed since the start of the experiment was also
registered 33 and 48 days after the start of the experiment.
Plant biomass distribution
Leaves, stems and roots of plants sampled for hydraulic
conductivity were oven-dried and weighted to obtain total
leaf (LDM), stem (SDM) and root (RDM) dry masses.
From data of plant biomass distribution, the instantaneous daytime whole-plant carbon balance (PCB) was
calculated as:
PCB ¼ LDM  Pn  SDM  Rs  RDM  Rr;
with Pn already including the respiratory carbon losses
occurring through photorespiration and mitochondrial respiration in the light.
Data analyses
This experiment was arranged as a completely randomized
experimental design. An independent sample t test was
used to compare means between the two treatments
(flooding and control), with 5 replicates (n = 5) for each
species, respectively. Analyses were performed with SPSS
17.0, with 95 % confidence limits (p \ 0.05).

Results
Leaf water potential
Midday leaf water potential (Wmd) of flooded U. laevis
plants was significantly higher than that of control plants
from day 7 until just before the end of the flooding period
(Fig. 1). Thirty days after flooding ended, the values of
Wmd were similar to those exhibited in previous days.
However, no significant differences in Wmd were found
between treatments because Wmd of control plants
increased, for unknown reasons. In the case of U. minor
there was no significant difference in Wmd between flooded
and control plants until day 24, when flooded plants started
to show significantly higher Wmd than controls.
Gas exchange in leaves, stems and roots
Flooding caused a significant reduction in Pn and gs from
day 17 on in both species (Fig. 2). By day 46 after pot
submersion, Pn and gs were approximately 2 and 3.5 times
lower, respectively, in flooded than control plants of U.
laevis, and 3 and 4.5 times lower, respectively, in flooded
than control plants of U. minor. Then Pn and gs of flooded
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Fig. 1 Time course of midday
water potential (Wmd) in plants
of U. laevis and U. minor
subjected to regular watering
(C black symbols) or flooding
(F white symbols). Symbols are
mean ± standard error (n = 5).
The dashed line indicates the
end of flooding. Notice the
different time scale on the x-axis
between species

U. laevis continued to decrease and reached a level
approximately 4 times and 7 times lower than in control
plants by day 60. Leaf transpiration (E) and internal CO2
concentration (Ci) developed similar trends over time as Pn
and gs during the flooding period (Fig. 2). This suggests the
decline in Pn was caused by a reduction in gs in response to
flooding, which also caused reductions in E and Ci. Rates
of Pn in U. laevis plants moved out of the pool for 30 days
were similar to those of control plants, gs and E rates being
significantly higher.
Concerning respiration, significant differences between
the two treatments in leaf, stem and root respiration were
found at the beginning of the experiment (day 11) in U.
laevis. Respiration of leaf, stem and root of flooded plants
had 1.5, 2.1 and 2 times higher values than control plants,
respectively (Fig. 3). Flooded plants of U. minor also had
higher rates of root and stem respiration than control plants
by day 11, although in the case of the stem, the difference
was only marginally significant (p = 0.11; Fig. 3).
Whole-plant instantaneous net carbon gain was severely
limited after 49 days of flooding (Fig. 4). The balance
between carbon gain by photosynthesis and carbon losses
through respiration was always positive in all plants, but it
was closer to zero in flooded U. minor. Previously flooded
plants of U. laevis did not reach the values of controls at
the end of the recovery period because, despite the
recovery of photosynthetic rates, flooded plants had barely
produced any more leaves as compared to control ones.
Stem and root hydraulic conductance
Maximum hydraulic conductivity (Kmax) of root was similar
in flooded and control plants of both species (on average
7.3 kg m-1 s-1 MPa-1 for U. laevis and 9.8 kg m-1 s-1
MPa-1 for U. minor), but was significantly higher in controls

of U. laevis after recovery. The same lack of difference
between treatments was found for 2-year-old shoots (on
average, 5.9 kg m-1 s-1 MPa-1 for U. laevis and
7.5 kg m-1 s-1 MPa-1 for U. minor). However, 1-year-old
shoots of plants subjected to flooding for 49 days had half the
Kmax of controls in both species. For U. laevis, Kmax was
2.3 kg m-1 s-1 MPa-1 in flooded plants and 4.3 kg m-1
s-1 MPa-1 in controls, although the difference was not significant at p \ 0.05; for U. minor, Kmax was 4.3 kg m-1
s-1 MPa-1 in flooded plants and 8.9 kg m-1 s-1 MPa-1 in
controls (p \ 0.05) (Supplementary Figure 2).
The percent loss of hydraulic conductivity (PLC) of the
root was severely affected by flooding, and was approximately 4 times higher in flooded than control plants of both
species (Fig. 5). No significant differences in PLC were
found in stems for flooded and control plants for either
species, average values ranging from 16 to 26 % in 1-yearold stems and from 49 to 60 % in 2-year-old stems.
Stem morphology and anatomy
Lenticels in the main stem became increasingly hypertrophied in both elms, this effect being visible as soon as
1 week after pot submersion (Fig. 6). Some anatomical
changes were also observed with flooding. The width of the
latewood formed by U. laevis was significantly lower in
flooded than control plants, but no such difference was
observed in U. minor. We did not find any difference in
vessel frequency between treatments on any species.
However, flooded plants of U. minor had bigger vessels,
and these vessels did more often appear isolated rather than
in groups, as compared to control plants. These variables
exhibited no difference between treatments on U. laevis
(Fig. 7). No differences in earlywood were observed
because it was already formed when the experiment started.
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Fig. 2 Time course of leaf net
photosynthesis (Pn), stomatal
conductance to water vapor (gs),
transpiration (E) and internal
CO2 concentration (Ci) in plants
of U. laevis and U. minor
subjected to regular watering
(C black symbols) or flooding
(F white symbols). Symbols are
mean ± standard error (n = 5).
The dashed line indicates the
end of flooding. Notice the
different time scale on the x-axis
between species
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Fig. 3 Leaf dark (Rl), stem (Rs)
and root (Rr) respiration in three
dates of the experimental course
in plants of U. laevis and U.
minor subjected to regular
watering (C black symbols) or
flooding (F white symbols). The
last date corresponds to plants
examined for recovery 30 days
after the treatment of flooding;
recovery could not be examined
in U. minor because flooded
plants died. Symbols are
mean ± standard error (n = 5)

Plant growth and survival
Stem diameter increment monitored daily with LVDTs was
higher in flooded than control plants of both species over
the first month of the experiment (Fig. 8). Over the same
period, however, submerged plants of U. laevis and U.
minor produced, on average, 2 and 10 leaves, respectively,
while control plants produced 15 and 54 leaves. Later on,
submerged plants of U. laevis and U. minor did not produce any more leaves while control plants of both species
continued to produce new leaves. Actually, the five plants
of U. minor remaining in the pool at the end of the period

of submersion started to shed their leaves and eventually
suffered stem dieback; outer bark and phloem degraded
forming a ring of visible xylem at the water line (Fig. 6)
which ultimately impeded carbohydrate translocation to the
roots. These plants did not recover once normal watering
resumed, and in the year following the experiment, just one
of the five plants of U. minor subjected to flooding sprouted
from the root. On the contrary, no plant of U. laevis died or
shed leaves during the experiment or afterwards.
Total plant biomass was not significantly different
between treatments, except in U. laevis at the end of the
experiment, when control plants had two times more
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Fig. 4 Balance between foliage
photosynthetic CO2 uptake and
respiratory CO2 release via
foliage, stems and roots.
Symbols are mean ± standard
error (n = 5) for plants of U.
laevis and U. minor subjected to
regular watering (C black
symbols) or flooding (F white
symbols). The last date
corresponds to plants examined
for recovery 30 days after the
treatment of flooding; it could
not be examined in U. minor
because flooded plants died

Fig. 5 Percent loss of hydraulic
conductivity in roots (PLCs) of
U. laevis and U. minor
subjected to regular watering
(C black symbols) or flooding
(F white symbols). The last date
corresponds to plants examined
for recovery 30 days after the
treatment of flooding; it could
not be examined in U. minor
because flooded plants died

biomass than the ones that had been previously exposed to
flooding (Supplementary Figure 3).

Discussion
Here we have evaluated the anatomical and functional
alterations taking place in seedlings of two Ulmus species
over 3 months of experimental flooding and potential
recovery, to compare their susceptibility to flooding. Our
results showed a rapid and progressive decline of leaf
stomatal conductance and net photosynthesis, likely triggered by hormonal signals at the beginning of flooding and
hydraulic limitations later on. Leaf, stem and root respiration of plants exposed to flooding initially increased, and
then remained similar to values of control, well-watered
plants. The result was a clear decline in whole-plant net
carbon gain, of higher magnitude in U. minor than U.
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laevis. On continuation we further discuss these physiological responses and the implications for flood resistance
in these species.
Leaf stomatal conductance and transpiration declined,
while stem and root hydraulic conductivity were not
affected within 2 weeks of exposure to flooding. This
suggests the initial decline in leaf gas exchange was
induced by a hormonal signal that attenuated leaf water
deficit (Bradford and Hsiao 1982; Kozlowski 1997; Islam
et al. 2003), at least during the first weeks of flooding.
Hormones synthesized in the leaves or transported from the
roots to the leaves can promote stomata closure. This is the
case with ethylene (Islam et al. 2003; Blanke and Cooke
2004; Desikan et al. 2006) and ABA (Else et al. 1996;
Yanar et al. 1997; Loewenstein and Pallardy 1998),
although works of Else et al. (1996, 2001, 2009) have
found a reduction of ABA delivery from roots together
with stomatal closure and discussed some unknown
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Fig. 6 Hypertrophied lenticels (above) and degradation of the stem
(below) of U. minor at day 60th

compounds other than ABA could participate in the floodinduced closing of stomata. The decline in transpiration
probably explained that leaf water potential at midday was
higher than in well watered plants. In the longer term,
hydraulic limitations to water transport may reduce stomatal conductance and transpiration (Tyree and Sperry
1988). After 49 days of flooding, the percentage loss of
conductivity (PLC) of roots reached approximately 40 %
in U. laevis and 60 % in U. minor, that is, approximately
four times higher than control plants. However, root
hydraulic conductivity was still within the range of stem
hydraulic conductivity, suggesting root cavitation was not
limiting water supply to leaves. Anatomical traits did not
provide a straightforward explanation of differences in
xylem susceptibility to cavitation. Flooded U. minor plants
had a higher proportion of isolated vessels than control
plants, but the relationship between vessel connectivity and
hydraulic safety is not clear. Some authors discuss that a
greater number of connections allow for alternative pathways for water transport (Yáñez-Espinosa et al. 2001),
while others consider that embolism can spread more easily
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through connected vessels (Johnson et al. 2014). In any
case, Yáñez-Espinosa et al. (2001) also reported an
increasing proportion of isolated vessels as trees grew in
sites of increasing duration of flooding.
The decline in stomatal conductance was the main factor
limiting photosynthesis in flooded plants, as it has been
observed in similar studies (Kozlowski 1997; Gravatt and
Kirby 1998; Nicolás et al. 2005). Nonstomatal limitations
of the photosynthetic capacity can occur in relation to
reduced chlorophyll concentration, carboxylation efficiency, or electron transport rate (Gravatt and Kirby 1998;
Herrera et al. 2008; Polacik and Maricle 2013). Here,
however, the internal concentration of CO2 remained
generally lower in flooded plants, suggesting that photosynthesis was mostly limited by the availability of CO2.
In contrast to leaf net CO2 assimilation, respiration rates
of leaves, stems and roots generally increased at the
beginning of the flood and then remained unchanged relative to controls. The initial increase in respiration, particularly in U. laevis, could respond to the need of energy,
carbon skeletons and reducing power to set up different
mechanism of acclimation to anaerobic conditions (BaileySerres and Voesenek 2008), for example hypertrophication
of lenticels, which involves increased phellogen activity
(Angeles et al. 1986). Although hypoxia may limit respiration (Bragina et al. 2004; Bailey-Serres and Voesenek
2008; Polacik and Maricle 2013), we did not observe a
reduction of respiration in flooded relative to control plants
later on. Firstly, the threshold of oxygen concentration
limiting mitochondrial respiration is low (Spicer and Holbrook 2007). Secondly, sufficient oxygenation can be
ensured through hypertrophied lenticels (Newsome et al.
1982; Kozlowski 1997; Lopez and Kursar 1999; Groh et al.
2002) or even cavitation and embolism of roots (Raven
1996; Else et al. 2001; Sorz and Hietz 2005; Venturas et al.
2013). The formation of aerenchyma is a common anatomical response of some plant species to flooding to
improve oxygen diffusion (Kozlowski 1997; Jackson
2002), but we did not observe it in either species. Our
discussion that respiration was barely affected by the flood
is based on the premise that a shift from aerobic respiration
to fermentation, producing 3 times less moles of CO2 per
mol of glucose than aerobic respiration, would translate
into a reduction in measured CO2 efflux rates. Another
methodological consideration is that we measured root
respiration at air ambient CO2 and O2 concentration, which
could result in the over-estimation of respiration rates that
are actually occurring in the soil (Marsden et al. 2008).
Compared to studies on photosynthetic carbon uptake,
studies addressing the effects of flooding on plant respiration are fewer. Here, the decline in photosynthesis but not
respiration resulted in an imbalance between the uptake
and release of CO2 at the plant level. It is remarkable that
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Fig. 7 Growth, mean vessel
area (Valatewood) and percentage
of grouped vessels (pgvlatewood)
in latewood of stems at root
collar in plants of U. laevis and
U. minor subjected to regular
watering or flooding for 11 and
49 days

plant net carbon gain was very low and 9 times lower in
flooded than control plants for U. minor. These estimations
would have changed little had we accounted for fine root
respiration, since fine root biomass was four times lower
than coarse root biomass (data not shown). The imbalance
between photosynthesis and respiration could affect plant
growth and survival. The fact that latewood synthesis was
negatively affected by flooding (or not at all in U. minor)
suggests that the increment in stem diameter observed with
LVDTs over the first month of flooding in both species was
caused by swelling or a preferential allocation of carbon to
the bark (Yamamoto and Kozlowski 1987; Kozlowski
1997). While the ability to maintain or enhance growth in
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flooding conditions has been related to flood tolerance
(Kozlowski 1997), a reduction in xylem growth implies
reduced energy demand and respiratory carbon losses, and
thus can be beneficial for plants in overcoming floods.
Here, survival of U. minor flooded plants was ultimately
compromised by the degradation of bark and phloem. It is
possible that ethylene participated in these morphological
alterations (He et al. 1996; Mergemann and Sauter 2000),
but also that shifts in carbon balance, allocation and
metabolism were related to the inability to maintain bark
integrity under flooding (Vartapetian and Jackson 1997),
for example if phloem transport halted (Gravatt and Kirby
1998; Ferner et al. 2012), altering cell osmotic equilibrium
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Fig. 8 Daily stem diameter
increment in plants of U. laevis
and U. minor subjected to
regular watering (C black
symbols) or flooding (F white
symbols). Symbols are
mean ± standard error (n = 5)

at the water line, or if less carbon was available to cope
with water mold fungi abundant in flooded soils (Kozlowski 1997).
The ability to recover from flooding is a relevant aspect
in the evaluation of flooding tolerance (Anderson and
Pezeshki 2000; Parolin 2001; Striker 2012). Seedlings of
U. laevis exhibited a remarkable capacity to recover normal plant function after flooding: PLC and gas exchange
were similar in flooded and control plants. Hormonal and
hydraulic factors limiting gas exchange disappeared when
soil gas conditions returned to normal. It is possible that
new vessels were grown in the 40 day period between
measurements or that xylem refilling occurred, as it
appears to happen after drought-induced xylem disruption
(Canny 1998; Nardini et al. 2011). In this respect, the
accumulation of soluble sugars in the parenchyma of stems
and roots possibly helps to stimulate xylem repair through
water refilling (Ameglio et al. 2004; Zwieniecki and
Holbrook 2009). Thus, the relatively high plant net carbon
balance in those U. laevis seedlings kept flooded for
almost 2 months could help to maintain a sufficient pool of
carbohydrates and recover normal functionality afterwards.
In spite of complete recovery of leaf net photosynthesis,
plant net carbon gain continued to be significantly lower in
plants previously flooded than in controls, due to low leaf
production during flooding in comparison with controls
(Angelov et al. 1996). Such carry-over effect on carbon
imbalance could compromise survival if further stresses
follow a first period of flooding. Actually, overcoming a
period of stress while maintaining carbohydrate reserves
relatively high may benefit the plant in coping with
ensuing floods (Angelov et al. 1996), pathogen attacks
(Kozlowski 1992) or other abiotic stresses (Kozlowski
1997; Flexas et al. 2006).

In conclusion, the above results suggest that U. laevis is
more tolerant to flooding than U. minor at the seedling stage.
Seedlings of both species are able to overcome short periods of
flooding, but those of U. laevis maintain net photosynthesis
and whole-plant net carbon gain for longer periods of flooding
and can recover afterwards. These results are consistent with
the distribution of both species; U. laevis lives closer to the
riverbank and could be more tolerant to flooding than U.
minor, which tends to occupy elevated areas away from the
riverbank where the water table drops during summer. This
interpretation must be viewed with caution because experiments with seedlings can differ from field experiments with
adults (Parolin 2002; Glenz et al. 2006). Also, there are many
environmental factors that interact with flooding in natural
conditions, such as time of flooding, light, and soil chemical
properties (Streng et al. 1989; Kozlowski 1997; Kashem and
Singh 2001; Voesenek et al. 2006). From a practical viewpoint, however, it is useful to select species and genotypes for
artificial regeneration of riparian areas based on the ecophysiological response of seedlings to controlled conditions of
flooding. This study provides insights into the factors underlying flood tolerance of two threatened species in the Iberian
Peninsula for which afforestation programs are recommended
and planned for the near future. Our goal is to determine most
appropriate sites for planting both species, and this study
constitutes a first, necessary step towards this goal. It is still
early to conclusively inform on best sites for planting these
species. Yet we can suggest that plantations with U. laevis,
particularly in the drought-prone South European regions,
would benefit from choosing locations in the close vicinity of
the water channel due to the fast growth and flood tolerance of
this species. Lower growth and flood tolerance of U. minor
seedlings advices against planting this species as close to the
water channel.
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