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Abstract Climate change will increase the frequency of extreme rain events, causing 
more flooding episodes. Willows are usually planted in marginal lands like flood prone 
areas. For willow plantations developed from rootless cuttings, the establishment phase is 
crucial, because the cuttings are still developing a shoot and root system and have a higher 
vulnerability to stress. A flooding episode during this early period may have a negative 
effect upon plants. We analyzed the responses to flooding of eight willow genotypes, rep-
resenting important species from the economic and ecological point of view (Salix alba, S. 
matsudana, S. amygdaloides and S. matsudana × S. nigra hybrids). The treatments started 
when the plants were 2 months old and lasted for 3 weeks. They were identified as: Con-
trol (watered to field capacity); F10 (plants submerged 10 cm above soil surface) and F50 
(plants submerged 50 cm above soil surface). The F50 treatment showed a greater growth 
reduction than the F10 treatment in most clones, either measured in height, diameter or 
total biomass. Both flooding treatments reduced significantly the root-to-shoot ratio com-
pared to control plants. The F50 treatment increased the leaf nitrogen content and specific 
leaf area in all genotypes. Both treatments changed plant and leaf traits in different ways 
according to the depth of the floodwater. These changes may have lasting effects on growth 
recovery in the post-flooding period. Willow clones with a fast initial growth will be the 
best option to minimize growth reduction in areas prone to experience flooding episodes.
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Introduction

Willows (Salix spp.) are important forest trees, with different uses at industrial level (pulp, 
paper, reconstituted wood panels); biomass for energy (Balatinecz et al. 2014) and for envi-
ronmental restoration projects (Wang et  al. 2017). From 1990 to 2010, the global mar-
ket of wood based products increased, and this trend is expected to continue in the future. 
Willows can fulfill these demands because of their fast growth rate, and in consequence 
their area plantation has been increasing in the last years at global level (Ma and Leb-
edys 2014). These plantations can be established in marginal areas not used for agriculture, 
like flood-prone lowland areas, where flood- tolerant willows can be grown (Dickmann and 
Kuzovkina 2014). Willows form natural stands in periodically flood-disturbed environ-
ments (Karrenberg et al. 2002; Markus-Michalczyk et al. 2016), and the regeneration of 
willow dominated riparian forests is characterized by the periodic massive germination of 
seeds along river banks (Van Splunder et  al. 1995). Floodwater level and seed dispersal 
timing are the main determinants for willow seedlings survival (Blom 1999). In contrast 
with natural forests, commercial clonal willow plantations are mostly developed from cut-
tings, not seedlings. The standard propagation material for willows is un-rooted dormant 
cuttings, harvested from 1 year old shoots, and the establishment phase is a crucial point 
(Volk et al. 2004). At this stage, the vulnerability to stress is higher because the cuttings 
are still developing a root system and the leaf area that will provide photosynthates for 
subsequent growth. Accordingly, a flooding episode during the establishment period may 
have a negative effect upon the survival and early growth of plants (Stanturf and Van Oos-
ten 2014). Climate change will increase the frequency of floods in several areas across 
the world, not only in areas near water courses but also in lowland areas, due to extreme 
rainfall events (Voesenek and Bailey-Serres 2015; Garssen et al. 2015). It is important to 
understand the responses of willow cuttings under this stressful situation in order to breed 
willow clones that can survive these conditions, and mitigate the impact of climate change 
upon the establishment of willow plantations.

Several morphological and physiological traits that have an effect on growth and pro-
ductivity can be altered by flooding, like dry matter partitioning, photosynthetic activ-
ity and leaf area (Kreuzwieser and Rennenberg 2014). It has been well-documented that 
plant responses to flooding are different according to the depth of floodwater (Iwanaga and 
Yamamoto 2008). In willows, the root-to-shoot ratio of the root system was reduced by 
partial flooding (Li et al. 2005; Doffo et al. 2017) and it decreased along with the depth of 
floodwater in an experiment simulating increased levels of tidal flooding (Markus-Michal-
czyk et al. 2016).

There are two patterns of response according to the depth of floodwater and the dura-
tion of the flooding episode: the Low Oxygen Quiescence Strategy (LOQS) and the Low 
Oxygen Escape Strategy (LOES, Voesenek and Bailey-Serres 2015). The LOQS strategy 
implies a reduced metabolism and growth to save energy and resources, and it is associated 
with species that endure prolonged complete submergence. The LOES response increases 
the growth of aerial organs, spending energy to grow and avoid the complete submergence 
of the plant, and enhancing the ventilation of submerged organs. These responses are 
extreme, and intermediate patterns may occur.

Plants which are tolerant to complete submergence are able to acclimate by develop-
ing different traits, such as performing underwater photosynthesis (Colmer and Pedersen 
2007) or producing new leaves with a higher specific leaf area (SLA, Mommer and Visser 
2005). SLA is an important trait which affects growth and productivity, and is the main 
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determinant for inter-specific variation in the relative growth rate (Poorter and Evans 
1998). Growth ultimately relies on photosynthetic carbon fixation, and there is a posi-
tive correlation between the photosynthetic rate and the leaf nitrogen content (Poorter and 
Evans 1998). In poplar, nitrogen availability modulated traits that affects whole plant car-
bon fixation, like saturated net photosynthesis and leaf area (Cooke et al. 2005). It has been 
proposed that an increase in leaf nitrogen per area basis is an acclimation to optimize nitro-
gen economy in willows under drought stress (Weih et al. 2011). It is not known if some-
thing similar occurs under flooding stress.

In this work, we analyzed the responses of different willow species to two depths of 
floodwater. These species have different origins, and are important from the economic 
and ecological viewpoint. Salix alba and S. matsudana are riparian, living in periodically 
flooded environments, while S. nigra and S. amygdaloides grow in wetlands and can toler-
ate long periods of flooding by stagnant water (Dickmann and Kuzovkina 2014). Because 
of these ecological differences, we expected to find a range of flooding tolerance in the 
clones used in this work, with the wetland species being more flood tolerant than the 
riparian.

The aim of this work is to compare the acclimation response of cuttings of eight willow 
genotypes to different flooding depths. The hypothesis is that willow genotypes will accli-
mate to the depths of floodwater in different ways, by modifying their growth, dry matter 
partitioning and leaf functional traits.

Materials and methods

The details of the willow species and hybrids used in this work are given in Table 1. Most 
of these genotypes were used as parents in breeding programs developed by the National 
Institute of Agriculture and Livestock Technology (INTA, Instituto Nacional de Tecnología 
Agropecuaria, Argentina, Cerrillo et al. 2016).

The 25-cm-long cuttings were planted in 3.5 L pots, filled with a 50:50 mixture of a clay 
soil and sand, on August 28th, 2014. One cutting per pot was planted, with five replicates 
for each genotype and treatment, with a total of 120 plants. The pots were placed outdoors 
in a garden at INFIVE, La Plata, Argentina (34°59′09″S; 57°59′42″W), with the natural 
climatic conditions of late winter and early spring. The temperature and precipitation data 

Table 1  List of the eight willow genotypes used in this work

a These two clones are the open pollinated progeny of a Salix matsudana × Salix nigra mother

Genotype Abbreviation Species Observations

Salix alba “SI58-004” SA58 SA Male clone
Salix alba “S7” SA7 SA Male clone
Salix alba “SI64-004” SA64 SA Female clone
S. matsudana × S. nigra”08.09.38”a MN38 M × N Unknown
S. matsudana × S. nigra “08.09.22”a MN22 M × N Unknown
Salix matsudana “NZ693” M693 SM Female clone
Salix matsudana “NZ692” M692 SM Female clone
Salix amygdaloides “CAN690” SAM SAM Female clone

Author's personal copy



418 New Forests (2018) 49:415–427

1 3

were recorded by an automated meteorological station belonging to Facultad de Ciencias 
Astonómicas y Geofísicas, UNLP (http ://mete o.fcag lp.unlp .edu.ar/, Suppl. Table 1).

In most clones, sprouting occurred between 14 and 17 days after planting. Clones Salix 
amygdaloides “CAN690” (SAM) and Salix alba “SI58-004” (SA58) sprouted 1 week later 
than the others, but this delay did not have a negative effect on the final growth. The pots 
were watered daily to field capacity until the beginning of the flooding treatments. Before 
starting the treatment, each pot was fertilized with 50 ml of complete Hoagland solution, 
and the plants were pruned to one shoot per plant. The experiment started on October  23rd, 
2014 and lasted for 3 weeks. The treatments were: Control (watered normally); F10 (sub-
merged in water, 10 cm above soil surface, only the root system was submerged); and F50 
(submerged in water, 50  cm above soil surface, the shoot being completely or partially 
submerged). The plants of the F10 treatment were flooded by placing them inside a bigger 
sealed pot, as previously described (Cerrillo et al. 2013). The plants in the F50 treatment 
were placed in a pool filled with water, and some were completely submerged but others 
were not, depending on their initial height. The depth of submergence was recorded as 
the distance between the plant apical meristem and the surface of the water. Regarding 
clones Salix alba “S7” (SA7) and S. matsudana × S. nigra”08.09.38” (MN38), all individ-
uals were totally submerged, while clones S. alba “SI64-004” (SA64), SA58, S. matsudana 
“NZ693” (M693), S. matsudana “NZ692” (M692) and SAM emerged above water surface. 
For clone S. matsudana × S. nigra “08.09.22” (MN22), some plants emerged and others 
were submerged. The water level in the pool was checked every day and maintained at a 
constant level by replacing the evaporated water when necessary.

Height, diameter, number of leaves and chlorophyll content were measured at the begin-
ning and the end of the experiment. Stem height was measured with a 1 cm graduate ruler, 
and its basal diameter with a digital caliper (0.01 mm resolution). The volume index (VI, 
Wilson-Kokes et al. 2013) was calculated as follows:

The relative growth rate in height (RGRh), the relative growth rate in basal diameter 
(RGRd) and the rate of production of new leaves (RGRnl) were determined according to 
Whitehead and Myerscough (1962). Before starting the treatments, the last expanded leaf 
was tagged with a color wire to separate the leaves expanded before and after the flooding. 
After the end of the experiment, leaves were scanned and the leaf area was determined 
with the software Image J (http s://imag ej.nih.gov/ij/). Chlorophyll content was measured 
on the tagged leaf with a Minolta 502 SPAD chlorophyll meter; the values were adjusted 
to a linear model, and the slope was taken as a measure of the leaf senescence rate (SR). 
A slope close to zero implies no chlorophyll degradation, while a higher slope indicates 
steeper chlorophyll degradation, hence a higher leaf senescence rate.

The stomatal conductance (gs, mmol  H2O  m−2s−1) was determined with a porometer 
Decagon SC1, and the electron transport rate (ETR, μmol electrons  m−2 s−1) with a modu-
lated fluorescence meter (Hansatech FMSII, UK). Both variables were measured on the 
latest expanded leaf at the beginning and at the end of the experiment, 3 weeks later. The 
measurements were carried out between 10.30 and 13.00 h, on cloudless days. The irradi-
ance during the measurements ranged between 1300 and 1800 μmol photons  m−2 s−1.

At the end of the experiment, the total biomass and dry matter partitioning were deter-
mined after drying the material at 65 °C to constant weight. Specific leaf area (SLA) was 
determined from a pool of leaves expanded during the flooding period. Leaf nitrogen con-
tent (N) was determined from the same pool of leaves used for specific leaf area, using the 
Kjeldahl method for total nitrogen (Brenmer 1996).

VI =
[

(basal diameter)2 ⋅ total height
]
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The statistical analysis was carried out with R 3.2.3, using the package agricolae (R 
Development Core Team 2017). The aov function was used for the ANOVA, with clone 
and treatment as factors, and the post hoc analysis was carried out with the LSD test. The 
Principal Components Analysis (PCA) was performed using the means of each clone and 
treatment, and the data were standardized and centered.

Results

The F50 treatment caused a more marked effect upon willow growth than F10, as sum-
marized by the Principal Component Analysis (PCA, Fig.  1) and the ANOVA analysis 
(Table 2). The first component explained 41% of the observed variability, separating the 
Control and F10 treatments on one side, and the F50 on the other. Along this axis, all 
the growth-related variables decreased in the F50 treatment, while there was no difference 
between F10 and Control. The F50 treatment reduced final height and diameter (combined 
as volume index, VI), total dry weight (TDW), total leaf area (TLA) and number of leaves 
(NL). The relative growth rate in height (RGRh), the relative growth rate in basal diameter 
(RGRd) and the production of new leaves (RGRnl) were also reduced in F50. On the other 
hand, other variables along the first component were increased in F50, like the leaf abscis-
sion rate (AR), the specific leaf area (SLA) and the nitrogen content per unit leaf area (N).

The second principal component (Fig. 1) represented variables that differed at spe-
cies level, since there were two defined groups: the S. alba (SA) and S. amygdaloides 
(SAM) cluster on one side, and the S. matsudana (SM) and S. matsudana  ×  S. nigra 
(M × N) hybrids on the other. The SM and M × N clones had a higher root-to-shoot 
ratio (RSR), roots-to-leaves ratio (RLR), stomatal conductance (gs), and a slightly 
higher specific leaf area (SLA) than the SA and SAM clones. On the other hand, the 

Fig. 1  Principal component analysis (PCA) of plants grown from cuttings of eight willow clones analyzed 
under three treatments: Control (plants watered to field capacity); F10 (plants submerged 10 cm above soil 
level) and F50 (plants submerged 50 cm above soil level). M × N: S. matsudana × S. nigra hybrids; SA: 
Salix alba; SM: Salix matsudana; SAM: Salix amygdaloides. The symbols represent the average value of 
each genotype and treatment
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SA and SAM genotypes had a higher chlorophyll content in the leaves expanded under 
flooding (CHL), a higher electron transport rate (ETR) and a faster leaf senescence rate 
of the basal leaves (SR).

After 1  week of flooding, hypertrophied lenticels and adventitious roots started to 
develop in the submerged parts of the cuttings and stems of both flooding treatments in 
all clones (data not shown).

The F50 treatment reduced the total dry biomass accumulation in a higher degree 
than F10 in all genotypes (Fig. 2), and the total leaf area as well (S.Fig. 1). The Root to 
Shoot Ratio (RSR) was reduced by both F10 and F50 treatments compared to Control 
plants in most clones. The exception were the flooded clones SA64 and MN22 that had 
a similar RSR to Control plants, and clone M692 which showed an increase in this ratio 
compared to controls.

Nitrogen content and Specific Leaf Area were both increased, albeit not always sig-
nificantly, in the F50 treatment compared to the Control and F10 plants (Table  2 and 
Fig. 3). There were also genotypic differences: the M × N hybrids had a higher SLA and 
a lower N content than the other clones.

Stomatal conductance did not differ among the F10 treatments and the Control except 
in clone SA64 (Fig. 4a and Table 2). Plants from the F50 treatment had similar or higher 

Table 2  ANOVA table including the full name and units of the variables measured in an experiment ana-
lyzing the responses of plants grown from cuttings of eight willow genotypes (clone factor) analyzed under 
three treatments: Control (plants watered to field capacity); F10 (plants submerged 10 cm above soil level) 
and F50 (plants submerged 50 cm above soil level) to different floodwater depth (treatment factor)

The values indicated are the levels of significance. ***p < 0.001; **p < 0.01; *p < 0.05
a Measured on the latest expanded leaf
b Measured on the leaves expanded during flooding

Variable name Abbreviation and units Clone Treatment Interaction

Relative growth rate in height RGRh, cm day−1 0.222 2 × 10−16*** 4.73 × 10−7***
Relative growth rate in 

diameter
RGRd, mm day−1 0.006** 2 × 10−16*** 0.018*

New leaves production rate RGRnl, leaves  day−1 6 × 10−6*** 1.4 × 10−11*** 0.0004***
Final basal diameter D, mm 2.7 × 10−7*** 3.8 × 10−14*** 0.428
Final height H, cm 2 × 10−6*** 4.7 × 10−16*** 0.216
Volume index VI,  cm3 2 × 10−8*** 4.7 × 10−12*** 0.641
Total dry weight TDW, g 2 × 10−12*** 2 × 10−16*** 0.666
Root to shoot ratio RSR 2 × 10−16*** 3 × 10−9*** 0.137
Root to leaves ratio RLR 2 × 10−16*** 2 × 10−16*** 0.001**
Chlorophyll  contenta CHL, SPAD units 2 × 10−16*** 0.0002*** 0.070
Senescence rate SR, SPAD  day−1 1 × 10−7*** 0.005** 0.099
Nitrogen  contentb N, μg cm−2 3.6 × 10−15*** 8.7 × 10−11*** 0.358
Total leaf area TLA,  cm2 2 × 10−16*** 2.2 × 10−7*** 0.876
Abscission rate AR, leaves  day−1 0.0002*** 1.7 × 10−10*** 0.012*
Number of leaves NL 2 × 10−16*** 10−13*** 0.769
Electron transport  ratea ETR, μmol  e−  m−2  s−1 0.119 0.623 0.254
Stomatal  conductancea gs, mmol  H2O  m−2  s−1 0.749 0.0003*** 0.584
Specific leaf  areab SLA, g cm−2 1.5 × 10−16*** 1.5 × 10−9*** 0.415
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values of gs than those of control plants, and the differences were statistically signifi-
cant in clones SM692 and SM693.

Clone SA64 experienced a reduction in chlorophyll content in the F10 treatment, while 
there were no differences for the other clones (Fig. 4b and Table 2). For F50, chlorophyll con-
tent decreased in clone SA7 and it increased in clone M693. There were no significant differ-
ences for either treatments or genotypes in ETR values (Table 2, data not shown).

In the F50 treatment, some plants were totally submerged while others were not. A correla-
tion analysis was carried out to analyze the effects of the degree of submergence on growth. 
The absolute growth (final height minus initial height) was plotted against the degree of sub-
mergence (Fig. 5a). There was a strong correlation (r = 0.94, p < 0.001) between these vari-
ables, where the degree of submergence explained 88% of the variability of growth in height. 
In the completely submerged plants (negative values), the increment in height was close to 
zero. The results were similar for the correlations between relative growth rate in height, 
total biomass and total leaf area against the degree of submergence (Fig. 5b–d, respectively). 
Meanwhile, in case of partially submerged plants, the more the plant emerged above water, 
the higher the growth it showed. This is reflected in the stronger correlation between absolute 
growth and initial height for the F50 treatment, compared with F10 and Control (S. Fig. 2).
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clones analyzed under three treatments: Control (plants watered to field capacity); F10 (plants submerged 
10  cm above soil level) and F50 (plants submerged 50  cm above soil level). Bars: standard error of the 
mean. Values with an asterisk indicate significant differences from the control treatment of the same geno-
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Discussion

The tolerance to flooding is based on a set of strategies to overcome the energy and carbo-
hydrate crisis that brings with it the restriction of access to  O2 and  CO2 (Kreuzwieser et al. 
2004), the LOES and LOQS response patterns being the opposite extremes (Voesenek and 
Bailey-Serres 2015). Willow cuttings of all genotypes responded with growth arrest to 
complete submergence in our study. This growth arrest response is typical of the LOQS 
syndrome, and contributes to the saving of carbohydrates that are in short supply under 
hypoxia or anoxia (Voesenek and Bailey-Serres 2015). In spite of the differences in growth 
response, all clones developed hypertrophied lenticels and adventitious roots under the F50 
treatment, as an avoidance strategy to facilitate the survival of the submerged organs.

The ability to perform underwater photosynthesis ameliorates sugar starvation dur-
ing flooding (Colmer and Voesenek 2009). Underwater photosynthesis is limited by 
low irradiance and slow gas diffusion in water, and this can be alleviated by the occur-
rence of gas films in the submerged leaves (Colmer and Pedersen 2007). Besides the 
amount of light and the occurrence of leaf gas films, submerged plants need to develop 
leaves with a different morphology and anatomy to be able to carry out underwater gas 
exchange. One plastic response of completely submerged plants is the increase of the 
specific leaf area (SLA) with more elongated and thinner leaves (Mommer and Vis-
ser 2005). A high correlation between SLA and nitrogen use efficiency has been shown 
among species (Poorter and Evans 1998). In addition, species with high SLA have less 
nitrogen invested in pigment protein and more invested in Rubisco compared to low 
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SLA species (Poorter and Evans 1998). These traits may have an effect on the photosyn-
thetic rate after the flooding episode ends, eliminating the restrictions on gas exchange. 
In poplar, a higher leaf nitrogen content increased net photosynthetic rate and leaf area 
(Cooke et al. 2005). Willows of most genotypes responded with significantly increased 
SLA and leaf nitrogen content to complete submergence. Immediately after the end of 
the flooding treatment, the stomatal conductance was similar or higher in F50 plants 
than in the Control treatment, and the ETR was not reduced by flooding.

All things considered, it seems that the photosynthetic machinery did not suffer 
from great damage during the flooding episode, since there was no reduction in chloro-
phyll content in most genotypes and the extra nitrogen could be destined to increase the 
Rubisco content. It has been proposed that Rubisco may serve as a storage protein, in 
addition to its catalytic functions (Warren et al. 2003). It is possible that a higher con-
tent of Rubisco might increase the photosynthetic rate during the post-flooding period, 
compensating for the growth reduction under flooding. Even without a higher photosyn-
thetic rate, the increased Rubisco content could bring an advantage for willows in the 
post-flooding period, since N could be remobilized and used for the development of new 
leaves, thereby increasing growth. In Populus deltoides, it was found that the previously 
flooded plants had a higher growth rate than the non-flooded plants in the post-stress 
period (Rodriguez et  al. 2015). The higher growth rate was caused by an increase in 
leaf area and not by a higher photosynthetic rate (Rodriguez et  al. 2015). It has been 
proposed that an increased nitrogen content per leaf area is an acclimation to drought 
in willows (Weih et al. 2011), and it seems that something similar happens under deep 
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flooding. In poplar plants under partial flooding, nitrogen uptake was not significantly 
reduced, but it was absorbed mainly as ammonium instead of nitrate (Kreuzwieser et al. 
2004). It is possible to speculate than in willows, flooded plants had a similar nitrogen 
absorption rate than controls, and the increased content is due to the reduction in leaf 
area.

Conclusion and management implications

Our initial hypothesis on willow cuttings acclimation to flooding was corroborated for the 
eight studied genotypes, since flooding changed plant and leaf traits in different ways for 
the various clones according to the depth of the floodwater. These results are similar to 
those previously described for S. alba, showing a growth decrease along with the depth of 
the flooding (Markus-Michalczyk et al. 2016). The complete submergence reduced growth 
in a higher degree and caused more changes at morphological and physiological level than 
partly submergence of the belowground biomass. These results are similar to the reported 
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Fig. 5  Correlation analysis between growth and submergence in the F50 treatment, for plants grown from 
cuttings of eight willow clones. The degree of submergence was measured as the distance between the api-
cal meristem of the plant and the water surface, which represents the zero level. The vertical bars divide the 
submerged plants (negative values) from the ones that emerged from the water surface (positive values). 
Absolute growth: final minus initial height. The relative growth rate applies to the growth in height, multi-
plied by  10−3. r: Pearson correlation coefficient;  R2 is the adjusted R square value. N = 38
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for Alnus incana (Iwanaga and Yamamoto 2008), where plants submerged 1  cm above 
soil level experienced less reduction in photosynthesis, stomatal conductance and biomass 
accumulation than plants submerged 30 cm above soil level.

These changes not only may affect the survival under deep and prolonged floods, but 
also may have lasting effects on photosynthesis and growth recovery in the post-flooding 
period. Clones which maintain higher root biomass and nitrogen leaf content will probably 
have a faster recovery, once the flooding passes.

The degree of submergence was determined mainly by the height of the plant at the 
beginning of the experiment (r = 0.88). Although there was no mortality during the experi-
ment, clones that were completely submerged since the beginning were unable to avoid 
total submergence by the rapid extension of their stems. For the forestation of lowland 
areas with high risk of flooding during the early stages of establishment, it will be better 
to use willow clones with an early sprouting date and fast initial growth. For young plants, 
this will reduce the risk of being completely covered by floodwater and consequently 
diminish the negative impact of submergence on the early growth. This faster initial growth 
can also be achieved by using bigger cuttings for plantations in areas that may experience 
flooding episodes. Longer cuttings increase early growth and survival of willow plantations 
(Rossi 1999) likely because of higher carbohydrate content and a more favorable hormonal 
balance for adventitious root development (Zhao et al. 2014).
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