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Abstract

1. Willow floodplain plantations have been proposed as part of plans to create tidal

wetlands for ecosystem-based flooding defence of estuaries. Forests character-
ised by willows (genus Salix) are found in riparian floodplains in Europe up to the
river mouth, e.g. up to tidal wetlands along the Scheldt and Elbe. However, sea
level rise accompanied by accelerated tidal flooding and salt-water intrusion may
limit the effectiveness of willows for flooding defence of floodplains located at

estuaries near their junction with the sea.

. We studied juvenile floodplain willows (Salix alba and Salix viminalis) in a meso-

cosm experiment with a combined tidal flooding and salinity treatment in a climate
chamber. Permanent and semi-permanent flooding of roots and periodic flooding
of shoots reduced shoot length, shoot biomass, bending capacity, and breaking
resistance. However, partial submergence did not affect shoot morphology or bio-
mechanical traits. In S. viminalis, shoot diameter was generally larger compared to
S.alba and this larger diameter resulted in a higher maximum breaking force.
However, S. alba showed more consistent results in diameter size with lower vari-
ation than S. viminalis. The applied salinity treatments of up to 2 parts per thou-
sand did not have significant effects on willow shoot morphology or biomechanical
traits.

. We conclude that juveniles of both willow species are resilient to periodic tidal

flooding and salinity values of up to 2 parts per thousand with respect to shoot
traits. However, the reduction in shoot growth and biomechanical properties with
permanent flooding suggests that juvenile willow establishment will be sensitive
to sea level rise and increased flooding, and will result in changes in the vegetation
of tidal freshwater wetlands. Salix alba and S. viminalis may serve in innovative
capacities as supplementary features for estuarine flooding defence in tidal wet-
lands and tools for ecological restoration at appropriate sites. However, studies
addressing whole ecosystems at a large scale are recommended before using

S. alba and S. viminalis in floodplain plantations to protect river estuaries.
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1 | INTRODUCTION

Tidal wetlands are highly desired as nursery grounds for fish,
and for their capacities for biofiltration, carbon sequestration,
and coastal defence; however, they are threatened worldwide by
global change processes and the impact of dense human popu-
lations (Kirwan & Megonigal, 2013). Ecosystem loss may be sud-
den, following a catastrophic shift when a critical threshold is
exceeded. Some theoretical research has suggested that early
warning signals, such as critical slowing down, may indicate the
approach of a critical threshold (Scheffer et al., 2009). Similarly,
native willow species that are widely used for river bank stabili-
sation exhibited slow resprouting capacity after repeated distur-
bance of above-ground biomass by increasing tidal flooding levels
(Markus-Michalczyk, Hanelt, & Jensen, 2015). Despite the sensi-
tivity of these ecosystems to increased flooding, coastal wetland
creation has been proposed as a strategy for ecosystem-based
coastal defence in estuaries, deltas, and lagoons (Temmerman
et al., 2013). Salt marshes and mangroves have been identified
as being highly effective in reducing the wave-loading on dikes
in saline to brackish coastlines over a much wider tidal range
than ecosystems located at lower elevations (Bouma et al., 2014).
Floodplain willows that occur close to the mean high-water line
in estuarine environments (Ellenberg & Leuschner, 2010; Struyf,
Sander, Meire, Jensen, & Barendregt, 2009) have been proposed
as measures to reduce wave loading on levees and dikes in fresh
and brackish (tidal) systems (Borsje et al., 2011).

However, similar to salt marshes in coastal areas, floodplain for-
ests comprising willows in riparian environments have experienced
dramatic declines over the last centuries, mainly resulting from de-
forestation for agriculture and changed hydrology due to dam and
dike construction (Tockner & Stanford, 2002). Floodplain inunda-
tion areas of large European rivers (e.g. the Danube, Elbe, Oder, and
Rhine) have been reduced to 20% of their former extent (BMU &
BfN, 2009), and most floodplain forests are no longer able to alle-
viate flood damage or foster biodiversity (UNEP-WCMC, 2000).
Hence, remaining alluvial floodplain forests comprising willows are
now protected as priority habitats (91EO) listed in Annex 1 of the
European Habitats Directive. This means that their conservation sta-
tus has to be fixed or restored (European Habitats Directive, 1992).
The shrubby species Salix viminalis and the tree species Salix alba are
target species that are widely used in floodplain forest restoration of
European river landscapes (Leyer, Mosner, & Lehmann, 2012).

Forests characterised by willows occur on floodplains along
large European rivers up to the point of their entry into the North
Sea (Ellenberg & Leuschner, 2010). Floodplain forest productiv-
ity, structural and species diversity, maintenance of water qual-
ity, water retention, and riverbank stabilisation are all regarded
as highly desirable (Tockner & Stanford, 2002). In the estuarine
environment, S. alba and S. viminalis are keystone species of the
tidal freshwater forested wetlands that are found, for example,
along the Scheldt and the Elbe (Struyf et al., 2009). Some stud-

ies have indicated that accelerated salt-water intrusion and sea

level rise will change the vegetation in these tidal freshwater wet-
lands (Neubauer & Craft, 2009). However, contrary to former as-
sessments (e.g. Ellenberg, Weber, Dull, Wirth, & Werner, 1992),
S.alba and S. viminalis were found to be able to germinate and
establish within 4 weeks in salinities of up to 2 parts per thou-
sand (ppt; Markus-Michalczyk, Hanelt, Denstorf, & Jensen, 2016),
thus able to tolerate oligohaline conditions as vegetative propa-
gules. Moreover, both species occur as mature individuals up to
the mesohaline estuarine stretch with soil water salinities of at
least up to 2 ppt during summer (Markus-Michalczyk et al., 2014).
Variable and fluctuating salinity is the principal stress confronting
estuarine organisms (e.g. McLusky & Elliott, 2004; Odum, 1988).
In addition, estuarine flood plains may be severely affected by
disturbances, such as flooding and storms (Mitsch & Gosselink,
2000). Moreover, the regional sea level rise along the North Sea
coastline can be expected to range between 40 and 80 cm by
the end of the 21st century (Goénnert et al., 2009) and may thus
affect tidal wetland vegetation. An experimental tidal treatment
of S. alba and S. viminalis showed that juvenile willows generated
from cuttings were able to tolerate a tidal freshwater flooding of
up to 0.6 m (Markus-Michalczyk et al., 2016).

Borsje et al. (2011) have proposed S. alba for purposes of coastal
ecological engineering because of its ability to cope with long in-
undation periods and attenuate waves during extreme storms. The
goals of ecological engineering are to increase valuable ecosystem
services either by restoring ecosystems that have been substantially
disturbed by human activities or by developing new sustainable
ecosystems that have value from both human and ecological per-
spectives (Mitsch & Jgrgensen, 2004). Salix alba plantations along
the coastline thus may represent innovative approaches to ecosys-
tem creation, since forests are less prevalent along the coast than in
riverine and estuarine environments. Salix alba is adapted to highly
disturbed amphibious floodplain sites (Karrenberg, Edwards, &
Kollmann, 2002). This species produces light wood with low den-
sity in combination with low transverse compressive strength, thus
showing higher flexural rigidity in bending tests compared with
terrestrial tree species (Van Casteren et al., 2012). Low tangential
compressive strength may allow willow wood to buckle inwards in
response to transverse compressive stresses being applied during
bending. This may be the reason why willow twigs can so readily
be woven, e.g. into baskets (Ennos & Van Casteren, 2010), and used
for purposes where high bending capacity is desired, such as wave
attenuation for flood protection. Similar to S. alba, S. viminalis may
also be useful in flooding protection since both S. alba and S. vimina-
lis showed high flexural rigidity in a flume study (Wunder, Lehmann,
& Nestmann, 2011).

In estuarine environments, both tidal flooding and salinity may
affect the morphological and biomechanical traits simultaneously
for S. alba and S. viminalis. Changes in these properties may affect
the wave-attenuating capacity of these woody species (e.g. Bouma
et al., 2005). In contrast to the many studies carried out on salt
marshes, willows are still understudied in the context of tidal wet-
lands. We hence conducted an experiment applying a tidal treatment
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FIGURE 1 Tidal simulation system with eight double
mesocosms; each double mesocosm (the upper containing flooding
stairways, the lower serving as water storage tank) connected via
tubes for water exchange facilitated by timer-controlled pumps and
flooding stairways containing three steps (a) highest step: flooding
of the root, but not the shoot system (partial flooding), (b) middle
step: the root and shoot system were fully submerged during high
tide, but not flooded during low tide (semi-permanent flooding);
and (c) shoots of plants on the lower-most step were flooded during
high tide, but the root system was flooded during both high and low
tide (permanent flooding); (mean + SD) [Colour figure can be viewed
at wileyonlinelibrary.com]

on willows characteristic of riverine and tidal wetlands in the transi-
tion zone between herbaceous and woody vegetation at mean high
water levels. We asked whether tidal flooding and salinity affect the
morphological and biomechanical parameters of willows. In particu-
lar, we addressed whether these factors interact and if the two stud-
ied Salix species (S. alba and S. viminalis) differ in their morphological
and biomechanical responses to flooding and salinity in a factorial
experiment using tidal treatment.

2 | MATERIAL AND METHODS

A climate chamber experiment applying tidal treatments to juvenile
willows was conducted at the Royal Netherlands Institute for Sea
Research (NIOZ) from January to April 2017. Plants grown from cut-
tings of two Salix species (S. alba and S. viminalis) were exposed to
three tidal flooding regimes (from partial up to permanent flooding)
and four salinity levels (0-2 ppt). Since S. alba is a tree growing up to
30 m with trunk diameter up to 1 m and more, and S. viminalis is a
multi-stemmed shrub growing up to 6-8 m (Dickmann & Kuzovkina,
2014), we decided to use willow twigs of similar size in order to en-
sure comparability between results on these species.

2.1 | Plant material

Since floodplain willows are able to resprout vigorously from veg-
etative propagules, we used these willow cuttings as sources for the
juvenile willows in the experiment. Willow cuttings were collected
from a tidal wetland along the Elbe estuary. The collection site was
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located along the upper freshwater stretch of the estuary (N53.283,
E10.219). Specimens of S. alba and S. viminalis with straight shoots
were selected and 10 specimens per species served as sources for
cuttings. On 3 January 2017, 200 willow rods were harvested from
each of the selected specimens. They were cut to 25 cm in length
and kept wet in plastic boxes at 7°C until the start of the experi-
ment. The planting soil was prepared by mixing half river sand and
half planting soil containing 10% organic matter (Terrafin BV). After
sieving, this mixture was used to fill square pots (13 cm x 13 cm,
14 cm high). Each cutting was freshly cut to 20 cm in length to en-
hance water absorption via capillary forces. Initial mass was deter-
mined to make sure that cuttings of similar weight were used in the
treatments. The cuttings were then placed in the pots with half their
lengths buried in the planting soil and half remaining above-ground.
The pots were watered until the soil was saturated and stored at
18°C in a climate chamber until the start of the experiment on 23
January 2017.

2.2 | Study design

2.2.1 | Tidal flooding treatment

We established tidal flooding treatments in eight double mesocosms
(110 cm length x 90 cm width x 60 cm height). In each of the me-
socosms, flooding stairways containing three steps were installed
to represent three flooding levels. On each of the three flooding
steps, 14 pots (seven each of S. alba and S. viminalis) were arranged
randomly, resulting in 42 pots per mesocosm and 336 pots in total
spread over the eight mesocosms. Sea level is expected to rise
20-80 cm by the end of the 21st century according to moderate
climate change scenarios (IPCC, 2013). We installed flooding stair-
ways in the mesocosm to create a corresponding range of increasing
depth of tidal flooding in three steps. Plants on the uppermost step
were exposed to hydrological conditions similar to those currently
found at field sites with willows at the mean high-water line, and
plants on the two lower steps of the stairways experienced increas-
ing levels of tidal flooding.

Our study was conducted by stepwise application of daily tides
with different flooding lengths: (1) the highest step corresponded
to flooding of the root but not the shoot system (partial flooding),
corresponding to sites at the current mean high water line; (2) on the
middle step, the root and shoot systems were fully submerged during
high tide but not flooded during low tide (semi-permanent flooding);
and (3) shoots of plants on the lower-most step were flooded during
high tide but the root system was flooded during both high and low
tide (permanent flooding; Figure 1).

2.2.2 | Salinity treatment

We applied four levels of a salinity treatment in parallel to the tidal
flooding treatment. Freshwater served as the tidal flooding treat-
ment in four of the mesocosms. In the other four mesocosms, sea

salt was added to freshwater until a salinity of 2 ppt was reached.
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We limited the salinity treatment to 2 ppt based on the results of
earlier experimental findings on both S. alba and S. viminalis (Markus-
Michalczyk et al., 2014). Estuarine hydrology is characterised by
pronounced river discharge in early spring and decreased discharge
in late spring and summer (Winkel, 2016) and biweekly reoccurring
spring tide; thus, a periodic change of salinity occurs and may affect
willows in tidal wetlands. Accordingly, we applied a periodic change
of salinity to the potted willows on the steps based on a biweekly
schedule. One quarter of the willows was translocated from a meso-
cosm with a salinity of O ppt to another mesocosm with a salinity of
2 ppt, and vice versa, i.e. another quarter of the willows was translo-
cated from a salinity of 2 ppt to a salinity of O ppt. The translocation
of willows from a salinity of 2 ppt to a salinity of O ppt was used
to mimic episodic increases in freshwater due to high precipitation
rates and river discharge. The translocated plants were returned to
their initial places after 5 days. This treatment of periodic change in
salinity was applied biweekly to correspond with spring tide cycles.
The remaining third and fourth quarters of the willows were main-
tained during the whole experiment at the same salinity: one quarter
at 0 and the other at 2 ppt.

2.2.3 | Tidal simulation system in the
climate chamber

A tidal simulation system was installed that consisted of the eight
aforementioned mesocosms with the flooding stairways and eight
additional mesocosms of the same size. Each of the eight additional
mesocosms was placed beneath a mesocosm with a stairway, serv-
ing as a water storage tank. Each water storage tank was equipped
with a timer-controlled electronic pump (SuperFish Pond-Flow eco)
and plastic tubes that enabled transfer of water between the stor-
age tanks and the mesocosms. Mimicking a semidiurnal tidal cycle,
well water was pumped from the water storage tanks via tubes into
the mesocosms until the water level reached the soil surface of the
pots on the uppermost step during simulations of flood tide. During
ebb tide, water was drained from the uppermost mesocosms via the
tubes into the water storage tanks until the water level was level
with the top of the pots on the lowest step (Figure 1). To approxi-
mate natural estuarine conditions, both the duration of the flood
tide and the ebb tide were set to 6 hr.

Artificial light was provided for the willows in the climate cham-
ber by fluorescent tubes (Phillips TLD 36W/33; cool white). It was
possible to install 10 tubes above each mesocosm, creating on aver-
age 60-70 pE m™2 57! of illumination. However, with this only a third
of the light measured in the shade under ambient daylight conditions
at the field site was provided. We intended to provide as much light
as possible under the given conditions and to approximate ambient
conditions within the climate room. Thus, the timers were set to
provide 12 hr of light for the willows. Temperature in the climate
chamber was maintained at 18°C during both simulated day and
night. The willows were grown under experimental conditions with
the tidal simulation system in the climate chamber from 23 January
to 7 April 2017.

2.3 | Data collection

At the end of the experiment, all the willows were harvested from
the mesocosms. First, the length of each grown shoot from each ju-
venile willow individual was recorded. Second, all willow leaves were
removed and stored in paper bags. Then the diameter of each grown
shoot from each juvenile willow individual was measured before
testing the biomechanical parameters. We used an Instron® elec-
tromechanical universal testing machine (Instron® 5900 Universal
Testing System) that performs tensile, compression, bend, peel, tear,
puncture, friction, and many more tests to study the biomechani-
cal properties of the Salix shoots. To fasten the Salix shoots on the
table of the measurement device, the brackets were adjusted to a
certain span length (15 x shoot diameter) in order to reach the re-
quired minimum span length to measure an object. Since the shoot
diameters varied, we categorised them into short span lengths (di-
ameter 0-2 mm) and long span lengths (>2 mm). Each willow shoot
was placed on the measurement table and fastened according to the
measured diameter with the brackets. The testing software (Bluehill
3) was connected to Instron® to make measurements on the bio-
mechanical properties of the willow shoots. We applied Instron®
and Bluehill 3 to record (a) the bending capacity (Young's bending
modulus (N/mm?) and flexural rigidity (flexural rigidity has S| units
of Pam?* which equals N m?) defined as the capacity of a material
to resist deformation; (b) the breaking resistance (maximum break-
ing force [N]), defined as the force needed to break a material. After
these measurements, the willow shoot biomass was harvested and
cleaned. All harvested biomass was dried separately at 60°C to con-
stant weight and dry mass was recorded.

Since both the studied Salix species are light-demanding plants
(Ellenberg & Leuschner, 2010), the not intended reduced light avail-
ability in the climate chamber compared to ambient conditions may
have had confounding effects on growth. Additionally, the irradiance
may have been even more reduced for willows on the lowermost
steps on the flooding stairways. We thus recorded the photon flux
density during the simulated low tide. Since irradiance remained the
same during the whole course of the experiment all measures were
taken on 1 day during the final week of the experiment. We used a
LI-COR data logger (LI 1000 quantum sensor) to measure the irradi-
ance three times among each of the 14 willows on each of the steps
in each of the eight mesocosms. The photon flux densities on the
upper two steps were similar but reduced on the lowermost step:
on the uppermost flooding step (partial flooding), the mean irradi-
ance was 73 puE m2 5! + 15 SD; on the middle step (semi-permanent
241

flooding), it was 74 pE m + 10 SD; on the lowermost step (per-

manent flooding), mean irradiance was 58 pE m2st+6SD.

2.4 | Dataanalyses

First, the data on morphological features (shoot length) and shoot bi-
omass were analysed. Initially, the mean, maximum and total length
of the Salix shoots from each willow individual were calculated. Then

the data on shoot length (mean, maximum, total) and shoot biomass
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TABLE 1 Results of three-way factorial ANOVAs on response of shoots of two willow species (Salix alba and Salix viminalis) to three tidal
flooding levels (partial, semi-permanent and permanent flooding) and four salinity treatments (0, 2, periodic increase of salinity from O to 2,
periodic decrease of salinity from 2 to 0) in a tidal experiment on juvenile willows. The juvenile willows were grown from cuttings originating
from tidal freshwater wetlands of the Elbe estuary. Four shoot parameters were measured: (a) mean shoot length, (b) maximum shoot length,

(c) total shoot length, and (d) shoot dry mass. (n = 4)

(a) Mean length (b) Max length

(c) Total length (d) Dry mass

Shoot ¥ p H
Flooding 216.06 <0.001 285.22
Salinity ns 10.37
Species 11.59 <0.001
Flooding x salinity ns
Flooding x species 3.55 <0.05 3.08
Salinity x species ns 2.77
Flooding x salin- ns

ity x species

were analysed using three-way ANOVAs. The ANOVAs served to
test for the effects of tidal treatments with three flooding levels
(partial, semi-permanent and permanent tidal flooding), four salin-
ity treatments (O ppt, 2 ppt, periodic increase in salinity from O to
2 ppt; periodic decrease in salinity from 2 to O ppt) on two species
(S. alba and S. viminalis). These tests were followed by Tukey HAS
tests. Second, shoot diameter data were analysed and the data on
plant biomechanical properties were prepared for statistical analy-
ses by a script that calculated the slope (elasticity) of the linear part
from each specimen. We applied three-way ANOVAs to test for the
effects of tidal treatments (flooding, salinity) and species on Young's
bending Module, flexural rigidity, and maximum breaking force. In
addition, we calculated the relation between diameter and maximum
breaking force. The ANOVAs were followed by Tukey HAS tests. The
statistical tests were conducted with the free software R.

3 | RESULTS

3.1 | Morphological response to tidal flooding and
salinity

The three-factorial ANOVAs did show a highly significant reduc-
tion of the mean juvenile willow shoot length for both S. alba and
S. viminalis in response to increased levels of flooding (Table 1a).
However, the mean shoot length was significantly lower only under
permanent compared with partial flooding conditions (Tukey HAS
test). The effect of species was also highly significant (Table 1a),
with shrubby S. viminalis generally being taller than the tree species
S. alba. However, the Tukey HAS test showed similar performance
of both species within each flooding treatment among all salinities.
In addition, an interaction between flooding and species was found
(Figure 2a, Table 1a).

Maximum shoot length decreased significantly with increasing
levels of flooding and salinity (Table 1b). The maximal shoot length

decreased significantly in both S. alba and S. viminalis from partial to

2 F p F p
<0.001 275.82 <0.001 157.85 <0.001
<0.001 13.66 <0.001 6.54 <0.001
ns ns 8.51 <0.01
ns 2.24 <0.05 ns
<0.05 3.37 <0.05 8.32 <0.001
<0.05 299 <0.05 ns

ns ns ns

permanent flooding levels at all salinity levels (Tukey HAS test). The
maximum shoot length was similar between the semi-permanent
and permanent flooding levels among all salinities, except for S. vi-
minalis at O ppt. A small species x flooding interaction was found
with S. viminalis having a larger maximum shoot length and perform-
ing better under increasing salinity conditions compared to S. alba
(Figure 2b; Table 1b).

The total shoot length decreased with increasing levels of flood-
ing and salinity (Table 1c). Highly significant differences were found
between partial and permanent levels of flooding, and significant
differences were found between partial and semi-permanent levels
of flooding at all salinities (Tukey HAS test). Small interaction effects
were found between salinity and flooding, flooding and species, and
salinity and species (Table 1c). Under the partial flooding level, S. alba
and S. viminalis developed similar total shoot lengths, and no signifi-
cant differences were found among the salinity treatments. Generally,
both species performed similarly under semi-permanent flooding
conditions. However, results for S. alba under semi-permanent and
permanent flooding levels showed that total shoot length remained
similar between salinity O ppt and under periodically changing salin-
ity (0-2, 2-0), whereas length decreased significantly between 0 and
2 ppt under the semi-permanent flooding level. For S. viminalis, total
shoot length showed high variance but mean total shoot length was
slightly higher in O salinity compared to the other salinity levels under
the semi-permanent flooding level (Figure 3a, Table 1c).

The final shoot dry mass generally decreased with both increas-
ing flooding and salinity (Table 1d). Salix viminalis generally developed
significantly higher shoot dry mass than S. alba, but a highly significant
interaction between flooding and species was found (Table 1d). At the
partial and semi-permanent flooding levels, neither S. alba nor S. vimi-
nalis showed significant differences among salinity treatments (Tukey
tests). However, shoot dry mass was extremely low for both species
and thus this statistical significance finding may have no ecological
significance. At the partial flooding level, S. viminalis developed sig-

nificantly higher shoot dry mass under periodically increasing salinity
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(0-2 ppt) than S. alba. At the permanent and semi-permanent flood-
ing levels, however, no significant differences in shoot dry mass were
found within species or between species (Figure 3b, Table 1d).

Significant effects of tidal flooding were found on the shoot di-
ameter of both S. alba and S. viminalis (Table 2a), with shoot diameter
decreasing with increasing flooding depth. Also, S. viminalis devel-
oped shoots with larger diameters compared with S. alba. However,
variation in shoot diameter under the partial flooding level in S. vimi-
nalis was almost double that of S. alba shoots.

Comparing partial and permanent flooding levels, there was a
significant decrease in diameter for S. alba at salinity O, but not for

S. viminalis (Tukey tests). The differences in diameter were found

(mean £ SD) [Colour figure can be viewed
at wileyonlinelibrary.com]

between the partial and permanent flooding levels. Diameter was
not significantly affected by salinity nor were any significant inter-
actions found (Figure 4, Table 2a).

3.2 | Biomechanical response to tidal
flooding and salinity

3.2.1 | Bending capacity

Overall, the bending capacity of both Salix species shoots decreased
strongly with increasing levels of flooding and slightly with salinity
treatment (Figure 5a,b Table 2b,c).
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FIGURE 3

(a) Total shoot length and (b) shoot dry mass of juvenile willows after 10 weeks of tidal treatment (see Table 1 for desciption of

flooding and salinity treatments and plants origin) on two Salix species (Salix alba and Salix viminalis; n = 4); (mean + SD) [Colour figure can be

viewed at wileyonlinelibrary.com]

The species differed in performance with respect to both
Young's bending modulus (Table 2b) and flexural rigidity (Table 2c).
For S. alba, the values of Young's bending modulus were signifi-
cantly lower under permanent than under partial flooding levels
at low salinity (0 ppt). In contrast, the values of Young's bending
modulus for S. viminalis were significantly lower under permanent
than under partial flooding levels only under the periodically in-
creasing salinity treatment (0-2). No significant interactive effects
were found.

3.2.2 | Breaking resistance

Breaking resistance decreased with increased flooding and salin-
ity treatment in a similar fashion to bending capacity. Flooding had
a strong effect, whereas the effect of salinity on both Salix spe-
cies was much weaker but still statistically significant (Table 2d).
However, Tukey tests neither confirmed significant differences
within species, and flooding level among salinity levels, except for

a significant decrease in breaking resistance in S. viminalis between
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TABLE 2 Results of three-way factorial ANOVAs (flooding level x salinity x species) on the response of biomechanical properties in the
same experiment as described in Table 1. Four biomechanical parameters were measured: (a) shoot diameter (mm), (b) Young's bending
modulus (MPa), (c) flexural rigidity (N/mm?), and (d) maximum breaking force (N). (n = 4)

Biomechanical property of the

Salix shoots

(b) Young’s bending

(c) Flexural rigidity (N/

(a) Diameter (mm)

modulus (MPa)

mm?)

(d) Maximum breaking
force (N)

F p F p F p F p

Flooding 41.68 <0.001 54.50 <0.001 68.38 <0.001 20.62 <0.001
Salinity ns 4.02 <0.01 3.27 <0.05 3.63 <0.05
Species 6.12 <0.05 5.92 <0.05 8.06 <0.01 ns
Flooding x salinity ns ns ns ns
Flooding x species ns ns ns 4.39 <0.05
Salinity x species ns ns ns 4.02 <0.01
Flooding x salinity x species ns ns ns ns

Salinity E5 0 B5 2 B 0-2 B 2-0

Salix alba

Salix viminalis

10.0 ]

7.5 -

5.0 -

Diameter (mm)

2.5 - e

$_+¢

FIGURE 4 Shoot diameter (mm) of
juvenile willows after 10 weeks of tidal
treatment (see Table 1 for desciption of
flooding and salinity levels and plants
origin) on two Salix species (Salix alba and

L] L]
Low Mid High Low
Flooding

partial and permanent flooding level in the periodic increase of salin-
ity treatment (0-2). Species were not significantly different in terms
of their breaking resistance. However, both flooding x species and
salinity x species interacted significantly (Figure 6a, Table 2d).

The relation between maximum breaking force (N) and shoot
diameter (mm) was not significant in S. alba. However, maximum
breaking force was found to increase with increasing shoot diameter
in S. viminalis (p < 0.001, Figure 6b).

4 | DISCUSSION

The morphological and biomechanical response of juvenile willows of
two floodplain species (S. alba and S. viminalis) were tested after exposure

to flooding and salinity embedded within tidal treatments in a climate

T L]
Mid High

Salix viminalis; n = 4); (mean + SD) [Colour
figure can be viewed at wileyonlinelibrary.
com]

chamber. Permanent flooding of the roots caused reduced shoot length
and decreased diameter in both species. Mean shoot diameter was higher
in S.viminalis, and maximum breaking force increased with increasing
diameter. However, variation in diameter was also higher in S. viminalis.
Permanent flooding of the roots reduced both shoot bending capacity and
breaking force. Growth and above-ground biomass production remained
similar under all the applied salinity treatments (up to 2 ppt). Shoot bending
capacity and breaking force did not differ among the salinity treatments.

4.1 | Morphological properties

4.1.1 | Response to tidal flooding

Juvenile willows that had been exposed to contrasting tidal treat-

ments during their early establishment phase differed in their
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FIGURE 5 Bending capacity expressed as (a) Young's bending modulus (N/mm?) and (b) flexural rigidity (flexural rigidity has Sl units of
N-m?) of juvenile willows shoots after 10 weeks of tidal treatment (see Table 1 for description of flooding and salinity levels and plants origin)
on two Salix species (Salix alba and Salix viminalis; n = 4); (mean + SD) [Colour figure can be viewed at wileyonlinelibrary.com]

shoot biomass among the applied flooding and salinity treat-
ment levels. Permanent flooding of the below-ground biomass
reduced the mean, maximum, and total shoot length of both
species. The filling of soil pores with water lowers oxygen sup-
ply (Blom & Voesenek, 1996) and may have caused reduced
root growth, thus reducing nutrient uptake and growth in wil-
lows that were exposed to permanent flooding of the roots in
our experiment. Submergence of the below-ground biomass

only during the high tide phase (partial flooding), however, did

not affect mean shoot length, but this did reduce the maximum
and total shoot length of both species. Narrow-leaved flood-
plain Salicaceae species are adapted to highly disturbed envi-
ronments where they are subject to flooding and disturbance.
Floodwaters even act as dispersal agents for plant fragments
resulting from physical disturbance of willows along the water
edge and enhance regeneration of vegetative propagules in moist
soil (Karrenberg et al., 2002). However, flooding has also been

shown to adversely affect the performance of willow cuttings.
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Permanent flooding led to biomass loss and reduced root porosity
in Salix nigra. However, willow cuttings also developed pronounced
aerenchyma tissue in response to periodic flooding, which com-
monly occurs in riparian systems (Li, Pezeshki, & Shields, 2006).
Salix nigra is a native willow tree species of the floodplains
of south-eastern U.S.A. (Mitsch & Gosselink, 2000), where cut-
tings are planted along eroded streambanks for soil stabilisation,
erosion control, and habitat rehabilitation (Schaff, Pezeshki, &
Shields, 2003). Similarly, the shrub species S. viminalis and tree
species S. alba are widely used target species in floodplain forest
restoration in European river landscapes. At sites with greater
water-level fluctuation and flooding, the probability of oc-
currence was found to be higher for young shrubby Salicaceae
compared with tree Salix species in a hydrological model on the

suitability of floodplain vegetation types (Leyer etal., 2012).

viminalis; n = 4); (mean + SD) [Colour figure
can be viewed at wileyonlinelibrary.com]

Similarly, higher mean and maximum shoot length of S. viminalis
were found under increased flooding conditions compared with
S. alba in our experiment. In an earlier tidal field experiment on
S.alba and S. viminalis, more than 90% of both willow species
cuttings resprouted, and the increase in shoot length was sim-
ilar up to a flooding depth of 60 cm. However, S. viminalis pro-
duced significantly more biomass compared with S. alba overall
(Markus-Michalczyk et al., 2016). In the present study, S. viminalis
was also found to produce more shoot dry mass compared with
S. alba. Shrubby vegetation was found to have higher resprouting
capacity from flood-damaged stumps and therefore dominated
flood-prone sites (Bendix & Hupp, 2000), whereas Salicaceae tree
species like S. alba generally show a higher probability of occur-
rence at sites with higher average water level but lower water
level fluctuations (Leyer et al., 2012).
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4.1.2 | Response to salinity

The ability of the white willow to cope with long inundation peri-
ods was highlighted by Borsje et al. (2011) as a criterion for selecting
S. alba to use in large-scale applications as an ecosystem engineering
species in coastal protection measurements. Intertidal ecosystems
can contribute to coastal defence (Koch et al., 2009) e.g. clearly dem-
onstrated for salt marshes (Méller et al., 2014). Salt marshes and sea-
grass meadows, mussel beds and oyster reefs can contribute most
effectively to coastal protection by wave attenuation in areas with
relatively small tidal amplitudes and/or where intertidal areas are
wide (Bouma et al., 2014). Accordingly, our results on willow flood-
ing tolerance show that both S. alba and S. viminalis may be useful
as measures in flooding protection up to the river mouth. Both Salix
species occur in European riverine habitats (Leyer et al., 2012) and
tidal freshwater wetlands (Struyf et al., 2009), and thus a sensitiv-
ity to higher salinities can be assumed. However, S. alba and S. vimi-
nalis also occur in floodplains up to the river mouth at the North
Sea (Ellenberg & Leuschner, 2010) and recently, the presence of both
Salix species was confirmed along the brackish stretch of the Elbe
estuary in tidal wetlands up to a soil water salinity of 2 ppt (Markus-
Michalczyk et al., 2014). This corresponds to our present experimen-
tal findings: the applied salinity treatments of up to 2 ppt had no
effects on the mean shoot length of both Salix species. However,
total shoot length for S. alba was reduced by a salinity of 2 ppt under
the semi-permanent flooding level, whereas shoot length for S. vimi-
nalis remained similar among all salinity treatments. Low vegetation
height accompanied by high flexural strength and flexibility contrib-
uted to the stability of herbaceous salt-marsh plants (Vuik, Heo, Zhu,
Borsje, & Jonkman, 2017). This finding may be also applicable to the
shorter shoots found in S. alba compared with S. viminalis. Salix vimi-
nalis developed more shoot dry mass under the periodically increas-
ing salinity treatment (0-2) at the partial flooding level compared
with S. alba, and thus a slightly higher sensitivity to salinity can be
confirmed for S. alba.

Our results are supported by the similar growth rates and biomass
production that were found up to a salinity of 2 in a hydroponic green-
house experiment on S. alba and S. viminalis cuttings. Indeed, S. vimi-
nalis cuttings with origin from brackish wetlands even showed an
enhancedperformanceandslightacclimationtooligohalineconditions
(Markus-Michalczyk et al., 2014). Closely related Salix species were
found to have settled at sites with a soil water salinity of 7.35 ppt
in a field survey on the flood plains of the river Murray, Australia,
and cuttings were found to tolerate oligohaline conditions (Kennedy,
Ganf, & Walker, 2003). Generally, the negative effect of increasing
flooding was much stronger than the effect of increasing salinity
in our experiment, and significant differences in shoot dry mass
were not found either within species or between species at semi-
permanent and permanent flooding levels under salinities up to
2 ppt. We thus assume that our studied willow species may be used
for flooding protection at sites with periodically higher salinities,
since the effects of salinity were nearly negligible in our experiment.
However, in addition to the applied salinity magnitude and duration,
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the timing is a relevant aspect since willows may be less sensitive at
certain times of the year (e.g. during the dormant stage in winter) or

at the mature stage of their life cycle.

4.2 | Biomechanical responses to tidal
flooding and salinity

Ecosystems that contribute to flooding defence by wave attenuation
should provide either high standing biomass that directly attenuates
waves year-round or a biogeomorphic effect that creates a stable
and persistent alteration of the fore-shore bathymetry (Bouma et al.,
2014). Contrary to herbaceous salt-marsh vegetation, which exhibits
seasonal loss of above-ground biomass during winter (Koch et al.,
2009), the above-ground stems and shoot biomass of woody wil-
lows persist during the stormy winter season and may soften the
impacts of waves and currents. A flume study on the willow identi-
fied the significance of the projected plant area on flexural rigidity
(Wunder et al., 2011). Thus, our results on shoot diameter are impor-
tant. Shoot diameter responded with a similar reduction to increased
flooding as shoot length and dry mass but was not affected by sa-
linity. However, increasing flooding treatment resulted in strong
reduction of shoot diameter in S. alba but not in S. viminalis. This
corresponds to findings on decreasing shoot diameter and dry mass
in S. alba with increasing submergence in a permanent flooding ex-
periment (Rodriguez, Doffo, Cerrillo, & Luquez, 2018). Similar to our
experiment, complete submergence had a stronger effect on growth
reduction and caused more morphological changes than partial sub-
mergence of the below-ground biomass. Salix matsudana, a related
flood-tolerant willow tree species native to China, showed similar
decreases in diameter and height with increasing submergence in
a study on vegetation restoration of the hydro-fluctuation zone of
the Three Gorges Dam Reservoir (Wang et al., 2017). Comparable to
S. matsudana, S. alba is a riparian willow species found in periodically
flooded environments and may be less tolerant to stagnant water
compared to willows that grow in wetlands (e.g. S. nigra) or directly
along riverbanks like S. viminalis, which is one of the best species
for consolidation of banks and dykes (Dickmann & Kuzovkina, 2014).
Accordingly, S. viminalis produced larger shoot diameter in our ex-
periment. However, its variation in diameter values was almost dou-
ble, meaning that its behaviour under flooding may be inconsistent.
Thus, both flume studies and in situ manipulations are needed before
this species is used for flooding protection at the mouth of rivers.
The extremely strong mechanical resistance of floodplain
Salicaceae woody structures explain in part the propensity of biogeo-
morphic succession and landform construction (Corenblit, Steiger,
Gurnell, Tabacchi, & Roques, 2009). Traits that contribute to the
stability of herbaceous salt-marsh plants (large shoot diameter, high
flexural strength, low vegetation height, high flexibility, and low drag
coefficient and stem breakage) were found to be higher in Spartina
anglica than in Scirpus maritimus (Vuik et al., 2017). However, both
S. anglica and Schoenoplectus americanus (syn. Scirpus americanus)
showed a critical slowdown of recovery after disturbance (removal
of above-ground biomass) with increasing inundation (Van Belzen
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et al., 2017). Salix cuttings resprouted vigorously in a tidal treatment
under ambient light conditions (Markus-Michalczyk et al., 2016), but
growth strongly decreased with increased flooding in our climate
chamber experiment. The bending capacity of S. alba and S. viminalis
decreased with permanent flooding compared with periodic flood-
ing of the below-ground biomass, but no difference among salinities
within flooding levels was found. Similarly, the breaking resistance
decreased with increasing flooding but no difference was found be-
tween species. However, the maximum breaking force increased with
increasing diameter in S. viminalis, whereas no relation was found for
S. alba. The combination of larger shoot diameters and higher shoot
biomass production in S. viminalis indicates better performance in
estuarine environments. Salix performance in the field may be even
better than performance in our experiment since floodplain willows
are light-demanding pioneer species (Karrenberg et al., 2002), as
shown earlier in a tidal experiment on S. alba and S. viminalis under
ambient light conditions (Markus-Michalczyk et al., 2016). However,
in the field, further factors that may affect the willow have to be
considered, e.g. pathogens, herbivores, and toxic substances and

thus in situ investigations in the estuarine environment are needed.

5 | CONCLUSIONS

With our experimental results, we provide the first insights into the
sensitivity of juvenile willow establishment in the intertidal zone
based on combined flooding and salinity tidal treatments. Our find-
ings clearly show that the willow has vigorous ability for vegetative
resprouting, fast growth, and biomechanical properties such as high
bending capacity and breaking resistance. Juveniles of both willow
species are resilient to periodic tidal flooding and salinity values of
up to 2 ppt with respect to shoot traits. However, the reduction in
shoot growth and biomechanical properties with permanent flood-
ing suggests that juvenile willow establishment will be sensitive to
sea level rise and increased flooding, and will result in changes in the
vegetation of tidal freshwater wetlands. These are important find-
ings for ecosystem restoration and protection of shorelines along
tidal freshwater to brackish areas. However, the protective value
of ecosystems under extreme events and knowledge on long-term
resilience should be gained (Bouma et al., 2014). We thus recom-
mend studies on whole willow floodplain forest ecosystem: in situ
investigation at spatial and temporal scales that include most of the
estuarine ecosystem processes, including principles of self-design
and ecological feedbacks key to the functioning of the whole system
(Mitsch & Day, 2004), are needed for the application and restoration
of S. alba and S. viminalis under real-world settings in the estuarine
environments.

ACKNOWLEDGMENTS

We thank Lennart van |Jzerloo and Daniel Benjamin Blok for their
assistance in the climate chamber. We thank Janneke Sluijter and

Dennis van der Gaag for their assistance in data collection and

practical support in the climate chamber. We further thank Esther
Chang for English language editing. We are grateful to Christian and
Matthias Michalczyk for sampling the willows in the stormy tidal wet-
lands of the Elbe estuary and making this study possible. We further
thank the German nature conservation authorities for the personal-
ised permission that was granted to Heike Markus-Michalczyk and
for their further support in conducting this experiment. We are par-
ticularly thankful for the anonymous reviewers and the editor com-
ments that helped to improve the manuscript. The work of H.M.-M.,
Z.Z., and T.J.B. was funded by the Netherlands Organisation for
Scientific Research (NWO) BE-SAFE project grant 850.13.011.

ORCID

Heike Markus-Michalczyk
org/0000-0003-0542-1456

https://orcid.

REFERENCES

Bendix, J., & Hupp, C. R. (2000). Hydrological and geomorphological
impacts on riparian plant communities. Hydrological Processes, 14,
2977-2990. https://doi.org/10.1002/(issn)1099-1085

Blom, C. W. P. M., & Voesenek, L. A. C. J. (1996). Flooding: The survival
strategies of plants. Trends in Ecology & Evolution, 11(7), 290-295.
https://doi.org/10.1016/0169-5347(96)10034-3

BMU and BfN [Bundesministerium fiir Umwelt, Naturschutz und
Reaktorsicherheit and Bundesamt fir Naturschutz]. (2009).
Auenzustandsbericht: Flussauen in Deutschland [The status report on
German floodplains]. Retrieved from http://www.bmu.de/files/pdfs/
allgemein/application/pdf/auenzustandsbericht_bf.pdf

Borsje, B. W., van Wesenbeeck, B. K., Dekker, F., Paalvast, P., Bouma, T.
J., van Katwijk, M. M., & de Vries, M. B. (2011). How ecological en-
gineering can serve in coastal protection. Ecological Engineering, 37,
113-122. https://doi.org/10.1016/j.ecoleng.2010.11.027

Bouma, T. J., Vries, M. B. D., Low, E., Peralta, G., Tanczos, |. C., van de
Koppel, J., & Herman, P. M. J. (2005). Trade-offs related to ecosys-
tem engineering: A case study on stiffness of emerging macrophytes.
Ecology, 86, 2187-2199. https://doi.org/10.1890/04-1588

Bouma, T. J., van Belzen, J., Balke, T., Zhu, Z., Airoldi, L., Blight, A. J.,
... Herman, P. M. J. (2014). Identifying knowledge gaps hampering
application of intertidal habitats in coastal protection: Opportunities
& steps to take. Coastal Engineering, 87, 147-157. https://doi.
org/10.1016/j.coastaleng.2013.11.014

Corenblit, D., Steiger, J., Gurnell, A. M., Tabacchi, E., & Roques, L. (2009).
Control of sediment dynamics by vegetation as a key function driv-
ing biogeomorphic succession within fluvial corridors. Earth Surface
Processes and Landforms, 34, 1790-1810. https://doi.org/10.1002/
esp.1876

Dickmann, D. ., & Kuzovkina, Y. A. (2014). Poplars and willows of the
world, with emphasis on silvicultural important species. In J. G.
Isebrands & J. Richardson (Eds.), Poplars and willows: Trees for 20
society and the environment (pp. 8-91). Oxon, UK: CABI Publishing.
https://doi.org/10.1079/9781780641089.0000

Ellenberg, H., & Leuschner, C. (2010). Vegetation Mitteleuropas mit den
Alpen, 6th ed. (p. 1333). Stuttgart, Germany: Ulmer.

Ellenberg, H., Weber, H. E., Dull, R., Wirth, V., & Werner, W. (1992).
Zeigerwerte von pflanzen in Mitteleuropa - Scripta Geobotanica XVIII
(2nd ed.). Gottingen, Germany: Goltze.

Ennos, A. R, & Van Casteren, R. (2010). Transverse stresses and
modes of failure in tree branches and other beams. Proceedings of


https://orcid.org/0000-0003-0542-1456
https://orcid.org/0000-0003-0542-1456
https://orcid.org/0000-0003-0542-1456
https://doi.org/10.1002/(issn)1099-1085
https://doi.org/10.1016/0169-5347(96)10034-3
http://www.bmu.de/files/pdfs/allgemein/application/pdf/auenzustandsbericht_bf.pdf
http://www.bmu.de/files/pdfs/allgemein/application/pdf/auenzustandsbericht_bf.pdf
https://doi.org/10.1016/j.ecoleng.2010.11.027
https://doi.org/10.1890/04-1588
https://doi.org/10.1016/j.coastaleng.2013.11.014
https://doi.org/10.1016/j.coastaleng.2013.11.014
https://doi.org/10.1002/esp.1876
https://doi.org/10.1002/esp.1876
https://doi.org/10.1079/9781780641089.0000

MARKUS-MICHALCZYK ET AL.

the Royal Society B. Biological Science, 277, 1253-1258. https://doi.
org/10.1098/rspb.2009.2093

European Habitats Directive. (1992). Council Directive 92/43/EEC of
21 May 1992 on the Conservation of Natural Habitats and of Wild
Fauna and Flora.

Gonnert, G., von Storch, H., Jensen, J., Thumm, S., Wahl, T., & Weise, R.
(2009). Der meeresspiegelanstieg. Ursachen, tendenzen und risiko-
bewertung. Die Kiiste, 76, 225-256.

IPCC. (2013). Climate change 2013: The physical science basis—working
group | contribution to the fifth assessment report of the intergovern-
mental panel on climate change. T. F. Stocker, D. Qin, G. K. Plattner, M.
M. B. Tignor, S. K. Allen, J. Boschung, ... P. M. Midgley (Eds.). Geneva,
Switzerland: IPCC.

Karrenberg, S., Edwards, P. J., & Kollmann, J. (2002). The life history of
Salicaceae living in the active zone of floodplains. Freshwater Biology,
47, 733-748. https://doi.org/10.1046/j.1365-2427.2002.00894.x

Kennedy, A. S., Ganf, G. G., & Walker, K. F. (2003). Does salinity in-
fluence the distribution of exotic willows (Salix ssp.) at lower river
Murray? Marine and Freshwater Research, 54, 825-831. https://doi.
org/10.1071/mf03035

Kirwan, M. L., & Megonigal, J. P. (2013). Tidal wetland stability in the face
of human impacts and sea-level rise. Nature, 504, 53-60. https://doi.
org/10.1038/nature12856

Koch, E. W., Barbier, E. B., Silliman, B. R., Reed, D. J., Hacker, S. D.,
Granek, E. F., ... Wolanski, E. (2009). Non-linearity in ecosys-
tem services: Temporal and spatial variability in coastal protec-
tion. Frontiers in Ecology and the Environment, 7, 29-37. https://doi.
org/10.1890/080126

Leyer, I., Mosner, E., & Lehmann, B. (2012). Managing floodplain-forest
restoration in European river landscapes combining ecological and
flood-protection issues. Ecological Applications, 22, 240-249. https://
doi.org/10.1890/11-0021.1

Li, S., Pezeshki, S. R., & Shields, D. F. (2006). Partial flooding enhances
aeration in adventitious roots of black willow (Salix nigra) cuttings.
Journal of Plant Physiology, 163, 619-628. https://doi.org/10.1016/j.
jplph.2005.06.010

Markus-Michalczyk, H., Hanelt, D., Denstorf, J., & Jensen, K. (2016).
White willows sexual regeneration capacity in estuarine condi-
tions. Estuarine Coastal and Shelf Science, 180, 51-58. https://doi.
org/10.1016/j.ecss.2016.06.025

Markus-Michalczyk, H., Hanelt, D., & Jensen, K. (2015). Effects of tidal
flooding on juvenile willows. Estuaries and Coasts, 39, 397-405.
https://doi.org/10.1007/s12237-015-0014-8

Markus-Michalczyk, H., Hanelt, D., Ludewig, K., Miller, D., Schréter, B.,
& Jensen, K. (2014). Salt intrusion in tidal wetlands: European willow
species tolerate oligohaline conditions. Estuarine, Coastal and Shelf
Science, 136, 35-42. https://doi.org/10.1016/j.ecss.2013.11.008

McLusky, D. S., & Elliott, M. (2004). The estuarine ecosystem (3rd ed.).
Oxford, UK: Oxford University Press. https://doi.org/10.1093/acpro
f:0s0/9780198525080.001.0001

Mitsch, W. J., & Day, J. W. (2004). Thinking big with whole-ecosystem studies
and ecosystem restoration - a legacy of H. T. Odum. Ecological Modelling,
178, 133-155. https://doi.org/10.1016/j.ecolmodel.2003.12.038

Mitsch, W. J., & Gosselink, J. G. (2000). Wetlands, 3rd ed. (p. 920). New
York, NY: Wiley.

Mitsch, W. J., & Jgrgensen, S. E. (2004). Ecological engineering and ecosys-
tem restoration (p. 411). New York, NY: John Wiley & Sons Inc.

Moller, |., Kudella, M., Rupprecht, F., Spencer, T., Paul, M., van
Wesenbeeck, B. K., ... Schimmels, S. (2014). Wave attenuation over
coastal salt marshes under storm surge conditions. Nature Geoscience,
7,727-731. https://doi.org/10.1038/nge02251

Neubauer, S. C., & Craft, C. B. (2009). Global change and tidal freshwater
wetlands: Scenarios and impacts. In A. Barendregt, D. F. Whigham, &

Freshwater Biology =AW LEYJﬁ

A. H. Baldwin (Eds.), Tidal freshwater wetlands (pp. 253-265). Leiden,
the Netherlands: Backhuys Publishers.

Odum, W. E. (1988). Comparative ecology of tidal freshwater and salt
marshes. Annual Review of Ecology and Systematics, 19, 147-176.
https://doi.org/10.1146/annurev.es.19.110188.001051

Rodriguez, M. E., Doffo, G. N., Cerrillo, T., & Luquez, V. M. C. (2018).
Acclimation of cuttings from different willow genotypes to flood-
ing depth level. New Forests, 49, 415. https://doi.org/10.1007/
s11056-018-9627-7

Schaff,S., Pezeshki, S., & Shields, F.(2003). Effects of soil conditions on sur-
vival and growth of black willow cuttings. Environmental Management,
31, 748-763. https://doi.org/10.1007/s00267-002-2909-y

Scheffer, M., Bascompte, J., Brock, W. A., Brovkin, V., Carpenter, S.
R, Dakos, V., ... Sugihara, G. (2009). Early-warning signals for crit-
ical transitions. Nature, 461, 53-59. https://doi.org/10.1038/
nature08227

Struyf, E., Sander, J., Meire, P, Jensen, K., & Barendregt, A. (2009).
Plant communities of European tidal freshwater wetlands. In A.
Barendregt, D. F. Whigham, & A. H. Baldwin (Eds.), Tidal freshwater
wetlands (pp. 1-10). Leiden, the Netherlands: Backhuys Publishers.

Temmerman, S., Meire, P, Bouma, T. J., Herman, P. M. J., Ysebaert, T.,
& De Vriend, H. J. (2013). Ecosystem-based coastal defence in the
face of global change. Nature, 493, 45-49. https://doi.org/10.1038/
nature12859

Tockner, K., & Stanford, J. A. (2002). Riverine flood plains: Present state
and future trends. Environmental Conservation, 29, 308-330.

UNEP-WCMC. (2000). European forests and protected areas: Gap analy-
sis. Cambridge, UK: United Nations Environmental Program - World
Conservation Monitoring Centre.

Van Belzen, J., van de Koppel, J., Kirwan, M. L., van der Wal, D., Herman,
P. M. J,, Dakos, V., ... Bouma, T. J. (2017). Vegetation recovery in
tidal marshes reveals critical slowing down under increased inun-
dation. Nature Communications, 8, 15811. https://doi.org/10.1038/
ncomms15811

Van Casteren, A., Sellers, W. I, Thorpe, S. K. S., Coward, S., Crompton,
R. H., & Ennos, A. R. (2012). Why don't branches snap? The mechan-
ics of bending failure in three temperate angiosperm trees. Trees, 26,
789-797. https://doi.org/10.1007/s00468-011-0650-y

Vuik, H., Heo, H. Y. S., Zhu, Z., Borsje, B. W., & Jonkman, S. N. (2017).
Stem breakage of salt marsh vegetation under wave forcing: A field
and model study. Estuarine Coastal and Shelf Science, 200, 41-58.
https://doi.org/10.1016/j.ecss.2017.09.028

Wang, C., Xie, Y., He, Y., Li, X,, Yang, W., & Li, C. (2017). Growth and
physiological adaptation of Salix matsudana Koidz to periodic sub-
mergence in the hydro-fluctuation zone of the Three Gorges Dam
Reservoir of China. Forest, 8, 283. https://doi.org/10.3390/f8080283

Winkel, N. (2016). Das klima der region und mdogliche dnderungen. In der
Tideelbe H. & M. Claussen (Eds.), Klimabericht fiir die Metropolregion
Hamburg (pp. 121-138). Heidelberg, Germany; Dortrecht, the
Netherlands; London, UK; New York, NY: Springer.

Wunder, S., Lehmann, B., & Nestmann, F. (2011). Determination of
the drag coefficients of emergent and just submerged willows.
International Journal of River Basin Management, 9, 231-236. https://
doi.org/10.1080/15715124.2011.637499

How to cite this article: Markus-Michalczyk H, Zhu Z, Bouma
TJ. Morphological and biomechanical responses of floodplain
willows to tidal flooding and salinity. Freshw Biol. 2019;64:
913-925. https://doi.org/10.1111/fwb.13273



https://doi.org/10.1098/rspb.2009.2093
https://doi.org/10.1098/rspb.2009.2093
https://doi.org/10.1046/j.1365-2427.2002.00894.x
https://doi.org/10.1071/mf03035
https://doi.org/10.1071/mf03035
https://doi.org/10.1038/nature12856
https://doi.org/10.1038/nature12856
https://doi.org/10.1890/080126
https://doi.org/10.1890/080126
https://doi.org/10.1890/11-0021.1
https://doi.org/10.1890/11-0021.1
https://doi.org/10.1016/j.jplph.2005.06.010
https://doi.org/10.1016/j.jplph.2005.06.010
https://doi.org/10.1016/j.ecss.2016.06.025
https://doi.org/10.1016/j.ecss.2016.06.025
https://doi.org/10.1007/s12237-015-0014-8
https://doi.org/10.1016/j.ecss.2013.11.008
https://doi.org/10.1093/acprof:oso/9780198525080.001.0001
https://doi.org/10.1093/acprof:oso/9780198525080.001.0001
https://doi.org/10.1016/j.ecolmodel.2003.12.038
https://doi.org/10.1038/ngeo2251
https://doi.org/10.1146/annurev.es.19.110188.001051
https://doi.org/10.1007/s11056-018-9627-7
https://doi.org/10.1007/s11056-018-9627-7
https://doi.org/10.1007/s00267-002-2909-y
https://doi.org/10.1038/nature08227
https://doi.org/10.1038/nature08227
https://doi.org/10.1038/nature12859
https://doi.org/10.1038/nature12859
https://doi.org/10.1038/ncomms15811
https://doi.org/10.1038/ncomms15811
https://doi.org/10.1007/s00468-011-0650-y
https://doi.org/10.1016/j.ecss.2017.09.028
https://doi.org/10.3390/f8080283
https://doi.org/10.1080/15715124.2011.637499
https://doi.org/10.1080/15715124.2011.637499
https://doi.org/10.1111/fwb.13273

