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conditions to the seedling growth
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Abstract

Background: To understand shade and wind effects on seedling traits of common reed (Phragmites australis),
we conducted a mesocosm experiment manipulating day length (10 h daytime a day as open canopy
conditions or 6 h daytime a day as partially closed canopy conditions) and wind speed (0 m/s as windless
conditions or 4 m/s as windy conditions).

Results: Most values of functional traits of leaf blades, culms, and biomass production of P. australis were
higher under long day length. In particular, we found sole positive effects of long day length in several
functional traits such as internode and leaf blade lengths and the values of above-ground dry weight (DW),
rhizome DW, and total DW. Wind-induced effects on functional traits were different depending on functional
traits. Wind contributed to relatively low values of chlorophyll contents, angles between leaf blades, mean
culm height, and maximum culm height. In contrast, wind contributed to relatively high values of culm
density and below-ground DW.

Conclusions: Although wind appeared to inhibit the vertical growth of P. australis through physiological and
morphological changes in leaf blades, it seemed that P. australis might compensate the inhibited vertical
growth with increased horizontal growth such as more numerous culms, indicating a highly adaptive
characteristic of P. australis in terms of phenotypic plasticity under windy environments.
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Background
Common reed (Phragmites australis [Cav.] Trin. ex Steud.)
is a cosmopolitan species prevailing in wetland ecosystems
over continents (Clevering et al. 2001; Köbbing et al. 2013;
Hong et al. 2019). Phragmites australis shows not only such
horizontally broad occurrences but also vertically wide
distributions from montane fens with high altitude to salt
marshes of over 25‰ in salinity (Karunaratne et al. 2003;
Hong and Kim 2012), indicating highly adaptive capacities

and tolerances in wetland ecosystems (Engloner 2009).
Such characteristics may enable P. australis to importantly
act in various types of wetland ecosystems such as an
ecosystem engineer in floating marshes (Hong et al. 2018),
a wind and wave breaker in coastal marshes (Hansson and
Graneli 1984), and as a water purifier in constructed
marshes (Vymazal 2011; Nam et al. 2018).
During the last several decades, researchers have

performed numerous studies on the growth responses of
P. australis in relation to various types of environments
to deeply understand the ecology of P. australis based
on the practical usability and ecological value of P.
australis in wetland ecosystems (Haslam 1969; Engloner
2009; Vymazal 2011; Hong et al. 2018). In particular, a
great deal of empirical study has focused on functional
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traits of P. australis in responses to nutrients such as
nitrogen and phosphorus and disturbance regimes such
as flood (including wind-induced wave) and salinity
(Armstrong et al. 1999; Engloner 2009; Vymazal 2011).
In addition to such major environmental determinants

of functional traits, day length and wind speed may also
be environmentally important factors for P. australis as
microclimates (Baldi 1999; Asaeda and Karunaratne
2000). In particular, different day length may affect P.
australis in terms of phenology and morphology (Clever-
ing et al. 2001). Wind speed may also affect P. australis
directly (e.g., evapotranspiration, phenotypic plasticity,
pollination, and seed dispersal) as well as indirectly (e.g.,
convective gas-flow, fire event, litter breakdown, and
propagule drift) (Thompson and Shay 1985; Armstrong
and Armstrong 1991; Nilsson et al. 1991; Baldi 1999;
Brisson et al. 2008).
Despite such importance of both microclimatic factors

for growth performances of P. australis in wetland eco-
systems, available literatures on effects of day length
and/or wind speed on functional traits of P. australis are
still limited. Moreover, most researchers have investi-
gated on effects of different day length and/or wind
speed to P. australis particularly on mature plants in
natural wetlands under environmentally complicated
conditions (Baldi 1999; Clevering et al. 2001; Karunar-
atne et al. 2003). Even though both day length and wind
can be influential factors for P. australis not only in ma-
ture plant stage but also in seedling stage, empirical evi-
dence for effects of different day length and/or wind
speed on P. australis seedlings particularly under con-
trolled environments is lacking yet.
In the present study, we firstly tried to investigate the -

effects of different day length and wind speed as micro-
climates on functional traits of P. australis seedlings. To
eliminate possible confounding effects by other environ-
mental factors that are common in natural wetlands

such as nutrients and flood, we conducted a controlled
mesocosm experiment only manipulating day length and
wind speed in a greenhouse. We examined differences in
functional traits of P. australis such as growth parameters
depending on day length and wind speed. In particular,
we also compared both chlorophyll contents as a physio-
logical parameter and angles between leaf blades as a
geometrical parameter to verify wind-induced effects
on P. australis seedlings.

Results
Effects of different day length and wind speed on
functional traits of P. australis
Based on the result from two-way ANOVA, different
day length made significant differences in most func-
tional traits of leaf blades (chlorophyll contents, angles
between leaf blades, and leaf blade length), culms (culm
density, internode length, mean culm height, and max-
imum culm height), and biomass production (above-
ground dry weight (AGDW), below ground dry weight
(BGDW), rhizome DW, and total dry weight (TDW))
(Table 1). In contrast, different wind speed significantly
affected chlorophyll contents (p < .05), leaf blade length
(p < .001), and mean culm height (p < .05) only (Table 1).
We also found some interactive effects between day
length and wind speed on leaf blade length (p < .05) and
root dry weight (p < .1).

Leaf blade functional traits
Both different day length and wind speed significantly
affected most functional traits of leaf blades only except
leaf blade number (Fig. 1). Day length and wind speed
showed opposite effects on both chlorophyll contents
and angles between leaf blades. Both chlorophyll con-
tents (SD, 37.2 ± 0.3 μg/cm2; SDW, 36.4 ± 0.3 μg/cm2;
LD, 38.2 ± 0.3 μg/cm2; LDW, 37.6 ± 0.3 μg/cm2) and
angles between leaf blades (SD, 99 ± 3°; SDW, 89 ± 4°;

Table 1 The result of F values from two-way ANOVA on functional traits of P. australis

Variables factors Chlorophyll
contents

Leaf blade
angle

Leaf blade
number

Leaf blade
length

Internode
number

Internode
length

Culm
density

Culm
diameter

Day-length (df = 1) 3.094+ 4.432* 2.919 17.200*** 1.636 6.631* 3.322+ 0.611

Wind speed (df = 1) 1.487 4.947* 0.572 0.076 4.545+ 0.384 0.831 0.391

Day-length × wind speed (df = 1) 0.027 0.674 0.007 1.027 0.000 0.129 0.033 0.611

Variable factors Mean culm
height

Maximum culm
height

AGDW BGDW Rhizome DW Root DW TDW AGDW:
BGDW

Day-length (df = 1) 4.529* 5.547* 21.400*** 8.600** 15.800** 2.900 19.300*** 0.659

Wind speed (df = 1) 2.430 1.803 0.848 0.061 0.200 0.752 0.253 0.791

Day-length × wind speed (df = 1) 0.198 0.528 0.919 1.011 0.714 3.174+ 0.782 3.302+

Bold letters with asterisks indicate statistical significance
AGDW Above-ground dry weight, BGDW Below-ground dry weight, TDW Total dry weight, DW Dry weight
+p < .1
*p < .05
**p < .01
***p < .001
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LD, 119 ± 3°; LDW, 98 ± 4°) were relatively high under
long day length regardless of wind speed, whereas these
values were relatively low under wind speed 4 m/s re-
gardless of day length (Fig. 1a and b). On the other
hand, leaf blade length was relatively long under long
day length and wind speed 4 m/s (LDW) (Fig. 1d).

Culm functional traits
We found significant effects of different day length and
wind speed on several functional traits of culms such as
culm density and height, internode length, and max-
imum culm height (Fig. 2). In particular, culm density
was relatively high under long day length with wind
speed 4 m/s (SD, 7.7 ± 0.6 culms/pot; SDW, 8.3 ± 0.7
culms/pot; LD, 9.2 ± 0.2 culms/pot; LDW, 10.2 ± 0.7
culms/pot). In the case of internode length, we found a
sole positive effect of long day length only (Fig. 2d).
On the other hand, both mean and maximum culm
height also showed similar patterns with chlorophyll
contents and angles between leaf blades. Long day
length contributed relatively high values of mean
culm height and maximum culm height, whereas
wind speed 4 m/s contributed to relatively low values
of these functional traits (Fig. 2e and f).

In particular, the values of the maximum culm height
were different depending on day length and wind speed.
The highest value (175 ± 10 cm) during the whole
experimental period was measured under long day
length and wind speed 0 m/s at the 15th week (Fig. 3).
Similarly, at the end of the experiment (the 18th week),
the highest value also was obtained under long day
length and wind speed 0 m/s (163 ± 11 cm). In contrast,
the lowest value was found under short day length and
wind speed 4 m/s (135 ± 6 cm) (Fig. 3).

Biomass production traits
Most functional traits of biomass production only except
AGDW:BGDW ratios showed significant differences
among the experimental plots (Fig. 4). We found sole
positive effects of long day length in some functional traits
such as AGDW, rhizome DW, and TDW regardless of
wind speed. We also detected interactive effects between
day length and wind speed in other functional traits such
as BGDW and root DW. The values of AGDW, rhizome
DW, and TDW were relatively high under long day length
regardless of wind. On the other hand, the interactive ef-
fects were more evident under long day length. We ob-
tained the highest values of BGDW (9.6 ± 1.2 g/pot) and

Fig. 1 Leaf blade functional traits depending on day length and wind speed (n = 6, mean ± 1SE). (a) Chlorophyll contents, (b) angles between
leaf blades, (c) leaf blade number, (d) leaf blade length; SD, short day with wind speed 0 m/s; SDW, short day with wind speed 4 m/s; LD, long
day with wind speed 0 m/s; LDW, long day with wind speed 4 m/s. Different alphabets indicate statistically different subgroups by Duncan’s post
hoc test (p < .05). In the case of (a) chlorophyll contents, different sub-groups were statistically divided by Duncan’s post hoc test with a different
significance level, p < 0.1
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root DW (4.8 ± 1.0 g/pot) under long day-length with
wind speed 4 m/s (Fig. 4b and e).

Discussion
Day length effects on P. australis
It has been abundantly reported that day length deter-
mines phenological traits of P. australis such as growth
period length and flowering timing (Clevering et al.
2001; Karunaratne et al. 2003). In addition to such

phenological traits, it has also been noted that day length
also affects functional traits closely related to growth
performances of P. australis such as culm height, dens-
ity, and biomass production (Zhou et al. 2010; Hughes
et al. 2016). In accordance with these previous studies,
we also found big effects of different day length on P.
australis functional traits. Most values of functional
traits of leaf blades, culms, and biomass production were
relatively high under long day length, indicating positive

Fig. 2 Culm functional traits depending on day length and wind speed (n = 6, mean ± 1SE). (a) Internode number, (b) culm density, (c) culm
diameter, (d) internode length, (e) mean culm height, (f) maximum culm height; SD, short day with wind speed 0 m/s; SDW, short day with wind
speed 4 m/s; LD, long day with wind speed 0 m/s; LDW, long day with wind speed 4 m/s. Different alphabets indicate statistically different
subgroups by Duncan’s post hoc test (p < .05). In the cases of (a) internode number and (b) culm density, different sub-groups were statistically
divided by Duncan’s post hoc test with a different significance level, p < 0.1

Fig. 3 Changes in maximum culm height of P. australis (n = 6, mean ± 1SD) depending on day length and wind speed during the experimental
period (each n = 6). Different alphabets on the values at the end of the experiment (the 18th week) indicate statistically different sub-groups by
Duncan’s post hoc test (p < .05)
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effects of long day length on overall growth perfor-
mances of P. australis.
In particular, positive effects of long day length were

more evident in the functional traits directly related to
biomass production such as culm height and density,
possibly indicating positive contributions of long day
length to biomass production of P. australis (Clevering
et al. 2001; Karunaratne et al. 2003; Zhou et al. 2010). In
addition to such positive effects of long day length on
biomass production, we also found another positive
effect on a physiological parameter, chlorophyll contents
(greenness). In our study, at the end of the experiment,
P. australis exhibited relatively green leaf blades (i.e.,
higher chlorophyll contents) under long day length,
probably indicating a potential for a longer growth
period of P. australis under long day length. On the
other hand, we found no effect of different day length
on some functional traits that are indirectly related (or
not related) to biomass production such as leaf blade
number, internode number, culm diameter, and AGDW:
BGDW ratio.
Higher growth performances of P. australis seedlings

under longer day length possibly mean higher possibility
of successful establishment in new sites via seed dispersal
(Haslam 1975). Numerous studies have mostly attributed
rapid expansions of P. australis to asexual reproductive
organs such as rhizomes (Amsberry et al. 2000; Saltonstall
2002). By contrast, some other studies have reported that
such rapid expansions could also be a consequence of seed
dispersal and successful seedling establishment (Brisson

et al. 2008; Belzile et al. 2010). In particular, some studies
have also attributed such successful establishment of P.
australis seedlings in new sites to enlarged day length due
mainly to favorable local conditions of new sites such as
open canopy as well as global warming (Clevering et al.
2001). Although we did not observe any panicle-bearing
culm from our seedling experiment, we clearly found
positive effects of long day length on overall growth
performances of P. australis seedlings.
According to previous studies on distributional char-

acteristics of P. australis, although this species usually
shows a very wide range of distribution (Clevering and
Lissner 1999; Clevering et al. 2001), P. australis appears
to more frequently occur in lower latitude areas (and/or
lower altitude). Presumably, short day length in higher
latitude areas may limit short-term growth of P. austra-
lis seedlings as seen in our study as well as long-term
establishment (Clevering et al. 2001; Karunaratne et al.
2003), probably explaining relatively few cases of P. aus-
tralis occurrence in such high latitude areas. In cases of
mountainous wetlands with high altitude, both too low
temperatures for P. australis seedlings to winter and/or
short day length possibly due to tree canopy cover may
also disturb successful establishment of P. australis seed-
lings in such mountainous wetlands with high altitude.

Wind effects on P. australis
Wind is an important environmental factor for P. australis
particularly in a rapid expansion over a long distance
because P. australis is a wind-pollinated and dispersed

Fig. 4 Biomass production traits of P. australis depending on day length and wind speed (n = 6, mean ± 1SE). (a) AGDW, (b) BGDW, (c) TDW, (d)
rhizome DW, (e) root DW, (f) AGDW:BGDW; AGDW, above-ground dry weight; BGDW, below-ground dry weight; TDW, total dry weight; DW, dry
weight; SD, short day with wind speed 0 m/s; SDW, short day with wind speed 4 m/s; LD, long day with wind speed 0 m/s; LDW, long day with
wind speed 4 m/s. Different alphabets indicate statistically different subgroups by Duncan’s post hoc test (p < .05). In the cases of (e) root DW
and (f) AGDW:BGDW, different sub-groups were statistically divided by Duncan’s post hoc test with a different significance level, p < 0.1
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species (Soons 2006; Belzile et al. 2010). In addition to the
pollination and seed dispersal, wind is also important for
propagule drift via wind-induced current or wave in both
riparian and coastal wetlands (Nilsson et al. 1991). It was
also noted that wind may partly affect nutrient dynamics
in P. australis-dominated wetlands via facilitating litter
breakdown and decomposition (Haslam 1989; Ágoston-
Szabó and Dinka 2008).
On the other hand, some previous studies have noted

that wind may directly affect population structure of P.
australis. According to a previous study by Baldi (1999),
P. australis made relatively short but many shoots
particularly in edge areas under windy environments,
indicating edge effect. In contrast, P. australis produced
relatively tall but a small number of shoots in interior
areas of the reed population under windless environ-
ments. It was also reported that such wind-induced
differences in reed growth may contribute to make
wetland environments more heterogeneous (Karstens
et al. 2016), thereby providing various types of habitats
for wetland fauna in wetlands (Baldi 2005).
In accordance with the observation by Baldi (1999), we

also found such opposite results in terms of vertical and
horizontal growth of P. australis depending on wind
speed. Although we tested wind-induced effects on seed-
lings but not on mature plants, we also found such
opposite results regardless of day length similar to those
from the previous studies (Klötzli 1973; Baldi 1999).
From our results, wind (4 m/s in our study) appeared to
inhibit vertical growth of P. australis. Such inhibited
vertical growth of P. australis seemed to be attributable
to wind-induced changes in physiology as well as
morphology (geometry) of leaf blades. There has been
abundant evidence for wind-induced effects on morph-
ology and physiology in other herbaceous species such
as Brassica spp., Phaselous spp., Stellaria spp., and
Brachypodium sp. (Jaffe and Forbes 1993; Emery et al.
1994; Murren and Pigliucci 2005; Nam et al. 2020).
In our study, angles between leaf blades were rela-

tively low under windy conditions regardless of day
length. It seemed that revolved leaf blades (i.e., angles
between leaf blades were less than 180°) due to wind
flow might shade each other. Notably, some revolved
leaf blades were completely separated from culms and
some leaf blades fell off even owing to wind flow at
the end of the experiment. Such geometrical changes
in leaf blades seemed likely to result in a decrease in
chlorophyll contents under windy environments, indi-
cating a potential for a decrease in photosynthesis
(Lessmann et al. 2001). In addition, physically inclined
plants by wind flow might be more likely to be
shaded by other plants, also possibly resulting in an
additional decrease in the vertical growth of P. aus-
tralis (Baker et al. 2014).

In the current study, wind seemed to disturb the verti-
cal growth of P. australis via both physiological and
morphological changes. Instead, wind appeared to
stimulate the horizontal growth of P. australis. Under
windy environments, P. australis made shorter but more
numerous shoots bearing longer leaf blades, indicating a
compensation for the inhibited vertical growth via
phenotypic plasticity (Baldi 1999; Liu et al. 2014). In
addition, P. australis made more roots, thus more
below-ground parts under windy conditions particularly
under long day length in our study. Such a wind-
induced increase in below-ground parts including roots
might also be a result from phenotypic plasticity of P.
australis as a response to an increased evapotranspir-
ation particularly in the experimental plots under long
day length and wind (Whitehead and Luti 1962; Zhou
et al. 2010). In fact, the taller the plants vertically grew,
the more often we had to pour water to maintain the
water level particularly in these experimental plots.
On the other hand, according to some previous studies

(Takeda and Kurihara 1988; Vymazal 2011; Karstens
et al. 2016), P. australis stands in shoresides (edge areas)
play important roles not only as a wind and wave
breaker preventing soil erosion through making dense
stands but also as an ecosystem engineer stabilizing
wetland edges via facilitating sediment deposition. In ac-
cordance with the previous studies, we also empirically
verified such wind-induced contributions not only to
dense stands of P. australis but also to a greater produc-
tion (or more allocation) of below-ground parts particu-
larly in edge areas. Notably, wind-induced responses of
P. australis such as many shoots and more allocation
into below-ground parts may confer more advantages on
P. australis particularly in deep water wetlands via facili-
tating convective gas flow under low sediment redox
potentials possibly coupled to high levels of phytotoxins
(Armstrong et al. 1996; Asaeda et al. 2002).

Concluding remarks
Based on most values of the functional traits, P. australis
exhibited a higher growth performance under long day
length than short day length, evidently indicating that
long day length is an important environmental factor for
better growth of P. australis seedlings. In addition, there
are sole positive effects of long day length in internode
length and the values of above-ground dry weight (DW),
rhizome DW, and total DW. In contrast, there is no
negative effect of long day length on any functional trait
of P. australis (Fig. 5).
On the other hand, wind-induced effects on functional

traits of P. australis were different depending on func-
tional traits. Wind contributed to relatively low values of
chlorophyll contents, angles between leaf blades, and
mean and maximum culm height. In contrast, wind
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contributed to relatively high values of leaf blade length,
culm density, root DW, and below-ground DW particu-
larly under long day length. From our results, although
wind disturbed the vertical growth of P. australis
through both physiological and morphological changes
in leaf blades, it seemed that P. australis might compen-
sate the inhibited vertical growth with increased hori-
zontal growth such as more numerous culms and longer
leaf blades, indicating a highly adaptive characteristic of
P. australis in terms of phenotypic plasticity under
windy environments. In addition, wind also appeared to
stimulate P. australis to make more roots, thus more
below-ground parts particularly under long day length,
also showing phenotypic plasticity of P. australis (Fig. 5).

Conclusions
We confirmed substantial effects of both microclimatic
factors on most functional traits of P. australis. Based on
previous studies and our findings, different day length
and wind speed seem to importantly affect not only
seedling growth (i.e., phenotypic plasticity) and early
establishment (i.e., population expansion) as short-term
growth effects but also for population structure of P.
australis as long-term effects (i.e., edge effect). From our
study, we suggest that both day length and wind speed
have to be additionally considered as important environ-
mental determinants in further studies on growth per-
formances of P. australis seedlings as well as mature
plants in addition to other major environmental deter-
minants such as nutrients and water level.

Methods
Seedling preparation
We chose P. australis seedlings as plant materials in-
stead of culms or rhizomes to minimize possible effects

of different carbohydrate contents in asexual organs on
growth performances (Klimeš et al. 1999; Hong and Kim
2014). We collected seeds in a P. australis-dominated
freshwater wetland of floating marsh type (N 37° 27′, E
127° 18′; about 30 m a.s.l.). In the sampling site, most P.
australis shoots grew about 3 m in shoot height with
about 30 shoots/m2 and produced about 1 kg/m2 in
standing crop (Hong and Kim 2012; Hong et al. 2019).
Although there were some shrub species such as Salix
gracilistyla Miq. and Spiraea salicifolia L., P. australis
was the tallest species in most areas within the sampling
site.
To prepare P. australis seedlings, we carried the

seeds to a laboratory in Seoul National University (N
37° 27′, E 126° 57′; about 120 m a.s.l.). Both the sam-
pling site and the experimental site were similar in
terms of climate (i.e., latitudes of both sites were
similar and the distance between two sites were about
30 km). Seeds were germinated on plastic trays (30
cm in width × 100 cm in length × 8 cm in height)
that were filled with agricultural soil consisting of
sand, vermiculate, zeolite, and granular fertilizer
(Table S1) under 23 °C/24 h light in a growth cham-
ber. After the germination process, seedlings had been
grown in a greenhouse for about 2 weeks until most
seedlings reach about 30 cm in shoot height.

Experimental design
We prepared a total of 24 opaque plastic containers (20
cm in width × 20 cm in length × 20 cm in height) as in-
dividual experimental plots. We fully filled up the con-
tainers with the agricultural soil that was also used for
the germination process. Then, a total of 24 seedlings of
similar shoot height (about 30 cm) were transplanted to
the depth of about 3 cm in the center of each container.

Fig. 5 A schematic diagram indicating wind and day length effects on functional traits of P. australis seedlings. AGDW, above-ground dry weight;
BGDW, below-ground dry weight; TDW, total dry weight
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Right after the plantation, seedling height was 27.5 ± 2.1
cm (mean ± 1SD). We maintained water level at 10 cm
(i.e., the middle height of containers) below the soil sur-
face. In particular, to eliminate any possible confounding
effect due to different amounts of supplied water (i.e.,
possibly different amounts of nutrients) depending on
different levels of evapotranspiration by different day
length and wind speed, we used distilled water in main-
taining the water level instead of tap water possibly
containing nutrients.
We prepared a total of four different environmental

combinations of day length and wind speed (two day
length × two wind speed): short day length and wind
speed 0 m/s, SD; short day length and wind speed 4 m/s,
SDW; long day length and wind speed 0 m/s, LD; long
day length and wind speed 4 m/s, LDW. Two different
day length (12 containers for SD, 6 h from 10 a.m. to 4
p.m.; 12 containers for LD, 10 h from 8 a.m. to 6 p.m.)
were maintained via shutting out solar radiation by using
shading nets during the experimental period (18 weeks).
We measured light intensity just above the reed canopy
three times (1st, 9th, and 17th week) during the experi-
mental period and there was no significant difference in
the light intensity among the experimental plots of dif-
ferent experimental conditions regardless of measure-
ment timings (Table S2).
The half (12 containers, six containers for SDW, and

the other six containers for LDW) of the plots were
placed in front of electric fans (fan blade Ø = about 100
cm) with the interval of 1.5 m between the containers
and the electric fans as windy environments. Electric
fans were turned on every hour and only last for 15 min
using timer-control consents. During the experimental
period of 18 weeks, electric fans have produced the wind
speed about 4.0 m/s (i.e., measured in front of plants)
for 10 h/day (from 8 a.m. to 6 p.m.).

Data collection and analyses
Leaf blade functional traits
After 18 weeks of growth period, we measured chloro-
phyll contents in leaf blades, angles between leaf blades,
leaf blade number, and length as leaf blade functional
traits. To determine these functional traits, we randomly
selected five culms from each experimental plot. Chloro-
phyll contents as a greenness index of leaf blades were
measured as a physiological parameter by using a port-
able chlorophyll meter (SPAD-502 plus, Konica Minolta
sensing, Inc., Tokyo, Japan). Based on the assumption
that initial angles of rotated leaf blades (about 180°) can
be changed into the form of revolved leaf blades (i.e.,
less than 180°) owing to wind flow as commonly
observed in natural wetlands (Haslam 1972), angles be-
tween consecutive leaf blades from the uppermost tip to
the basal part of each culm were measured as a geomet-
ric parameter using a graduated protractor to verify
wind-induced physical effects on P. australis (Fig. 6). We
determined leaf blade number and length by measuring
all leaf blades including the uppermost leaf blade on
each culm using a ruler stick.

Culm functional traits
As culm functional traits, we measured internode num-
ber and length, culm diameter, mean culm height, and
maximum culm height. To determine these functional
traits, we also selected randomly five culms from each
experimental plot. Internode length and culm height
(from the tip of the uppermost leaf blade to soil surface)
were measured using a ruler tape. Culm diameter was
measured at the basal height of each culm using a ver-
nier calipers. All culm functional traits only except the
maximum culm height were measured once at the end
of the experiment. In the case of the maximum culm
height, we have monitored the values every week for 18

Fig. 6 The schematic diagram indicating revolved leaf blades of P. australis due to wind flow
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weeks from late May to late September on which most
height values began to decrease owing to temperature
drop in September (Fig. S1).

Biomass production traits
For determining biomass production, at the end of the
experiment, we harvested all plants and separated them
into above- and below-ground parts. We washed below-
ground parts to remove non-plant materials and sepa-
rated them into rhizomes and roots. All plant materials
were dried in a drying oven under 75 °C for 48 h.

Statistical analysis
We performed two-way ANOVA (analysis on variance)
and Duncan’s post hoc test on the functional traits of
leaf blades, culms, and biomass production using the
statistical software, SPSS package for Windows (IBM
SPSS Version 22.0, USA).
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