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The morphological plasticity of the submerged macrophyte Potamogeton wrightii under different nutrient
conditions and photoperiods was measured in a laboratory controlled experiment for 70 days in Japan. Six
treatments were used in this experiment (3 × 2 factorial design with three replications) which consisted of
three photoperiods and two nutrient conditions. Both photoperiod and nutrient condition had a pronounced
effect on shoot and leaf morphology in P. wrightii. New shoot recruitment, and the length of main and new
shoots gradually decreased with shortening photoperiod under both nutrient treatments. Plants under an
8 h photoperiod and high nutrient levels generated significantly more dead leaves (7.42 leaf·shoot−1) and
decomposed shoots (1.3 shoots·pot−1) than plants under other treatments. Under short photoperiods (12
and 8 h) plants failed to produce flowering spikes in both nutrient conditions. In high nutrient conditions,
P. wrightii produced shorter shoots, fewer leaves with shorter and narrower laminas, and smaller petioles
compared with plants in the low nutrient condition. This may be adaptive under high nutrient conditions
because it lowers foliar uptake and, thus, nutrient toxicity.

Keywords: Potamogeton wrightii; petiole; decomposed shoot; flowering spike

1. Introduction

Essential elements for plant growth are usually scattered in a plant’s surroundings [1]. Plants
may experience stress if essential nutrients are in limited supply or if they occur in excess. In
nature, plants frequently come across combinations of stress factors [2]. Some plants are able to
develop mechanisms that allow them to acclimate or acquire adequate resources from the adjacent
environment. Environment-dependent phenotypic expression is known as phenotypic plasticity
[3–5] and may occur by changing physiological processes and altering morphological structure
[6]. Many aquatic plants exhibit a higher degree of morphological plasticity which might reduce
the need for acclimative changes in physiological processes. Species capable of adjusting to the
environment via morphological changes have an improved chance of survival [7] because such
plasticity can increase the ecological breadth of the species [2]. If plastic changes are absent, the
species might not be able to respond adequately to a changeable environment.
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Nutrients and light are two major controlling factors for plant growth.At lower levels of nutrient
availability, plant species mainly compete for nutrients, whereas at higher levels of nutrient avail-
ability competition is mainly for light [8]. However, in either condition, morphological plasticity
may allow one species to dominate. In general, erect species are primarily regulated by total sedi-
ment phosphorus, whereas bottom-dwelling species are largely regulated by surface irradiance [9].
Excessive nutrients often boost die-back in vegetation and alter the species dominance in various
aquatic ecosystems [10]. Species characterised by tolerance to environmental variation tend to pos-
sess a higher, genetically determined potential for physiological and morphological acclimation,
which enables them to shift their metabolism and growth in concert with light [11–14] and nutrient
[15–17] availability. The best known morphological responses to nutrients and light are changes
in leaf length and width under low photon flux density and in rich nutrient conditions [18–20].

Potamogeton L. (Potamogetonaceae), one of the largest genera of aquatic angiosperms, is
ecologically diverse and distributed in various freshwater bodies. The morphological plasticity
of various Potamogeton species has been investigated and a high degree of plasticity has been
revealed [21–26]. Potamogeton wrightii Morong is a submerged, rooted species of the genus
Potamogeton and is distributed in many lakes, rivers and streams in Japan [27]. P. wrightii shows
three types of growth forms based on habitat: submerged, floating leaves and terrestrial [28].
This plant may have greater plasticity in growth form, which may allow better acclimation to
environmental variation.

The rapid expansion of industrialisation and agricultural activities has raised concerns over
potential eutrophication problems in Japan [29]. Recently, degradation of habitats because of
sedimentation and degraded water quality has been reported for some water bodies in Japan
[30–32]. Furthermore, photoperiod or the number of hours of light in a day changes dramatically
during the year in temperate regions of the world, as well as in Japan. Photoperiod controls
growth and flowering in plants [33]. By knowing how photoperiod affects plant development in
photoperiodic species, we can manipulate the natural photoperiod to promote or prevent vegetative
growth.

Morphological plasticity is usually measured using an experimental design with the same geno-
typic plant and these experiments are often conducted under controlled conditions. However, in
order to make a credible assessment of the impacts of nutrient condition and different photope-
riods on morphological characteristics, a controlled laboratory experiment was performed with
P. wrightii. A clear impact of nutrient and photoperiod on P. wrightii morphology was indeed
underlined.

2. Materials and methods

2.1. Experimental set-up

We performed a laboratory experiment using 18 glass aquaria (size: 1.6 × 0.8 × 0.8 m) in the
Department of Environmental Science and Human Technology, Saitama University, Japan for
70 days. P. wrightii plants and sediments were collected from the Hanamuro River (Tsuchiura,
Tsukuba, Japan). The Hanamuro River flows into Lake Kasumigaura, which is the second largest
lake in Japan, located in central Japan at ∼ 36◦ N and 140.4◦ E. Open water nutrients such as
N and P concentrations were ∼30 and 3 μmol·L−1, respectively. Six treatments were arranged
in a 3 × 2 factorial design with three replications which consisted of three photoperiods, 16, 12
and 8 h, and two nutrient levels, 90 μmol N·L−1·d−1 and 9 μ mol P·L−1·d−1 as the high nutrient
condition and 30 μmol N·L−1·d−1 and 3 μ mol P·L−1·d−1 as the low nutrient condition. Con-
centrations of N and P observed in the field were used as the ‘low nutrient condition’ for the
experiment. P. wrightii (3–4 cm long, and with 2–3 leaves) were planted in individual plastic
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pots (7 cm in diameter, 15 cm deep) and then placed in experimental aquaria. The number of
pots was 75 per experimental aquarium and stem density per square metre was approximately
that observed in the field. Dechlorinated tap water was used to conduct the experiment. Plants
were acclimated to the same conditions (nutrient: 30 μmol N·L−1·d−1 and 3 μmol P·L−1·d−1,
photon: 200 μE·m−2·s−11 cm below the water surface, photoperiod: 14 h, temperature: 25 ◦C) for
the first four weeks. Light was provided by white fluorescent bulbs, as described by Hootsmans
and Vermaat [34] for Potamogeton pectinatus. After acclimatisation, three different photoperiods
and two nutrient conditions were introduced into the aquarium (regarded as experimental day 1)
and continued until day 70. On day 1, the lengths of selected plants were 7–9 cm.

Commercial fertilisers, in the form of ammonium sulfate, potassium nitrate and di- ammonium
phosphate, were added on weekly basis to the aquaria. In addition, a commercially available
micronutrient solution, ‘Tetra flora pride™’, was added to all aquaria in equal amounts to maintain
a sufficient concentration of micronutrients in the water. A temperature of 25 ◦C was maintained
for all aquaria. The CO2 concentration in the water in the aquaria was kept at 14–50 μM, as
described by Nielsen and Sand-Jensen [35] using CO2 supplied from a bottle. Water in all tanks
was bubbled continuously with air stones to mix the water and minimise CO2 limitation and
O2 inhibition [36]. All aquaria were covered with thick black screens to maintain a proper and
uniform light climate throughout. Within each photoperiodic condition, the position of the planted
pots was changed twice a week to avoid any potential heterogeneity in the light field. Treatments
that were a combination of high nutrient conditions and different photoperiods were marked with
an arithmetic number indicating photo hour and ‘HN’ (i.e. 16 HN, 12 HN and 8 HN). Conversely,
low nutrient conditions were indicated with ‘LN’ (i.e. 16 LN, 12 LN and 8 LN).

2.2. Analyses

After 14, 28, 56 and 70 days of growth, plants from 10 randomly selected pots from each aquar-
ium were measured to determine the plasticity of various morphological characteristics, i.e. shoot
length, number of newly recruited shoots, number of live and dead leaves, length of stem intern-
odes, length of leaf petioles, length and maximum width of individual leaves. Only shoot length
and number of live leaves were measured for both main shoot and newly recruited shoots sep-
arately; others measurements were only for the main shoot. Decomposed shoots appeared after
day 42 and were counted on days 56 and 70 for each pot.

All data were checked for the assumption of normal distributions and homogeneity of the
variances before statistical analyses. Data for various morphological traits were analysed using a
three-way repeated measurements analysis of variance (ANOVA), with photoperiod and nutrient
conditions as the ‘main factors’ and the sampling dates as the ‘repeated measures’. A one-way
ANOVA was performed for all of the above variables with treatments as the main factor. If the
main effect was significant, the ANOVA was followed by Tukey’s HSD test. ANOVA tests were
performed at a 0.05 significance level using a statistical package, Statistica (v. 5).

3. Results

Nutrient levels and photoperiod affected morphological variables in P . wrightii, and these factors
also interacted significantly in most of the variables (three-way ANOVA, Table 1).

3.1. Plastic responses of shoot

Main and newly recruited shoots and their internodes were 35, 104 and 39% longer, respectively,
in the low nutrient condition compared with the high nutrient condition (Table 2 and Figure 1(a)).
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Table 1. Results of three-way repeated measures ANOVA with photoperiod and nutrient as main factors and
sampling date (not shown) as repeated measures factor for morphological traits of Potamogeton wrightii.

Source of variation

Variables Photoperiod Nutrient Photoperiod × Nutrient

Length of main shoot (cm) 21.76∗ 18.23∗ 13.67∗
Number of new shoots per pot 32.56∗ 5.61∗∗∗ 10.77∗
Length of new shoot (cm) 10.75∗ 28.99∗ 0.32
Length of internodes (cm) 13.59∗ 17.21∗ 13.58∗
Number of live leaves per main shoot 40.98∗ 4.81∗∗∗ 1.62
Number of live leaves of new shoots per pot 5.74∗∗ 27.10∗ 10.42∗
Number of dead leaves per shoot 3.11∗∗∗ 0.003 13.50∗
Length of leaves (cm) 63.45∗ 25.55∗ 36.34∗
Maximum width of leaves (cm) 394.59∗ 259.39∗ 134.75∗
Length of petiole (cm) 14.38∗ 35.07∗ 41.90∗
Number of decomposed shoots per pot 4.90∗∗∗ 6.40∗∗∗ 15.70∗

Notes: F -values are given. Significant at ∗p = 0.001; ∗∗p = 0.01; ∗∗∗p = 0.05.

Table 2. Average values (± SD) of the observed morphological parameters in Potamogeton wrightii under different
treatments.

Treatments

Variables 16 HN 16 LN 12 HN 12 LN 8 HN 8 LN

Length of main shoot (cm) 56.5 ± 35.3bc 111.2 ± 19.6a 45.8 ± 11.6bc 64.0 ± 31.1b 28.5 ± 20.5c 40.8 ± 18.8c

Number of live leaves on
main shoot

7.10 ± 2.14ab 8.44 ± 2.05a 6.00 ± 1.63bc 6.03 ± 1.27bc 4.21 ± 1.57c 4.78 ± 1.33c

Number of new shoots per
pot

1.45 ± 0.49b 3.00 ± 1.38a 1.20 ± 0.36bc 0.75 ± 0.22bc 0.45 ± 0.10c 0.65 ± 0.10bc

Length of new shoots (cm) 19.5 ± 15.0bc 35.5 ± 27.1a 11.4 ± 5.62bc 22.45 ± 12.36b 7.5 ± 2.50c 20.7 ± 7.34b

Number of leaves on new
shoots per pot

3.59 ± 1.10b 5.00 ± 1.95a 3.22 ± 1.70bc 3.13 ± 2.40bc 2.00 ± 1.02c 5.00 ± 0.53a

Length of leaves (cm) 7.20 ± 2.26bc 8.77 ± 1.99a 7.46 ± 2.31b 6.73 ± 1.72c 6.00 ± 1.29d 6.88 ± 1.86bc

Maximum width of
leaves (cm)

0.78 ± 0.14b 1.12 ± 0.17a 0.72 ± 0.11c 0.80 ± 0.18b 0.65 ± 0.11d 0.65 ± 0.14d

Number of flowering
spikes per pot

0.60 ± 0.57 4.00 ± 1.00 – – – –

Notes: Different superscripts indicate differences at the 0.05 level of significance based on Tukey’s test.

The number of newly recruited shoots was also 39% higher in the low nutrient condition than in
the high nutrient condition (Table 2). Photoperiod had a significant effect on shoot morphology
in P. wrightii, as well on new shoot recruitment; the length of main and new shoots decreased
gradually with shortening photoperiod (Table 2). Plants under a 16 h photoperiod produced main
shoots that were 23 and 98% longer in the high nutrient condition, and 74 and 172% longer in
the low nutrient condition, compared with plants under 12 and 8 h photoperiods, respectively. In
the high nutrient condition, the number of new shoots in the 16 h photoperiod was 21 and 222%
higher per pot than in plants under 12 and 8 h photoperiods. In the low nutrient condition, the
number of new shoots in the 16 h photoperiod was 289 and 349% higher per pot than in the 12
and 8 h photoperiods (Table 2). In the case of internodal length of stems, for the high nutrient
condition, plants under a 12 h photoperiod had 40 and 29% longer internodes (average length
7.65 cm·individual−1) than plants under 16 and 8 h photoperiods (Figure 1(a)). By contrast, in the
low nutrient condition, the 16 h photoperiod resulted in internodes that were 8 and 30% larger
than those of 12 and 8 h photoperiodic plants.
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Chemistry and Ecology 227

Figure 1. Average (a) length of stem internodes and (b) length of leaf petioles in experimental Potamogeton wrightii.
Vertical bars indicate ± SD (n = 10).

3.2. Leaf morphology and flowering spike

Leaf morphology differed significantly among treatments (Table 2). Plants in the low nutrient
condition produced more leaves (11% higher in main shoot and 49% in new shoots) with 20%
longer petioles, and 19% wider and 9% larger lamina than plants in the high nutrient condition
(Figure 1(b) and Table 2). Plants under a 16 h photoperiod in the low nutrient condition produced
significantly larger leaf petioles (average 6.03 cm·individual−1) and longer and wider laminas
(average length 8.77 and width 1.12 cm·individual−1) than all other treatments (Tukey HSD test)
(Figure 1(b) and Table 2). Significant interactions were found between nutrient and photoperiods:
main shoots in plants under a 16 h photoperiod produced 18 and 69% more leaves in the high
nutrient condition and 40 and 76% more leaves in the low nutrient condition compared with plants
under the 12 and 8 h photoperiods. By contrast, new shoots in plants under the 16 h photoperiod
produced 11 and 61% more leaves than plants under the 12 and 8 h photoperiods in the high
nutrient condition.Whereas, in the low nutrient condition, new shoots in plants under the 16 and 8 h
photoperiods produced same number of leaves (average 5.0 leaves·pot−1), which was significantly
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higher than in plants under a 12 h photoperiod (Table 2). Average petiole length varied between
2.93 and 5.56 cm·individual−1 in the high nutrient condition and 3.46 and 6.90 cm·individual−1

in the low nutrient condition (Figure 1(b)).
Under short photoperiods (12 and 8 h) plants failed to produce flowering spikes in both nutrient

conditions. However, plants under long photoperiods produced more flowering spikes which
were significantly higher in the low nutrient condition (565%) than in the high nutrient condition
(Table 2).

3.3. Decomposed parts of plants

The number of dead leaves per shoot was not significantly different between the two nutri-
ent conditions, but photoperiod had a significant effect on the number of dead leaves with a
significant interaction between two factors (Table 1). Plants under a 8 h photoperiod and high nutri-
ent levels generated significantly more dead leaves (7.42 leaf·shoot−1) and decomposed shoots
(1.3 shoots·pot−1) than plants in other treatment combinations (Tukey HSD test) (Figure 2(a),(b)).
In the high nutrient condition, plants under a 8 h photoperiod had 86 and 333% more decomposed
shoots than plants under a 16 and 12 h photoperiod, respectively. However, in the low nutri-
ent condition, plants under a 16 h photoperiod had 60 and 300% more decomposed shoots than
plants under 12 and 8 h photoperiods, respectively (Figure 2(b)). The relative number of new and
decomposed shoots per pot in different treatments is compared in Figure 3. In the low nutrient con-
dition, the average proportion of new shoots was 353% and the average proportion of decomposed
shoots was 68% per pot under the 16 h photoperiod. The percentage of new shoot production was

Figure 2. Average number of (a) dead leaves and (b) decomposed shoots per pot. Vertical bars indicate ± SD (n = 10).
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Figure 3. Percentage of new and decomposed shoots of Potamogeton wrightii per pot under different treatments.

also higher in 12 h and 8 h photoperiodic plants compared with decomposed shoot production
in the low nutrient condition (Figure 3). By contrast, in the high nutrient condition, plants with
a 8 h photoperiod (8 HN) produced on average, 91% decomposed and 17% new shoots per pot
(Figure 3).

4. Discussion

Experimental plants showed a wide range of plasticity in their leaf and shoot morphology in
response to photoperiod and nutrient concentration.

Overall, plants in low nutrient conditions produced more leaves, and larger and wider lamina
and shoots than plants in high nutrient conditions. Plasticity in resource-acquiring organs such as
leaves is of major importance for plant adjustment to resource availability [37]. In many submerged
aquatic macrophytes, light intensity and/or mineral nutrition may have a much greater influence on
leaf shape [38,39]. Our findings contradict earlier studies reporting reduced leaf number, smaller
and narrower leaves with decreasing nutrient levels. For example, Wang and Yu [40] reported
a significant increase in leaf length and width in Vallisneria spiralis L. in a nutrient-rich patch
(209.85 and 4.13 μmol total N and total P·g−1 dry weight sediment) compared with nutrient poor
patches (26.40 and 2.48 μmol total N and total P·g−1 dry weight sediment) at the State Key Field
Station of Freshwater Ecosystem of Liangzi Lake, China. We assume that the plastic response of
leaves can vary between plant species. In close agreement with the results of Richards and Ivey [41]
for the emergent aquatic macrophyte Sagittaria lancifolia L., our results indicate that P. wrightii
is capable of responding to reduced P and N by increasing petiole length. Further, we noticed that
the lengths of both main and new shoots were decreased with reduced photoperiod under both
nutrient conditions. However, internode length was greater in 12 h photoperiodic plants than in
16 h photoperiodic plants in the high nutrient condition. Plants in the low nutrient condition did
not show the same mechanism. We assume that the greater internode length is a morphological
plasticity of P. wrightii in high nutrient and 12 h photoperiod conditions. But P. wrightii was
not capable of expressing this plasticity under a 8 h photoperiod and high nutrient levels. By
contrast, under low nutrient levels and 8 h or 16 h photoperiods plants expressed a different type
of morphological plasticity; i.e. a greater leaf production in their new shoots.

Plants under a 8 h photoperiod produced more senescent leaves in both nutrient conditions than
plants under the 16 and 12 h photoperiods. Moreover, compared with new shoot production, the

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
5
9
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



230 M. Sultana et al.

number of decomposed shoots was higher in the 8 h photoperiod and high nutrient condition (i.e.
91% decomposed and only 17% new shoot). Our results for the high nutrient condition supported
the result of Maeda [42], who noted accelerated senescence and dormancy in the terrestrial plant
‘myoga’ (Zingiber mioga Roscoe) under short photoperiods. He argued that a longer photoperiod
prolonged the growth of myoga. This response to photoperiod was also observed in our experiment,
plants under a short photoperiod showed more dead leaves and decomposed shoots at a time when
was flowering began in plants grown under long (16 h) photoperiods. Again in the current study,
plants under a 16 h photoperiod with low nutrient levels had 60 and 300% more decomposed shoots
than plants under the 12 and 8 h photoperiods. We observed that the percentage of decomposed
shoots (68%) was negligible compared with new shoot production (353%) and the percentage
of new shoot production was also higher than the percentage of decomposed shoots in other
treatments at low nutrient levels (Figure 3). This indicates that the production of decomposed
shoots in the low nutrient condition was not caused by a shorter photoperiod and we suggest
that a certain number of dead or decomposed shoots appear as a part of the normal lifecycle in
P. wrightii after a certain period of growth (in our case after 42 days). This may be triggered by
a shorter photoperiod in the high nutrient condition and plants tend to enter a type of dormancy
earlier than those under longer photoperiods. Moreover, the number of flowering spikes produced
was also significantly higher in plants under a 16 h photoperiod in the low nutrient condition. The
importance of photoperiod in flowering is already established for plants [43,44] and our study
showed that nutrient conditions are also an important influencing factor for flowering of P. wrightii
as it produced 565% more flowering spikes in the low nutrient condition than in the high nutrient
condition. Our results are also supported by the findings of Mony et al. [45], who found that
the production of sexual organs in Ranunculus peltatus Schrank tended to be enhanced by low P
concentrations in the water.

In the current study, plants in the low nutrient condition grew intensely and significantly
increased their shoot length, internodal length, petiole length and had larger and broader leaves,
even though they grew in a 16 h photoperiod. By contrast, in the high nutrient condition, plants
produced shorter shoots, fewer leaves with shorter and less wide laminas, and smaller petioles
compared with the low nutrient condition. This is suggested to be adaptive at high nutrient levels
because it reduces the chance of more nutrients being absorbed by the shoot as well as foliage,
which would be a risk for survival owing to excessive nutrient stress.
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