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Abstract
Aquatic plants are able to alter their morphology in response to environmental condition variation, such as water level 
fluctuations. The aim of this study was to evaluate the effect of water level on Sagittaria montevidensis morphology 
through measures of vegetative structures formed in drought and flood periods. We hypothesised that the plant height 
and the biomass of S. montevidensis leaves will increase during flood periods, while the biomass and diameter of 
petioles, and the basal plant area will increase during dry periods. We sampled a total amount of 270 individuals in 
nine sediment banks per visit, totalling 1080 plants. In order to compare plant morphology between dry and flood 
periods, we measured the water level in each bank and took the following variables for each plant: diameter, height and 
diameter of the biggest petiole. In order to compare biomass allocation between dry and flood periods, we sampled a 
total amount of 90 individuals in nine sediment banks per visit, totalling 360 plants. Plants were dried and weighed in 
the laboratory. All measured morphologic traits, as well as the biomass of leaf blades and petioles, were higher during 
flood periods, indicating that water level highly influences the morphology of S. montevidensis individuals. Our results 
suggest that these morphological responses allow survival and maintenance of S. montevidensis populations under 
environmental stress. These results can be linked to the invasive potential of S. montevidensis and sheds light on basic 
management practices that may be applied in the future.
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Plasticidade morfológica dependente do nível da água em Sagittaria 
montevidensis Cham. And Schl. (Alismataceae).

Resumo
As plantas aquáticas são capazes de alterar a sua morfologia em resposta a variações nas condições ambientais, tais como 
mudanças no nível da água. Nosso objetivo foi avaliar o efeito do nível da água na morfologia de Sagittaria montevidensis 
através de medidas de estruturas vegetativas formadas em períodos de seca e de cheia. Nós hipotetizamos que a altura 
dos indivíduos e a biomassa das folhas de S. montevidensis aumentarão durante períodos de cheia, enquanto a biomassa 
e diâmetro dos pecíolos, além da área basal da planta, aumentarão durante períodos de seca. Nós amostramos um total 
de 270 indivíduos, distribuídos em nove bancos de sedimento, por visita, totalizando 1080 plantas. Para comparar 
a morfologia das plantas entre os períodos de cheia e seca nós medimos o nível de água em cada banco e tomamos 
as seguintes medidas para cada planta: diâmetro, altura e diâmetro do maior pecíolo. Para comparar a alocação de 
biomassa entre os períodos de cheia e seca nós amostramos um total de 90 indivíduos em nove bancos de sedimento 
por visita, totalizando 360 plantas. As plantas foram secas em estufa e pesadas em laboratório. As plantas foram 
maiores no período de cheia e também apresentaram maior número e biomassa de folhas, maior diâmetro e biomassa 
de pecíolos e maiores áreas basais das rosetas. Nós concluímos que o nível da água influencia muito na morfologia 
de S. montevidensis. Nossos resultados sugerem que essas respostas morfológicas podem permitir a sobrevivência e 
manutenção de populações de S. montevidensis em estresse ambiental. Esses resultados podem ser ligados ao potencial 
invasivo de S. montevidensis e lançam luzes sobre práticas de manejo que poderão ser aplicadas no futuro.

Palavras-chave: macrófita emergente, seca, cheia, nível da água, bancos de sedimentos
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1. Introduction

Aquatic plants are particularly known for having 
great phenotypic plasticity, which can be defined as the 
organism’s ability to alter its physiology or morphology in 
response to environmental variation (Schlichting, 1986). 
The production of locally adapted morphologies can arise 
as a result of phenotypic plasticity and is very important 
for plant persistence in sites with spatial and temporal 
heterogeneity (Alpert and Simms, 2002).

Plasticity in morphological traits can be decisive for 
plant survival, especially in the case of aquatic plants that 
can suffer submersion with the variation in water levels 
(Webb et al., 2012). Structures such as leaves and petioles 
can suffer changes in number, length, biomass and diameter 
in response to environmental variations, such as water level 
fluctuations (Cassol et al., 2008). Major key life-history 
traits that suffer morphological changes enhancing the 
survival of such plants include: tissues elongation, new 
leaves recruitment, petioles and basal plant diameters, and 
emergent surface area (Cooling et al., 2001; Deegan et al., 
2007; Iwanaga and Yamamoto, 2008; Xie et al., 2008; 
Li et al., 2011). These morphologic adjustments lead 
to an elevation in the plants photosynthetically active 
organs above the water column, recovering contact with 
the atmosphere (Armstrong et al., 1994), enhancing 
plant survival and growth maintenance (Brandle, 1991). 
Biomass allocation patterns can also be modified during 
flood periods, and plants usually invest more in aerial 
parts when water level is increasing (Lowe et al., 2010; 
Chagas et al., 2012; Pan et al., 2012; Zhang et al., 2012; 
Tian et al., 2013).

Macrophytes belonging to the genus Sagittaria are 
common in wetland areas, such as coastal marshes (Baldwin 
and Mendelssohn, 1998; Martin and Shaffer, 2005) and 
freshwater environments (Pott and Pott, 2000; Sánchez-
Reyes et al., 2012). Many authors have studied the relationship 
between water level and morphology within the genus 
Sagittaria through laboratory and field experiments in 
natural areas, but none has addressed this issue in modified 
areas as reservoirs generated after dam construction. This 
is noteworthy because this kind of anthropogenic activity 
implies changes in natural hydrologic regimes of many 
freshwater systems worldwide (Dynesius and Nilsson, 
1994; Tharme, 2003; Magilligan and Nislow, 2005; Aroviita 
and Hämäläinen, 2008). In this kind of modified area, the 
formation of sediment banks is common and may become 
a problem because, after their formation, the banks are 
rapidly colonised by macrophytes.

Studies dealing with plasticity in the genus Sagittaria 
have shown a consistent shoot elongation pattern (Wooten, 
1986; Howard and Mendelssohn, 1995; Ookawara et al., 
2005; Sánchez-Reyes et al., 2012) as well as a leaf blade 
area increase (Deegan et al., 2007) under flood conditions, 
but the behaviour of biomass allocation has not presented a 
unique answer in previous studies (Howard and Mendelssohn, 
1995; Martin and Shaffer, 2005; Sánchez-Reyes et al., 
2012). Despite the great number of studies concerning 

Sagittaria species, scarce information is found about 
Sagittaria montevidensis morphological plasticity under 
different water regimes.

This species is well distributed in irrigated rice channels 
in southern Brazil (Pott and Pott, 2000). It is already 
documented that low levels of control may allow the 
increase in S. montevidensis population sizes to levels 
which may affect rice production (Gibson et al., 2001). 
Chemical control does not seem to be useful (Lima et al., 
2010), and biological control is still poorly applied, 
since S. montevidensis showed high resistance levels 
(Pitt et al., 2004). Despite that fact, water regime is a central 
characteristic of habitat concerning the development of 
macrophytes and water level seems to be a determining 
factor controlling the development of emergent macrophytes 
(White and Ganf, 2002). So, water level fluctuations may 
represent a good alternative for macrophyte population 
management, but scarcely information is found about 
its effects on S. montevidensis. Laboratory studies by 
Cassol et al. (2008) showed that S. montevidensis presents 
morphologic changes under flood conditions. However, in 
that work, the maximum water level used in the treatments 
was 20 cm above ground, which may not cover a great range 
of water level fluctuations that occur in field conditions.

The aim of this study was to increase knowledge on the 
morphologic changes caused by water-level fluctuations and 
to evaluate how natural floods with higher flood amplitudes 
in an anthropised area would affect S. montevidensis 
morphology. Specifically we tested the following hypothesis: 
plant height and the biomass of S. montevidensis leaves 
will increase during flood periods, while the biomass and 
diameter of petioles, and the basal plant area will increase 
during dry periods.

2. Material and Methods

2.1. Studied area
Mortes River is part of the Mortes and Jacaré Rivers 

Basin, which is located in the mesoregion of Campo das 
Vertentes and covers an area of 10.547 km². The area has 
a meso-thermal humid climate, with approximately six 
dry months a year (Figure 1). We carried out the study in 
a portion of Mortes River which is under the influence of 
the Funil power plant reservoir, between the following 
coordinates: 21º 08’ 52”S; 44º 52’ 36”W and 21º 07’ 56”S; 
44º 51’ 07”W (Figure 2). Sediment banks are formed in 
this portion of the river and many of them are exclusively 
colonised by S. montevidensis (Alismataceae), which were 
chosen for our study.

2.2. Studied species
Sagittaria montevidensis is a perennial emergent 

macrophyte with heights ranging from 0.5 m to 1.5 m 
(Lorenzi, 2000). It is morphologically characterised 
by its rosette habit of growing, with scapes bearing 
racemous inflorescences. The species occurs in marsh 
environments, in shallow lagoons and also in areas that 
have suffered modifications, like power plant reservoir 
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Figure 1. Mean monthly rainfall (presented as bars) and mean monthly temperature (presented as the line pointed with 
triangles) of the study site in A) 2010 and B) 2011.

Figure 2. Sampled sediment banks in the occurrence area of S. montevidensis in the “Mortes” River portion under the 
influence of the Funil power plant reservoir, located in the south of Minas Gerais, Brazil. The Funil dam is presented as a 
solid line and the arrow represents the water flow direction.
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construction (Lorenzi, 2000; Pott and Pott, 2000). It is 
native to subtropical South America and has been introduced 
into Central and North America, Africa, Asia and Australia 
(Pott and Pott, 2000).

2.3. Field sampling
We sampled nine sediment banks which had been 

exclusively colonised by S. montevidensis rosettes. Sampled 
banks were marked based on their visual homogeneity 
regarding plant height. We sampled plants in an area of 
30 m² in each bank. We standardised this area in relation 
to the area of the smallest bank.

We conducted four visits to the sampling area from 
June 2010 to November 2011, during two cycles of dry 
and flood periods. Two visits were made during the first 
cycle (Drought 1, June 2010 and Flood 1, November 2010, 
hereafter called Period 1) and two visits in the second cycle 
(Drought 2, June 2011 and Flood 2, November, 2011 hereafter 
called Period 2). In each bank we sampled 30 plants per 
visit, representing a total amount of 270 plants per fieldtrip. 
We measured water level and took the following measures 
per plant: length and diameter of the highest petiole and 
basal diameter of the plant.

Biomass sampling occurred as follows: during the same 
time we performed the plant morphologic measurements, 
and using the same nine sediment banks as sampling 
areas, we collected 10 plants per bank, totalling 90 plants 
per visit. We took the plants to the laboratory and then 
separated leaf blades and petioles. The plant parts were 
dried at 60°C up to constant biomass and then weighed, 
in order to obtain the dry mass.

2.4. Data analysis
In order to test the water level effects on S. montevidensis 

morphology we first tested the distribution of each variable 
using Shapiro-Wilk tests. The homogeneity of variances 
was also tested using Levene’s test. After these procedures, 
we compared plant height, diameter of the highest petiole, 
basal area of the plants, leaf blade biomass, and petiole 
biomass between drought and flood periods using t-Student 
tests. We used each sediment bank as a replicate and we 
sampled 30 plants for each bank. All statistical analyses 
were performed using the R statistical software (R Core 
Team, 2012).

3. Results

All response variables presented normal distribution 
(p > 0.05) and homogeneous variances (p > 0.05). The 
water level increased from 0 cm to 60 cm from June 2010 
to November 2010 and from 0 cm to 160 cm from June 
2011 to November 2011. The water level increase caused an 
increase in the total plants height, when comparing the first 
drought and flood cycle (Period 1)(t = 106.42; p < 0.001) 
(Figure 3), and also when comparing the second drought 
and flood cycle (Period 2)(t = 35.23; p < 0.001) (Figure 3), 
avoiding plant submersion. Besides the increase in petioles 
(mean of 20cm) between the first drought and flood cycle 
(Period 1), the highest and most significant increase (mean 

of 43cm) occurred between the second drought and flood 
cycle (Period 2), which presented a higher increase in 
water level (from 0 cm to 160 cm).

Leaf blade biomass was significantly higher in flood 
periods when comparing the first drought and flood cycle 
(t = 33.81; p < 0.001) (Figure 4), as well as in the second 
drought and flood cycle (t = 37.83; p < 0.001) (Figure 4), 
indicating that S. montevidensis individuals produce larger 
leaves during flood periods.

Petiole diameter was also significantly higher in flood 
periods when comparing the first drought and flood cycle 
(Period 1) (t = 146.29; p < 0.001) (Figure 5), and when 
comparing the second drought and flood cycle (Period 2) 
(t = 125.50; p < 0.001) (Figure 5). The same occurred with 
petiole biomass, which was significantly higher in flood 
periods, when comparing the first drought and flood cycle 
(Period 1) (t = 31.97; p < 0.001) (Figure 6), and also when 
comparing the second drought and flood cycle (Period 2) 

Figure 3. Plant height during flood and drought periods 
in the Funil power plant reservoir. The plants were higher 
during both sampled flood periods, showing a growth 
pattern during these times.

Figure 4. Leaf blade biomass during flood and drought 
periods in the Funil power plant reservoir. The plants 
invested more in leaves biomass during flood periods, 
which probably occurred in order to enhance the contact of 
the photosynthetically active areas with the atmosphere.
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(t = 43.86; p < 0.001) (Figure 6). These results indicate that, 
during flood periods, Sagittaria montevidensis individuals 
produce bigger leaves. Despite the bigger leaves during 
flood periods, the total diameter was significantly higher 
in flood periods, when comparing the first drought and 
flood cycle (Period1) (t = 64.86; p < 0.001) (Figure 7), 
and also when comparing the second drought and flood 
cycle (Period 2) (t = 98.76; p < 0.001) (Figure 7). This 
result implies that there are bigger plants with shorter 
leaves during drought periods.

4. Discussion

Habitat physical characteristics have been long recognised 
as a main driver for macrophytes morphology, and a 
morphological approach holds value for the understanding 
of habitat functioning (Daniel et al., 2006). Changes 
in water level are cited as powerful inducers of plastic 
responses in aquatic macrophytes (Trémolières, 2004), 
but growth responses to flooding may be species-specific 
(Deegan et al., 2007; Luo and Xie, 2009) and, in the case of 
our study, S. montevidensis strongly responded to water level 
fluctuations between drought and flood periods. Increases 
in height of submerged parts of emergent macrophytes, as 
well as a higher biomass allocation to the aerial parts, are 
commonly adopted as growth strategies to deal with water 
level increase (Grace, 1989; Clevering and Hundscheid, 
1998; Sánchez-Reyes et al., 2012). This holds true for 
our data set, since S. montevidensis showed a consistent 
pattern of increase in shoot height and leaf biomass during 
flood periods. This may signify an attempt to keep the 
photosynthetically active area above the water surface 
(Brandle, 1991; Armstrong et al., 1994), which will allow 
maintenance of carbon assimilation and photosynthesis rates.

Lorenzi (2000) reports that S .montevidensis can reach 
maximum heights of 1.5 m. In our study we found plants 
reaching 1.8 m in the second flood period, suggesting 
great morphological plasticity with the water levels 
increase. Height increase through petiole elongation is 
necessary for the plant in order to avoid total submersion 
of S. montevidensis photosynthetic structures. This increase 
in height is a common response of aquatic plants to a rise in 
water level (Sorrell et al., 2002; Santos and Esteves, 2004; 
Macek et al., 2006; Paillisson and Marion, 2006) and is 
consistent with other results for Sagittaria species. Sagittaria 
lancifolia L. responded to the increase in water level by 
increasing its leaf height (Howard and Mendelssohn, 1995), 
Sagittaria sagittifolia L. tolerated prolonged submersion 
through the increase in the submerged parts length (Van den 
Brink et al., 1995), Sagittaria macrophylla also tolerated 
flood periods by increasing its aerial parts in order to allow 
their contact with the atmosphere (Sánchez-Reyes et al., 
2012). Maintenance of the photosynthetic active surface 
was also the main point for Eleocharis sphacelata R. Br. 
survival when water level increased (Sorrell et al., 2002).

Sagittaria montevidensis also presented higher leaf 
biomass during flood periods, which is in accordance 
with other studies with macrophytes, such as Miscanthus 

Figure 5. Petiole diameter during flood and drought periods 
in the Funil power plant reservoir. The plants presented 
bigger petioles during flood periods, which may represent 
a way to avoid submersion of the photosynthetically active 
areas.

Figure 6. Petiole biomass during flood and drought periods 
in the Funil power plant reservoir. The plants presented 
more robust petioles during flood periods, which may 
represent a way to avoid uprooting and structural breaks due 
to a stronger water flow than in drought periods.

Figure 7. Total plant diameter during flood and drought 
periods in the Funil power plant reservoir. The plants 
presented higher diameters during flood periods showing 
more robustness during the periods when water flow is more 
intense and may drag the plants.
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sacchariflorus (Maxim.) Hackel, and Carex brevicuspis 
C.B. Clarke, that also produced leaves with higher biomass 
during flood periods (Pan et al., 2012). This may have 
allowed functional contact of submerged parts with the 
atmosphere, which may have improved gas exchange 
and photosynthetic processes (Gopal and Goel, 1993; 
Coelho et al., 2000). In our study, S. montevidensis invested 
in petiole elongation and in leaf biomass. This result can 
suggest that this species is very efficient in the use of 
available resources or that it has little resources demands, 
allowing investment in both processes.

Petiole diameter and biomass, and also the basal 
diameter of plants, were higher in flood periods, contrasting 
with our hypothesis. We expected that an increase in water 
level would generate decreases in petiole biomass, since 
in many emergent macrophytes aerial stems cavities are 
filled with a variety of lignified tissues that confer mechanic 
resistance to flexion. Therefore, an increase in the plant 
basal area and in petiole diameter would provide higher 
resistance to flexion at lower water levels, since in deeper 
areas, water would provide mechanical support for the 
plant parts (Sorrell et al., 2002). This may be related to 
the absence of histological differentiation of plant tissues 
under different water levels. Cassol et al. (2008) showed 
that increases in water levels did not lead to the synthesis 
of secondary cell walls. In our study, however, plants were 
submitted to a strong water flow during flood periods, 
which may have caused the investment in greater basal 
areas, petiole diameter and petiole biomass. Plants with 
lignified petioles present a higher resource investment in 
these tissues when submitted to adverse conditions, such 
as flood periods (Cooling et al., 2001). This investment 
could increase resistance to gas flow (Brix et al., 1992). 
We suggest that S. montevidensis invests in external 
lignification of its petioles in flood periods as occurs in 
other aquatic plant species, such as Phragmites australis 
(Cav.) Trin. ex Steud. (White and Ganf, 2002). Therefore, 
higher petiole diameter and consequently larger basal areas 
in the flood periods can provide larger resistance to break 
and uprooting caused by water flow forces that directly 
affect the rooted macrophytes (Schutten et al., 2005), as 
Egeria najas Planch., and Hydrilla verticillata (L. f.) Royle, 
for which higher flood levels were considered a potential 
disturbance driver, causing sediment moving and plant 
scouring (uprooting) (Sousa et al., 2010).

We conclude that S. montevidensis presents great 
morphologic plasticity in relation to water level. The most 
expressive increase in petiole length, associated to higher 
leaf biomass during flood periods, is a useful strategy, 
since it guaranteed contact of the aerial part of the plant 
with the atmosphere surface, optimising gas exchange 
and also photosynthetic processes. The increase in petiole 
diameter and basal plant areas in flood periods provided 
a higher stability and resistance to water flow forces for 
S. montevidensis. Plastic responses to the stress caused by 
water level increase allowed S. montevidensis survival and 
maintenance of its infestation potential in sediment banks.
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