
Ranunculus peltatus develops an emergent morphotype in response to 1 

shading by the invasive Azolla filiculoides. 2 
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Highlights: 24 

  Ranunculus peltatus switched to a different morphotype when shaded by Azolla mats 25 

  R. peltatus formed erected laminar and thick capillary leaves over the Azolla mat. 26 

  This morphotype produced seeds, but had a shorter lifespan than the non-shaded 27 

form.  28 
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 30 

ABSTRACT 31 

The invasive aquatic fern Azolla filiculoides forms dense mats that shade submerged 32 

macrophytes. Here we show that submerged plants of Ranunculus peltatus switch to a 33 

different morphotype when shaded by Azolla filiculoides mats. We used outdoor mesocosms 34 

to assess the cover of submerged plants in tanks with presence or absence of the exotic fern. 35 

In tanks with A. filiculoides mat covering the water surface, the submerged stems of R. peltatus 36 

elongated to surpass the dense mat, while their submerged capillary leaves were deteriorated 37 

and lost. Once above the Azolla cover, Ranunculus developed an aerial part of the plant of 38 

reduced height with erect aerial laminar and thick capillary leaves, which subsequently 39 

produced flowers and fruits. The plants with this aerial amphibian morphotype survived for 40 

shorter spans and produced fewer flowers than the aquatic morphotypes growing without A. 41 

filiculoides mats. We conclude that the morphological plasticity that characterizes R. peltatus 42 

allows this species to subsist the adverse transformation of the aquatic environment by the 43 

development of Azolla mats. 44 

 45 

 46 

1. Introduction 47 

Ranunculus peltatus Schrank is a common submerged aquatic plant, widespread in Europe 48 

and found in all Mediterranean countries. This species, as others of the subgenus Batrachium, 49 

usually lives in temporary aquatic habitats, developing aquatic forms, but growing as terrestrial 50 

plants in wet soils (Cook, 1963). Many species of this group are heterophyllous and exhibit an 51 

extreme degree of phenotypic plasticity (Cook, 1966). Heterophylly, the ability to produce 52 

different leaf types, is one type of phenotypic plasticity commonly observed among 53 

macrophytes (van der Valk, 2012). This strategy allows aquatic plants to survive under both dry 54 

and submerged conditions, as an adaptation to fluctuating water levels (Cronk and Fennessy, 55 

2001). 56 

Ranunculus peltatus is perennial in permanent waters, but annual in temporary waters. 57 

This species shows wide morphological plasticity, with different lengths of their internodes and 58 

branches and different reproductive strategies in relation to the quality and disturbance of the 59 

environment (Garbey et al., 2004). Plants with aquatic forms may even shift to terrestrial 60 

forms when they are taken out of the water and placed in a terrestrial environment, where 61 

they can thus survive and produce flowers and fruits (Volder et al., 1997). The aquatic 62 

morphotype is characterized by long erected stems with submerged capillary leaves (Fig. 1E) as 63 

well as floating laminar leaves on the water surface (Fig 1C) and adventitious roots in the 64 

nodes of submerged stems (Garbey et al., 2004). The terrestrial morphotype, developing under 65 

drought conditions, consist of prostrate stems of short height (Volder et al., 1997), with aerial 66 

and capillary leaves (Fig 1D).  67 



A common threat to aquatic plants is the introduction of exotic invasive plants that 68 

compete with native species or modify their habitats, reducing their survival and 69 

compromising their reproduction (Strayer, 2010; Hussner, 2012).Azolla filiculoides is a free-70 

floating aquatic fern native to tropical and temperate America that has been widely introduced 71 

across the globe (Brinkhuis et al., 2006). Its first presence in Spain was reported at the 72 

beginning of the 20th century (Bolòs and Masclans, 1955) and is now widely spread throughout 73 

the country, with the greatest abundance in the southwest (Cirujano et al., 2014). Azolla 74 

filiculoides may form thick and dense floating mats that cause a negative effect on submerged 75 

plants and algae as well as on animal populations (Hussner, 2010). 76 

Here we describe how aquatic form of R. peltatus plants are able to modify their 77 

morphology to survive in places where dense A. filiculoides mats cover the water surface, 78 

shading the water column.  79 

 80 

2. Material and methods 81 

We simulated the inundation cycle of temporary aquatic habitats in Doñana National Park 82 

(SW Spain) using in situ mesocosms. In this area A. filiculoides forms thick mats at the border 83 

of an extensive marsh, where it was first detected in 2001 (Fernández-Zamudio et al., 2006). 84 

Our mesocosms consisted of 23 plastic round tanks (volume=500 L, upper diameter=120 cm), 85 

located outdoors in Doñana National Park under natural light and temperature variations. We 86 

put 100 L of sand in the bottom of the tanks and added 40 L of sediment from the nearby 87 

marsh where A. filiculoides is abundant. The tanks were naturally filled during rainfall in 88 

October 2015 and were topped up with well water, until all the tanks reached a volume of 300 89 

L. We then allowed natural vegetation to grow over the next four months, from the seeds in 90 

the sediment. Ranunculus peltatus, Callitriche truncata Guss and Chara connivens P.Salzmann 91 

ex A. Braun were the most common plant species growing in the tanks. We randomly assigned 92 

each tank to either presence (n=12 AZOLLA tanks) or absence (n=11 CONTROL tanks) of A. 93 

filiculoides. Any A. filiculoides starting to grow in CONTROL tanks were manually removed on a 94 

weekly basis for the entirety of the experiment, whereas they were left to grow undisturbed in 95 

the AZOLLA tanks. In March and May, we measured pH and electrical conductivity (using multi 96 

340i WTW probe) to monitor the water quality in the tanks. CONTROL tanks averaged pH of 97 

9.3 (±0.17 SE) and 8.1(±0.17 SE), respectively for March and May, with a conductivity of 738.2 98 

(±30.2 SE) and 747.9 (±35.1 SE)  µS/cm. The AZOLLA tanks had pH averages of 8.1 (±0.09 SE) 99 

and 7.3 (± 0.03 SE) and conductivity averaged at 808.0 (±37.9 SE) µS/cm and 786.8 (±32.3 SE) 100 

µS/cm in March and May respectively. 101 

In February, March, April and May, we took photographs of the water surface of all tanks 102 

in order to quantify the presence of A. filiculoides and the emergent parts of R. peltatus, 103 

estimating the area covered by live and/or dead plants of these two species (A. filiculiodes and 104 

R. peltatus) and also counted the number of flowers of R. peltatus. In addition, the 105 

photographs taken in March, when the maximum abundance of R. peltatus was reached in 106 

AZOLLA tanks, were also used to quantify the abundance of different types of emergent leaves 107 

of R. peltatus, namely the aerial capillary leaves, aerial laminar leaves and floating laminar 108 

leaves observed on the surface. To estimate the density of this plant in the tanks, we 109 



superimposed an image of a 12 x 12 grid to each photograph (a central rectangle with the 110 

vertices touching the edges of the circular perimeter of each tank) and counted the number of 111 

grids in which R. peltatus was present. We did not quantify the presence of underwater plants 112 

since they were not visible in the AZOLLA tanks. 113 

Statistical analyses: We used generalized linear models (GLM) to compare how 114 

macrophytes differed between treatments, using R version 3.1.0 (R Core Development Team, 115 

2014). We compared the number of flowers, number of floating laminar leaves, number of 116 

aerial laminar leaves, and number of aerial capillary leaves of R. peltatus between treatments 117 

fitting models with a Poisson error distribution. However, all these models were 118 

overdispersed. We therefore refitted models for R. peltatus density, number of aerial and 119 

floating laminar leaves and number of aerial capillary leaves to assume a negative binomial 120 

(GLM-nb) error distribution, whereas we used a quasipoisson error distribution (GLM-121 

quasipoisson) for analyzing the number of flowers. 122 

 123 

3. Results and discussion 124 

In the AZOLLA tanks, we detected R. peltatus plants with a particular morphotype when 125 

the fern cover formed a dense mat on the water surface (Fig. 1A-B). This morphotype included 126 

an aerial part of the plant emerging over the A. filiculoides mats similar to the terrestrial forms 127 

that this species develops in dry conditions (Volder et al., 1997): short erected stems, aerial 128 

laminar leaves and thick capillary aerial leaves that do not touch the water. These plants had 129 

submerged stems, extending from the substrate to the water surface, and did not exhibit 130 

submerged capillary leaves, only short adventitious roots under the nodes (Fig. 1F-G). 131 

The cover of A. filiculoides in the experimental tanks changed over time. By February, A. 132 

filiculoides had developed thick mats over the water surface in 75% of AZOLLA tanks, covering 133 

more than 75% of the water surface in each tank. All tanks had dense mats in March and April, 134 

but about 20-30% of the A. filiculoides cover was composed of dying plants. In May, three of 135 

the AZOLLA tanks had no A. filiculoides anymore, and while the others (n=9) still had dense 136 

covers, seven of them had only dead individuals. In June, A. filiculoides was absent from the 137 

water surface in all tanks (Fig 2A).  138 

We observed R. peltatus plants reaching the water surface of the tanks from February to 139 

May in CONTROL tanks, but only from February until April in AZOLLA tanks. Cover of R. 140 

peltatus was lower in AZOLLA than in CONTROL tanks throughout the experiment (Fig.2B). We 141 

observed R. peltatus stems with aquatic capillary leaves emerging through the Azolla layer. 142 

Once they surpassed the mat they developed short erect and thicker forms, as well as erect 143 

laminar leaves and flowers. The R. peltatus plants with this morphotype started to decline in 144 

April, when half of the plants were dying. In May the few remaining R. peltatus plants were 145 

clearly decaying. Throughout all monthly samples, the number of R. peltatus flowers was 146 

notably higher in the CONTROL than in the AZOLLA tanks (Fig. 2B).  147 

In March, the AZOLLA tanks showed the highest densities of R. peltatus (more than 50% of 148 

the grids with presence of the species), but densities were still significantly lower than in 149 



CONTROL tanks (GLM-nb: z = 2.294, P = 0.022; average number of grids (± SE) with R. peltatus 150 

presence= 96.1±8.86 in AZOLLA tanks vs. 131.1±8.59 grids in CONTROL tanks). AZOLLA tanks 151 

had an average of 118±21.0 (SE) flowers, significantly differing from CONTROL tanks (GLM-152 

quasipoisson: t = 2.286, P = 0.033), which had approximately doubled the number of flowers  153 

(207±34.0 flowers). At that point in the year, all AZOLLA tanks contained the aerial 154 

morphotype of R. peltatus. The plants in CONTROL tanks had mostly laminar leaves floating on 155 

the water surface, whereas almost all laminar leaves in AZOLLA tanks were erected and 156 

emerging over the mats. The number of floating laminar leaves therefore also differed 157 

between treatments (GLM-nb, z = 4.587, P < 0.0005: average number of floating laminar leaves 158 

(± SE) in AZOLLA tanks = 6.5±5.1, in CONTROL tanks = 191.5±50.1). However, the number of 159 

laminar leaves emerging from the water surface (aerial laminar leaves) did not differ among 160 

treatments, as they were also common in CONTROL tanks when the density of R. peltatus was 161 

high (average±SE:  in AZOLLA tanks = 163.7±28.8, in CONTROL tanks = 86.3±39.2). In CONTROL 162 

tanks there were no aerial capillary leaves, whereas AZOLLA tanks had on average 26.6±6.3 163 

grids with aerial capillary leaves (GLM-nb: z = -5.358, P < 0.0005). 164 

The development of a thick mat of A. filiculoides usually forms a barrier for other 165 

submerged aquatic plants that reduces light and oxygen availability in the water bodies (Janes 166 

et al., 1996). The shading effect produced by floating plants like A. filiculoides commonly affect 167 

the development and growth of submerged macrophytes, which can survive by adopting 168 

different strategies, such as the rapid elongation of stems or tolerance to low light intensity (Lu 169 

et al., 2013). Ranunculus peltatus is a very plastic plant that may resist adverse conditions by 170 

transforming its structure from an aquatic to a terrestrial form (Cook, 1963; Volder et al., 1997; 171 

Garbey et al., 2004). Such a transition was evidenced in this species in response to drought 172 

conditions (Volder et al., 1997), and suggests that this plant is not only adapted to immersion 173 

but also to desiccation (Lumbreras et al., 2009). In the aquatic form, photosynthesis is mainly 174 

performed by submerged capillary leaves, using water carbon dioxide (CO2) or bicarbonate 175 

(HCO3
-), whereas laminar leaves have mainly a buoyancy function for the flowering stalks 176 

(Nielsen and Sand-Jensen, 1993). In terrestrial forms, the formation of aerial laminar and 177 

capillary leaves allows the plant to resist desiccation and to photosynthesize in the aerial 178 

environment (Nielsen and Sand-Jensen 1993). 179 

 In our study, under the deterioration of the aquatic environment by A. filiculoides, mostly 180 

as a consequence of reduced in light penetration and possibly oxygen concentration, R. 181 

peltatus plants lost their submerged capillary leaves, probably associated to the inability to 182 

perform their photosynthetic function. However, they were able to grow through the thick A. 183 

filiculoides mat and develop new emerging aerial structures that enabled them to not only 184 

persist for several months, but also to produce flowers and seeds. Under these conditions, R. 185 

peltatus plants combined both aquatic and terrestrial forms, developing aerial leaves with 186 

thick cuticles to resist desiccation and maintaining their submerged stems rooted to the 187 

ground, revealing the high capacity of this species to overcome disturbances. The amphibious 188 

morphotype found in this study suggests that the plasticity of R. peltatus in response to the 189 

event of a drying environment can act as an exaptation (sensu Gould and Vrba, 1982) to 190 

respond to the detrimental effect of invasive mat-forming plants. Ranunculus peltatus was not 191 

the only submerged species exhibiting forms with aerial leaves, but we also observed them in 192 

Callitriche truncata Guss. (Fig. 1b), a common aquatic plant in our area that usually does not 193 



reach the water surface. However, it did not reach as high a cover in AZOLLA tanks as R. 194 

peltatus. 195 

 In our experiment, the main transformation of the aquatic environment caused by A. 196 

filiculoides was reduced light penetration, which forced R. peltatus to have to emerge over the 197 

fern mat. Other possible limiting factors such as oxygen availability may have also been 198 

circumvented with the development of the aerial morphotype. We observed the occurrence of 199 

aerial structures in R. peltatus in response to shading by A. filiculoides, not only in the 200 

experimental tanks, but also in natural areas invaded by A. filiculoides in the nearby marsh 201 

(Supplementary Fig.1). 202 

We conclude that the morphological plasticity of R. peltatus allows this species to survive 203 

and reproduce in a wide range of contrasting environments. Although the A. filiculoides mats 204 

shaded the water column and was adverse for the submerged part of the plants, the 205 

development of an aerial part over the mat made their photosynthetic functions and the 206 

production of fruits and seeds possible, just as their terrestrial morphotypes do in dry years.  207 
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Legends to the figures 261 

 262 

Fig. 1. Aerial forms of Ranunculus peltatus growing over Azolla filiculoides mat (A and B). The 263 

common aquatic form (C) and terrestrial form (D) of R. peltatus, submerged aquatic stems and 264 

capillary leaves in common aquatic plants (E), and long submerged stems without leaves in R. 265 

peltatus individuals grown in the presence of A. filiculoides mats (F and G). 266 

 267 

 268 



Fig.2. A) Variation in plant cover (mean+SE) of Azolla filiculoides; and B) Variation in plant cover 269 

and number of flowers of R. peltatus in the experimental tanks from February to May. Hatched 270 

areas indicate the proportion of dead R. peltatus plants. 271 

 272 

  273 

  274 



Supplementary Figure 1:  Aerial forms of Ranunculus peltatus, growing among Azolla 275 

filiculoides in Doñana marsh. 276 
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