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Highlights 

 Higher RCR of P. canaliculata on G. spilanthoides than E. densa and L. peploides.  

 High DMC in macrophytes was related to a low RCR. 

 Snails had a selective use of the transplanted beds based on the resources offered. 

 L. peploides would be a suitable option for transplantation in lowland streams. 

 

 

Abstract  

Macrophytes play an important role as resource for herbivores. When they are introduced 

into streams by, rehabilitation projects herbivores might be attracted to this new food source. 

Thus, it is important to know the palatability of macrophytes, especially when high densities 

of herbivores with a high relative consumption rate (RCR) are present. Plant traits influencing 

herbivory could be an indicator for macrophyte selection in rehabilitation projects. In the 
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laboratory, we assessed the RCR and preference of Pomacea canaliculata for Ludwigia 

peploides, Gymnocoronis spilanthoides, and Egeria densa, and linked it to plant chemical 

and structural traits. We also analysed the use of these macrophytes by the snail in plants 

transplanted into a recently dredged stream. The macrophyte beds transplanted were the only 

plants present in the stream. Plants and snails were sampled and snail egg masses quantified. 

In the laboratory, the RCR of E. densa was significantly lower than that of the other species, 

and the snails did not show any preference among macrophytes. The only trait related to 

palatability was dry matter content. The abundance of snails in transplanted beds was higher 

in E. densa and G. spilanthoides, and lower on L. peploides despite its highest coverage. The 

abundance of egg masses was the highest on G. spilanthoides. This indicates that Pomacea 

canaliculata exhibited active selection and differential use of transplanted macrophytes. In 

conclusion, L. peploides would be less affected by a generalist invertebrate herbivore and a 

suitable option to transplant into stream channels for rehabilitation projects. 

1. Introduction 

The removal of in-stream vegetation and habitat simplification caused by human activities 

such as dredging and canalisation causes the loss of the ecological services that streams 

provide (Suren, 2009). In addition, these practices cause a reduction in the provision of 

resources such as food (Bakker et al., 2016), the availability of suitable oviposition sites 

(Reich and Downes, 2003), and protection against possible predators (Schneider and 

Winemiller, 2008). 

Because of the numerous benefits they provide, the transplant of macrophytes into stream 

channels is a useful technique in recovering the loss of ecological services due to 

anthropogenic activities (Paice et al., 2015; Paz et al., 2018). Macrophytes play an important 
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role in providing structural heterogeneity and an increase in resource availability (food, 

protection, refuge and oviposition sites) for aquatic biota (Taniguchi et al., 2003; Burks et 

al., 2010; Ocon et al., 2013). Furthermore, they affect sediment and nutrient dynamics, are 

able to modify current velocity, and are highly efficient at removing a variety of 

contaminants, including trace metal elements (Feijoó and Lombardo, 2007; Guittonny-

Philippe et al., 2015; Bonanno et al., 2017).  

However, efforts to restore aquatic ecosystems to plant-dominated states in order to improve 

water quality require a detailed understanding of how plant communities respond to multiple 

stressors in space and time, and herbivory must be considered as one such of these stressors 

(Wood et al., 2017; O’Hare et al. 2018). Aquatic plants reintroduced by rehabilitation projects 

attract herbivores as they provide a new and abundant food source (Noordhuis et al., 2002), 

preventing macrophytes from increasing their coverage and hampering the re-colonisation 

process (Sondergaard et al., 2008; Bakker et al., 2013).  

Herbivory is highly dependent on plant nutrient quality, as well as on structural and chemical 

plant traits (Bakker et al., 2016). Therefore, it is important to identify which of these 

characteristics are related to lower consumption in order to select species that have the 

highest probability of survival and growth after they are transplanted into streams. Using less 

palatable species is a way to reduce losses in coverage by grazing and optimise the 

rehabilitation process, particularly when high densities of herbivores with a high relative 

consumption rate (RCR) of macrophytes are already present in the stream. 

The aquatic apple snail, Pomacea canaliculata (Lamarck, 1822) (Gastropoda: 

Ampulariidae), is native to del Plata basin of South America, which encompasses a big area 

of  Argentina and Paraguay, eastern Uruguay and southern Bolivia and Brazil (Thiengo et 
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al., 1993), but was introduced to several countries in Asia in the early 1980s, later becoming 

an invasive species. Currently, its distribution has spread to Europe (delta of the Ebro River), 

North America (Mexico and the United States, mainly Hawaii and the southern states of 

Alabama, Florida, Arizona, Texas and California; Rawlings et al., 2007), and other countries 

of South America such as Ecuador and Chile (Horgan et al., 2014 a). The introduction of this 

species has caused severe economic and ecological impacts (Carlsson and Lacoursie, 2005; 

Wong et al., 2010; Morrinson and Hay, 2011; Horgan et al., 2014 b). For this reason, it is 

now listed among the worst 100 invasive species (Lowe et al., 2000). This situation has led 

to intensive research on its feeding habits, although most studies were carried out in the 

countries it has invaded. Thus, the information reported in our research is relevant to the 

ecological role and impact of this snail in its native distribution range. Pomacea canaliculata 

feeds mainly on vascular plants (macrophytophagous) (López van Oosterom et al., 2016), so 

this snail is a real threat to rehabilitation projects that involve macrophytes, both in its native 

range as well as in invaded freshwater ecosystems (Yam et al., 2016). Nevertheless, its 

potential effects on transplanted beds or other rehabilitation measures in streams of its native 

range have not previously been assessed.  

We assessed the consumption rate and preference of P. canaliculata for three macrophyte 

species, Ludwigia peploides (Kunth) P. H. Raven (Onagraceae), Gymnocoronis spilanthoides 

(Don) DC. (Asteraceae), and Egeria densa Planch (Hydrocharitaceae), in relation to some of 

their most important chemical and structural traits in order to identify which of them make 

these aquatic plants more palatable and, therefore, less suitable for rehabilitation projects. In 

a stream that was affected by dredging and canalisation, we analysed the selection and use 

of these three macrophyte species by P. canaliculata in relation to the resources of habitat 
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and oviposition sites offered. Our hypotheses were: 1) P. canaliculata has a higher 

consumption rate on high food quality macrophytes, based on nutrient content, defensive 

compounds (phenolics) and dry matter content (DMC); 2) this higher consumption rate and 

preference would be related to active selection and differential use of the transplanted 

macrophyte beds in the stream.  

This study complements a previous study carried out on a lowland stream to analyse the 

feasibility of the reintroduction of macrophytes for recovery of the structure and complexity 

of the stream (Paz et al. 2018). Our results will be useful in determining less affected 

macrophyte species by a generalist herbivore. This information contributes to the 

improvement of future plant transplant practices in streams based on an integrated vision of 

resource use. 

2. Methods                                             

2.1 Laboratory    

Two experiments were performed in order to assess the relative consumption rate (RCR, 

g g - 1 day -1) and host plant preferences of P. canaliculata for L. peploides, G. spilanthoides, 

and E. densa. The experiments were carried out with macrophytes and juvenile snails 

collected from the Martín Stream, Buenos Aires, Argentina (34°51'58.62"S; 58°4'7.39"W). 

Plant species were presented individually to snails in a no-choice feeding experiment in 3 L 

containers (six replicates for each species and six controls). To test food preference, a choice 

feeding experiment was performed in which fragments of the three macrophyte species were 

offered to a single snail at the same time in 3 L containers (sixteen replicates and eight 

controls).  

The snails were acclimated in the laboratory in controlled conditions, providing ad libitum 
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food (lettuce: Lactuca sativa), aeration, temperature (23 ± 1 °C) and a 12 h light: 12 h dark 

photoperiod for 15 days. The snails remained without food for 48 h before the experiments, 

and 34 individuals of 18 - 20 mm shell length were randomly selected for the tests (Baker 

et al., 2010). Fragments of each plant species with a length of 30 cm (young shoots) were 

collected in the field on the day when the experiments were performed. The length and weight 

of all fragments used was the same for all the treatments and replicates (one way ANOVA, 

p < 0.05). These fragments were weighed to the nearest 0.01 mg, using an analytical balance 

(OHAUS Explorer®) after blotting them with a paper towel (WM0t) and then fed to the 

snails. The location of the fragments in each containers was randomly set, as well as the 

location of the containers in the laboratory. 

During both experiments, the conditions were the same as those during the acclimation 

period. Snails were removed after 24 h of grazing and their shell length was measured to the 

nearest 0.01 mm using a digital calliper. The remaining plant fragments were dried (48 h at 

70 °C) to determine their dry mass (DM1t).  

The controls of both experiments consisted in containers with fragments of plants without 

snails. The wet mass of each control fragment was weighed after blotting them with a paper 

towel at the beginning of the experiment (WM0c), and after 24 h the plant fragments were 

dried (48 h at 70 °C) to determine their dry mass (DM1c). The control containers were used 

to estimate what would have been the final dry mass of the plants subjected to herbivory in 

the absence of grazing, using a linear regression. The regression model between DM1c and 

WM0c was fixed separately for each plant species following the equations: 

DM1c = a x WM0c + b.  

The dry mass consumed was determined by the difference between the final dry mass without 
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grazing (calculated with the estimated coefficients from the regressions of the controls) and 

their DM1t. The RCR was calculated by dividing the dry mass consumed by the dry mass of 

the snail (Elger and Barrat- Segretain, 2004). To calculate the dry mass of each snail used in 

the experiments, a length-mass relationship between the total length of the snail and the shell 

free dry mass was established. This relationship was assessed assuming that weight and 

length are related by the general equation DM = aLb, or equivalently, 

log DM = log a + b log L (where: a and b are coefficients, DM = dry mass, and L = length). 

For this purpose, 213 snails were collected from the field and the total shell length of each 

snail was measured to the nearest 0.01 mm using a digital calliper. Then, the shell was 

removed and the tissue was dried (48 h at 70 °C) to determine the dry mass to the nearest 

0.01 mg. All calculations were made with ‘R’ (version 3.4.4; R Development Core Team, 

2018). 

2.2 Structural and chemical plant traits  

The macrophyte traits analysed were dry matter content (DMC), nutrient content (C, N and 

P) and phenolics. For this purpose, fragments (young shoots) of each plant were collected in 

the field at the same time as the feeding experiments were performed and transported 

(at 4 °C) to the laboratory. Due to inconveniences during processing and analysis of samples, 

another set of plant fragments was collected at the same sampling site at the same month 

(February) and these were used for nutrient content analysis.  

Seven fragments of L. peploides and E. densa, and nine fragments of G. spilanthoides were 

dried (48 h at 70 °C) and then ground and homogenised in an agate mortar. The N content 

was analysed following the Kjeldahl-N method (APHA, 1998). The concentration of P was 
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determined following Andersen (1976) and then the ascorbic - acid - method (APHA, 1998). 

The Apollo 9000 Total Organic Carbon (TOC) analyser was used to C content, but in this 

case, only three samples of each macrophyte could be analysed (n = 9). The C:N, C:P and 

N:P molar ratios were also calculated (n = 9). Total phenolic content of five fragment of each 

macrophyte were analysed using the Folin-Ciocalteu Method (Bärlocher and Graça, 2005). 

To calculate the DMC, nine fragments of each macrophyte were collected in the field. In the 

laboratory, for each fragment, the wet mass and the dry mass after 48 h at 70 °C was 

determined to the nearest 0.01 mg, then the DMC was calculated as the ratio between their 

fresh and dry mass following Burlakova et al. (2008). 

2.3 Field sampling  

Field sampling was performed in the Martín stream (34°52'5.38"S; 58° 4'9.80"W), a second 

order lowland watercourse located in the Buenos Aires province of Argentina, which was 

dredged and channelized before the experiment began. Three beds of the study macrophyte 

species were transplanted into a section of the Martín stream immediately after dredging and 

channelization (Paz et al., 2018) so the only macrophytes present in that section at the time 

of the experiment were the transplanted beds from where the samples were taken. The three 

beds of each macrophyte were identified and numbered. The first sampling date (T1) was 

three days after the transplant, then other samples were taken every 25 days (T1: 10th 

February T2: 7th March T3: 29th March, and T4: 26th April). On each sampling occasion three 

samples were collected from the beds of the three macrophyte species with a hand net 

(0.018 m2; 500 μm pore size) with the aim of collecting P. canaliculata individuals. The 

samples were fixed in situ with 5% formaldehyde and taken to the laboratory where P. 

canaliculata individuals were sorted and counted. At the same time, the number of egg 
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masses deposited by P. canaliculata on the aerial parts of the transplanted beds of G. 

spilanthoides and L. peploides was recorded in the field. 

2.4 Data analysis 

The differences between P. canaliculata’s RCR, host plant preferences, and differential use 

of each macrophyte were examined using generalised linear model (GLM) and generalised 

linear mixed model (GLMM). All models were first fitted with a Gaussian error distribution 

and identity link function. Model residuals were tested for normality using a Shapiro–Wilk 

test. Since, all model residuals were not normally distributed (Shapiro test: p < 0.01), they 

were refitted using alternative distributions more suited to the response data. Specifically, the 

gamma error distribution for RCR and preference (link: inversal) and negative binomial error 

distribution (link = log) was used for count data. 

2.4.1 Models with Gamma distribution 

The no-choice experiment was analysed using a GLM with RCR as response variable and 

macrophyte species with three levels as the fixed variable: L. peploides, G. spilanthoides, 

and E. densa (formula A). A GLMM was used for the preference experiment; the response 

variable was RCR with random effect “container” (intercept) because of the lack of 

independence of the data (each container had one fragment of each macrophyte) and the fixed 

effect was the macrophyte species, where the three plant species were the levels (formula B). 

The notation of the models were as follows: 

 

       (A) 

𝑦𝑖 = 𝛽0 + 𝛽1𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑦𝑡𝑒𝑠 + 𝜀 
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 (B) 

𝑦𝑖 = 𝛽0 + 𝛽1𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑦𝑡𝑒𝑠 + 𝑏1𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 + 𝜀 

 

Where yi is the response variable (RCR), β0 is the intercept, β1 is the coefficient associated 

with the macrophyte species and b1 in the coefficient of the random effect.  

2.4.1 Models with negative binomial distribution 

The abundance of P. canaliculata in the three transplanted macrophyte beds and the egg 

masses laid in the aerial parts of L. peploides and G. spilanthoides throughout the experiment 

were examined using GLMM. The fixed variable was macrophyte species, with three levels: 

L. peploides, G. spilanthoides, and E. densa (for the egg masses, the submerged species 

E. densa was excluded from the analysis). Time was set as random effect (intercept), since 

knowing the effect on the response variable was not part of the objectives. Considering the 

changes in the bed size of each species through the experiment due to plant growth (see Paz 

et al., 2018 for more details), the value of coverage of each beds was added to the model as 

an “offset” variable (i.e. a variable which affects “y” but the magnitude of its effect is not of 

interest, Zuur et al., 2009).  The notation of the model was as follows: 

 

𝑦𝑖 = 𝛽0 + 𝛽1𝑚𝑎𝑐𝑟𝑜𝑝ℎ𝑦𝑡𝑒𝑠 + 𝑏1 𝑡𝑖𝑚𝑒 + 𝜀 

 

Where yi is the response variable (abundance of snails or number of egg masses), β0 is the 

intercept, β1 is the coefficient associated with the macrophyte species and b1 in the 

coefficient of the random effect “time” (T1, T2, T3, T4). 

The null model that included no explanatory variables and the random effect was established 

for each model for further comparison. The comparison between the null and the full model 
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was made with a likelihood ratio test; this was useful for assessing the significance of the 

model containing predictors of interest (Burnham and Anderson, 2010). When significant 

differences were found, a Fisher's least significant difference test was used to determine 

differences between levels of the fixed variable. All the analyses were carried out with ‘R’ 

version 3.4.4 (R Development Core Team, 2018) with the packages MASS (Venables and 

Ripley 2002), MuMIn (Barton, 2013), and lme4 (Bates and Maechler, 2010).  

The structural and chemical plant traits of the macrophyte species were compared using a 

one-way-ANOVA followed by a Tukey post hoc test (Underwood, 1997). 

3. Results 

The linear regression model performed between the DM1c and WM0c for each macrophyte 

was highly significant and explained a high proportion of variation of the dependent variable, 

as expressed by the coefficient of determination (L. peploides: p < 0.0001; r2 = 0.94; E. densa: 

p < 0.0001; r2 = 0.91; G. spilanthoides: p < 0.0001, r2 = 0.92).  

Similar results were obtained from the length-mass relationship for the snails (p < 0.01; 

r2 = 0.90). The coefficients are shown in Table 1 and were used to estimate the WM0t, what 

would have been the final dry mass of the plants subjected to herbivory in the absence of 

grazing. In the case of the length-mass relationship for the snails, the coefficients were used 

to estimate the dry mass of the snail from its length (Table 1).  

 

Table 1: Results from the regression models for the dry mass of the three macrophyte species 

from wet mass and for the dry mass - shell length relationship of P. canaliculata. N: number 

of individual plants or snails used to calculate each regression. Significant results (p < 0.05) 

are shown in bold. 
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Regressions  Coefficients r2 p n 

  a  b        

Ludwigia peploides 0.02 0.13 0.94 <0.0001 14 

Egeria densa 0.05 0.12 0.91 <0.0001 14 

Gymnocoronis spilanthoides -0.07 0.14 0.92 <0.0001 14 

 Pomacea canaliculata -4.27 2.65 0.90 0.01 213 

  

3.1 Laboratory experiments 

The results from the GLM analyses showed differences in P. canaliculata’s RCR of the three 

macrophytes in the no-choice experiment (F2,15 = 18.37; p < 0.0001; Fig. 1 a). The least 

consumed species was E. densa, with a RCR of 0.10 ± 0.03 g g -1 day -1 (mean ± SD) and the 

coefficient was 9.84 ± 0.76 (β; mean ± SE). The RCR of G. spilanthoides, in contrast, showed 

that it was the most consumed species: 0.22 ± 0.04 g g -1 day -1 (mean ± SD; β = -5.08; 

SE = 0.84). Such values, however, were not statistically different from the RCR values 

recorded for L. peploides, 0.17 ± 0.03 g g -1day -1 (mean ± SD; β = -4.14; SE = 0.87).  

On the other hand, the choice feeding experiment did not show selective consumption among 

the plant species when they were presented to the snail at the same time (F 2,36  = 0.47; 

p < 0.63; Fig. 1 b). Egeria densa presented a RCR of 0.28 ± 0.09 g g -1day -1 (mean ± SD) 

and the coefficient was 3.59 ± 1.17 (β; mean ± SE). Also, the RCR of G. spilanthoides was 

0.23 ± 0.08 g g -1 day -1 (mean ± SD; β = 0.73; SE = 1.92) and the RCR of L. peploides was 

0.37 ± 0.12 g g -1day -1 (mean ± SD; β = - 0.88; SE = 1.48).  

The results of nutrients analysis and the structural traits are shown in Table 2. Only the C:P 

molar ratio showed significant differences, being lower in E. densa (mean = 93.30; 
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SD = 14.17). The DMC, in contrast, showed significant differences among the macrophyte 

species, with the lowest value being recorded for G. spilanthoides (mean = 0.07; SD = 0.01; 

p < 0.001), and the highest concentrations of phenolics (mean = 28.24; SD = 6.60 mg g-1; 

p = 0.003, F2,8 = 22.63) were recorded in L. peploides. 

 

 

 

Figure 1: Results from the laboratory experiments. RCR (means ± SD) on the three 

macrophytes by Pomacea canaliculata. a) in the no-choice trial (n = 18); b) in choice feeding 

trial (n = 16). The same letters indicate membership in homogeneous groups according to 
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post hoc comparison (p < 0.05). 

 

 

 

 

 

Table 2. Nitrogen (N), carbon (C), phosphorus (P), phenolic, and dry matter content (DMC) 

as well as C:N, C:P and N:P molar ratios of study macrophytes used in the experiments and 

field sampling. Data are means ± SD, the same letters (a, b or c) indicate membership in 

homogeneous groups according to post hoc comparison (p < 0.05).  

  

3.2 Field sampling  

The GLMMs with negative binomial error distribution created were significant compared to 

its corresponding null model based on likelihood ratio tests (abundance of snails: X2 = 7.78; 

p < 0.02; number of egg masses: X2 = 6.17; p = 0.012). The abundance of apple snails in 

L. peploides was significantly lower than the abundance found in the other two macrophyte 

species, E. densa (β = 3.41; SE = 0.93; Z31 = 2.38; p = 0.04) and G. spilanthoides (β = - 0.021; 

Plant DMC 

dm:wm 

Phenolics 

mg g-1 

P 

%dm 

N 

% dm 

C 

% dm 

C:N 

Molar ratio 

C:P 

Molar ratio 

N:P 

Molar ratio Species 

Ludwigia 

peploides 

0.07 

(± 0.01)b 

28.24 

(± 6.60)c 

0.30 

(± 0.04)a 

1.91 

(± 0.74)a 

22.74 

(± 2.91)a 

20.23 

(± 7.16)a 

202.77 

(± 30.75)b 

10.91 

(± 3.70)a 

Egeria    

densa   

0.08 

(± 0.01)c 

9.12 

(± 1.73)a 

0.39 

(± 0.11)a 

1.30 

(± 0.41)a 

17.85 

(± 3.13)a 

16.09 

(± 4.64)a 

93.30 

(± 14.17)a 

6.02 

(± 1.54)a 

Gymnocoronis 

spilanthoides 

0.06 

(± 0.01)a 

9.41 

(± 0.72)b 

0.34 

(± 0.14)a 

1.16 

(± 0.17)a 

22.47 

(± 0.23)a 

36.08 

(± 17.94)a 

207.13 

(± 45.80)b 

7.04 

(± 3.83)a 
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SE = 0.62; Z31 = 2.79; p = 0.01), which showed no difference in abundance between them. 

The coefficient calculated for L. peploides was -1.40 ± 0.58 (β; mean ± SE). 

The number of egg masses laid on the aerial parts of the macrophytes was significantly higher 

for G. spilanthoides (52.10 ± 30.00; mean ± SD) than for L. peploides (30.80 ± 16.00; mean 

± SD).  

Details of the densities of the snails (ind m-2) in the transplanted beds over time are shown in 

Fig. 2. At the beginning of the transplant experiment, the density of the P. canaliculata was 

the highest in E. densa beds. However, it decreased during the experiment because of the loss 

of coverage suffered by this macrophyte, related to a decrease in the water level produced by 

engineering works (see Paz et al., 2018 for more details). Despite its higher cover during the 

experiment, the density of snails in L. peploides was the lowest. Conversely, relatively high 

densities of snails were found in beds of G. spilanthoides despite its lower cover.  

 

 

Figure 2: Densities of P. canaliculata in beds of the three transplanted macrophyte beds 
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(mean ± SD; n = 36). The coverage of each macrophyte bed (white circles) during the 

experiment is shown to relate it to snail abundance (Paz et al. 2018). T1: 10th February T2: 

7th March T3: 29th March, and T4: 26th April. 

 

4. Discussion  

Herbivory is an important biotic process in aquatic ecosystems because it induces changes in 

plant abundance; higher herbivore density leads to a stronger reduction of plant biomass 

(Bakker et al., 2013; Wood et al., 2017). Thus, grazing can slow down colonisation or the 

establishment of transplanted beds (Sondergaard et al., 2008), compromising the success of 

the rehabilitation technique. Hilt (2006) found more than 90% reduction of Potamogeton 

pectinatus in recently transplanted beds through grazing. Similarly, Lauridsen et al. (2003) 

lost all their transplanted beds due to herbivory and comparable effects were reported by 

Hauxwell et al. (2004). Therefore, transplanting species with low palatability, especially 

when high densities of herbivores with a high RCR are present in target streams, would be 

an important consideration for improving the success of the technique. The structural and 

chemical traits analysed would suggest that only the DMC is an indicator of palatability, 

albeit the consumption rate was highly variable within the study macrophytes. Nonetheless, 

the field results suggested that P. canaliculata displayed selective use of the transplanted 

bed, but it was not related with a higher consumption rate or a preference for the transplanted 

macrophyte beds in the stream.  

During the no-choice trial, the RCR could be related to the DMC of the study plants. The 

most consumed species, G. spilanthoides, had the lowest DMC, the intermediate value of 

DMC was associated with intermediate consumption (L. peploides), and a high DMC was 
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associated with the lowest consumption (E. densa). Our results are consistent with Elger and 

Willby (2003) and Manara et al. (2018), who pointed out that palatability was related to 

physical defences. Thus, the DMC could be a suitable indicator of palatability; at it has been 

previously demonstrated for P. canaliculata as well as other invertebrates (Elger and Willby, 

2003; Burlakova et al., 2008). Nonetheless, other authors reported that grazing might also be 

affected by high phenolic content (Wong et al., 2010; Grutters et al., 2017 a) but this was not 

reflected in this study, since L. peploides showed significantly higher phenolic content and 

its RCR was not lower than the other two species tested.  In addition, the emergent species 

(G. spilanthoides) presented intermediate values of phenolic content. Contrary to the findings 

of Smolders et al. (2000), who reported that emergent species invest more energy in chemical 

defences than submerged species. 

In terms of the nutrient concentration, the values of N and P found during this study were 

similar to those reported by Güsewell and Koerselman (2001) and Demars et al. (2007). The 

concentrations of C in plant tissue were lower than values reported by other authors, such as 

Li et al. (2013) and Grutters et al. (2017 b). Nonetheless, the low values recorded in our study 

lie within the ranges reported by Duarte (1992) after analyzing 11 species of freshwater 

angiosperms (between 12 and 55% dw). Spencer and Ksander (1999) also found low values 

of carbon content in Ranunculus aquatilis, which had a mean tissue C content of 26%. 

The levels of C, N and P in plant tissue did not show a relationship with RCR, probably 

because the concentration of these nutrients were similar for the three study macrophytes and 

thus, these traits were not a good indicator of palatability. Conversely, Wong et al. (2010) 

found a positive relationship between P. canaliculata consumption rate and the N in 

macrophytes and Yam et al. (2016) reported similar results. However, the nutrient 
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concentration of the macrophytes analysed by these authors were significantly different from 

one another. In addition, emergent macrophyte species, which present relatively higher C:N 

and C:P molar ratios because they invest more C in their structural components, present lower 

consumption rates while, submerged species, with fewer structural components and a 

consequently lower values in these molar ratios, show higher rates of herbivory (Bakker et 

al., 2016). Our results indicate that G. spilanthoides, an emergent species, showed the highest 

C:N and C:P molar ratios, but this trait did not seem to have an effect on its palatability, since 

this plant showed the highest RCR in the no-choice trial. To summarise, the nutrient 

concentration value of the macrophytes assessed in this study were not related to palatability, 

in accordance with the results of Manara et al. (2018), but further research is required to 

clarify this relationship.  

Although significant differences were found in phenolics content among macrophytes during 

this study, these chemical defences did not seem to affect consumption by P. canaliculata. 

Conversely, other authors found a relationship between the RCR and lower concentrations 

of this compound in plant tissue (Qiu and Kwong, 2009; Wong et al., 2010). Moreover, Yam 

et al. (2016) found that the growth rate and reproductive output of P. canaliculata could be 

affected by phenolic concentrations in plant tissues, being the values of phenolics reported 

by those authors similar to those registered in this study.  

The choice feeding experiment did not show differences in consumption of the three species 

of macrophytes offered, although Estebenet (1995), Lach et al. (2000) and Manara et al. 

(2018) reported a preference by P. canaliculata for certain species of aquatic plants. Thus, 

further research with a greater number of observation and a longer period of exposure may 

be necessary to confirm that P. canaliculata does not show a preference for these 
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macrophytes. 

Despite having a low consumption rate in the no-choice trial, the abundance of snails on E. 

densa in the stream was similar to those found on G. spilanthoides. Such a preference for the 

beds of E. densa in the stream could be related to this plant species offering a different type 

of resource to apple snails, for example detritus, another important component of this snail’s 

diet (Lopez van Oosterom et al., 2016). The high complexity of the architecture of this 

species (Ferreiro et al., 2011) appeared to be the main factor explaining the amount of trapped 

detritus in the macrophyte bed (Rovira et al., 2016). Additionally, macrophytes with a 

complex architecture offered more refuge from predators (Schneider and Winemiller, 2008), 

which also contribute to a greater abundance of snails in transplanted beds of E. densa. In the 

case of G. spilanthoides, the snails could be using the transplanted bed not only as a food 

resource, but also as a refuge and oviposition site. This was in accordance with the results 

observed by Burks et al. (2010), who found that Pomacea insularum actively selected 

oviposition site compared to its availability. This active selection has also been documented 

in other invertebrates (Reich and Downes, 2003; Binckley and Resetarits, 2005). Egeria 

densa and G. spilanthoides had relatively small beds, the disproportionate use of these 

resources observed from field sampling, compared with its low availability in the 

environment is considered a selective use (Beyer et al., 2010). 

Despite the information about the feeding habits of P. canaliculata in its native distribution 

given by Estebenet (1995), information about the RCR and preference of P. canaliculata on 

the macrophytes studied here and other native macrophyte species is still scarce (Tamburi 

and Martín, 2009; Manara et al., 2018). This study is therefore valuable in increasing 

understanding of the RCR of P. canaliculata in its native range. It is also noteworthy that, to 
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date, neither the RCR nor the preference for G. spilanthoides by apple snails described above, 

or by other herbivores have been documented. 

On the other hand, Manara et al. (2018) reported that the biomass and coverage of L. 

peploides was not affected by the grazing of P. canaliculata in their experiment. In addition, 

L. peploides survived the transplant and could be established and grow in the conditions of 

the site affected by river engineering works (Paz et al., 2018). Therefore, this species could 

be a suitable option to transplant into stream channels with the aim of rehabilitating the 

stream.  

Our findings broaden the knowledge base regarding plant transplant techniques with the aim 

of developing suitable management tools to improve the ecological services of streams. The 

selection of plant species is relevant to achieving a successful transplant. Pomacea 

canaliculata did not show a clear preference among the three species in the choice feeding 

trial, therefore that experiment did not help us to select between macrophytes. However, field 

sampling and other studies suggested that L. peploides offers important resources to 

invertebrates (habitat, refuge, oviposition sites, and periphyton) and it was not affected by 

the presence of P. canaliculata. In addition, this species showed the highest DMC, trait that 

could be a related to a lower palatability. Therefore, L. peploides would be a suitable option 

for transplantation to lowland streams in rehabilitation projects. Further research is necessary 

to continue the improvement of the technique and to understand how other invertebrates 

respond to the reintroduction of aquatic plants in lowland streams. 
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