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Abstract The diversity of aquatic macrophytes can

offer different local conditions required to support an

increased number of microhabitats, therefore resulting

in diverse biotic communities. This study assessed the

influence of macrophyte diversity on the ecological

attributes of the associated invertebrates (diversity,

richness and abundance), as well as the diet compo-

sition of a small fish, Moenkhausia forestii, that

inhabits the Upper Paraná River floodplain in abun-

dance, and present great contributions of invertebrates

in its diet. The richness and diversity of invertebrates

increased with increasing macrophyte diversity, while

the abundance of invertebrates didn’t show a signif-

icant relationship. The diet of M. forestii differed

among stands and the consumption of invertebrates

increased with increasing macrophyte diversity, while

the consumption of aquatic plants decreased. More-

over, the trophic niche breadth of M. forestii

expanded, a probable result of the increase in the

ecological opportunity promoted by higher macro-

phyte diversity. Our study emphasizes the importance

of the diversity of these plants as they structure the

environment and the associated communities, and

changes in the attributes of these plants could be

reflected on other trophic levels and even on a local

scale.

Keywords Community attributes � Trophic
ecology � Niche breadth � Moenkhausia forestii

Introduction

Macrophytes comprise a diverse mosaic of organisms

that colonize aquatic and transitional habitats (Tho-

maz & Cunha, 2010). These plants can influence the

structure and functioning of systems through their role

in biomass production (Schneider et al., 2018),

ecological processes, and nutrient storage (Rej-

mankova, 2011; Tang et al., 2017). In fact, macro-

phytes are considered to be key components in aquatic

environments, especially due to their positive effects

on abundance and richness of taxa, such as fish and

invertebrates (Petry et al., 2003; Rennie & Jackson,
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2005; Cremona et al., 2008; Gallardo et al., 2017).

They are also recognized for their production of

substrate for foraging (Jeffries, 1993; Taniguchi et al.,

2003; Warfe & Barmuta, 2004) and for decreasing

predation pressures by minimizing the encounters

between predator and prey (Fisher et al., 2012; Farina

et al., 2014). In addition, they can enhance reproduc-

tive dynamics of organisms due to the availability of

food and shelter resources (Sánchez-Botero & Araújo-

lima, 2001; Sánchez-Botero et al., 2008).

The diversity of these plants translates into different

architecture, forms of growth and physiology, increas-

ing the number of microhabitats. With a variety of

local conditions, including microclimate, stream flow,

food source and shelter against predators, there is

increased support for diverse biotic communities to

thrive (Petry et al., 2003; Habib & Yousuf, 2015).

Different morphologies, such as those found in

submerged forms, have complex architectures that

offer a wide availability of resources. They have a

large surface area for colonization of periphyton,

affecting the diversity, biomass, richness, and abun-

dance of other associated communities, such as

invertebrates (Strayer & Malcom, 2007; Hansen

et al., 2011). Likewise, submerged portions of floating

macrophytes present complex systems of roots and

rhizomes that provide habitat for so many other

organisms (Ohtaka et al., 2011; Tóth et al., 2012).

Thus, a change in the diversity of these plants can

modify the composition and biomass of invertebrates

and indirectly modify biological relationships

between species (Warfe & Barmuta, 2004; Cremona

et al., 2008; Thomaz & Cunha, 2010; Ávila et al.,

2011). Invertebrate communities associated with

macrophytes have different life forms with different

requirements (McAbendroth et al., 2005) and can

perceive and use their habitat in unique ways (Stahr &

Kaemingk, 2017). Factors such as the release of

biochemicals by macrophytes can attract, repel or be

lethal to invertebrates (Habib & Yousuf, 2015).

Invertebrates can also be attracted to the palatability

and nutritional content of plants, which are determined

according to their chemical and physical characteris-

tics (Jiménez-Ramos et al., 2018).

Macrophytes and fish are primarily linked by

trophic interactions that involve invertebrate commu-

nities (Schultz & Dibble, 2012). Small fish whose life

cycle depends on these plants exhibit specific foraging

behaviors, such as high exploitation of interstices

among the roots of these plants. The success of

foraging depends on the availability of the prey and the

predator–prey interaction (Priyadarshana et al., 2001).

Due to this relationship, changes in invertebrate

communities can lead to changes in fish diet, leading

to the expansion or contraction of the populations’ diet

(Svanbäck & Bolnick, 2007; Moreno-Rueda et al.,

2018; Zhang et al., 2019), since low abundance and

diversity of food can modify foraging patterns and a

narrowing of diet breadth (Prejs & Prejs, 1987;

Layman et al., 2007). For example, monospecific

macrophyte stands may have a reduced environmental

heterogeneity, and they may alter the food resources

for fish, both qualitatively and quantitatively (Theel

et al., 2008).

Considering that the diversity of macrophytes can

affect associated communities, this study hypothe-

sized that the diversity of macrophytes influences the

attributes of the invertebrate community and the diet

of Moenkhausia forestii Benine, Mariguela & Oli-

veira, 2009, a small characid fish that inhabits the

Upper Paraná River floodplain in abundance, with

invertebrates constituting a part of its diet. The

following predictions were tested: (i) the highest

values of diversity, richness and abundance of inver-

tebrates will be found in higher macrophyte diversity;

(ii) the fish diet differs between stands of macrophytes

with different levels of diversity and (iii) the trophic

niche breadth will be greater in stands with a greater

diversity of macrophytes. These predictions were

based on the fact that macrophyte stands with greater

diversity will support more diverse communities of

invertebrates, therefore offering a variety of resources,

changing diets, and expanding niche breadth for fish

(Pelicice & Agostinho, 2006; Kliemann et al., 2019).

In order to test these predictions, we assessed the

attributes of the invertebrate community and the

Moenkhausia forestii diet in stands with different

macrophyte diversity.

Materials and methods

Study area

Our study was carried out in the Upper Paraná River

floodplain, a region located in the upper region of the

Environmental Protection Area of the islands and

várzeas of the Paraná River, which is the last dam-free
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stretch of the Paraná River in Brazil. We conducted the

sampling in the Baı́a River (22� 4302300 S, 53�1702500
W—Fig. 1), which presents a variable width and a

margin covered mainly by herbaceous grazing vege-

tation (Lopes et al., 2006). The sampled region

presents an expressive littoral zone with nearly an

entire perimeter of aquatic macrophytes stands, and is

home to a great richness of macrophyte species (e.g.

Paspalum repens Berg., Polygonum stelligerum

Cham., Polygonum ferrugineum Wedd., Hydrocotyle

ranunculoides L.f., Eichhornia azurea (Swartz)

Kunth, Eichhornia crassipes (Mart.) Solms, Pistia

stratiotes L., (Thomaz & Cunha, 2010).

Sampling

Our sampling was performed in August 2018 (drought

period), and included fish, invertebrates and macro-

phytes. We sampled nine macrophyte stands after

prospecting 30 locations distributed over 13.7 km in

length of the littoral region of the Baı́a River, ensuring

a minimum distance of approximately 350 m between

each macrophyte stand. Each stand sampled was

continuous along the river, but not forming a single

stand. We applied the following criteria to select the

stands: (i) having Eichhornia, one of the most

abundant aquatic macrophytes in the upper Paraná

River plain (Padial et al., 2009), and (ii) presenting

different richness and diversity, which was visually

assessed in the field and later confirmed through

statistical analyses. To identify possible spatial auto-

correlation between macrophyte stands, we used the

macrophyte diversity of each stand and geographical

distance (latitude and longitude), calculated as dis-

similarity matrices using the Euclidean distance,

followed by a Mantel test for both matrices. The

Mantel test showed a low and non-significant corre-

lation between stand diversity and geographical dis-

tance (r = 0.015; P = 0.41), indicating no spatial

autocorrelation between any sampled stand.

We collected the fish by using floating Plexiglas

traps (minnow trap type; for details see: Dibble &

Pelicice, 2010). Three traps were installed per macro-

phyte stand with the aim of increasing the sampling

effort. The traps were positioned inside the stands in

order to minimize the effects on the fish species that

transit between the pelagic zone and the area struc-

tured by the macrophytes. We installed the traps at 7

am and inspected them every eight hours for a total of

24 h. We anesthetized the captured fish with clove oil,

Fig. 1 Sampling sites in the Baı́a River (river-floodplain system

of the Upper Paraná River, Brazil) EPSG: 4618. White circles

represent low diversity sampling sites (L1, L2, L3), gray circles

represent medium diversity sampling sites (L4, L5, L6) and

black circles represent high diversity sampling sites (L7, L8, L9)
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according to the current ethical practice, and fixed in

formalin (10%). Subsequently, we identified them at

the species level according to Ota et al. (2018). The

fish species used in this study was Moenkhausia

forestii.

Once a final round of minnow trap inspection and

fish collection from each stand was concluded, we

sampled the macrophytes using a 0.5 m 9 0.5 m

square and removed all plant material contained to a

depth of 0.5 m, totaling 0.125m3 of plant material.We

transferred the plants to a plastic bucket and washed

them in order to collect all associated invertebrates

(Campos et al., 2017). The material retained in the

plastic bucket was thoroughly filtered through a hand

net with 160 lm mesh size and preserved in 70%

ethanol buffered with sodium tetraborate (Campos

et al., 2017). After filtering, we led the macrophytes to

the laboratory, where we identified the species in order

to determine the diversity and richness in each stand.

Finally, we separated and dried them out in an oven at

60�C to constant weight (DW) and weighed them to

obtain biomass.

Data analysis

All statistical analyses were performed in R 4.0.2

software (R Core Team, 2020) using the packages

‘‘vegan’’ (Oksanen et al., 2017), ‘‘robustbase’’

(Maechler et al., 2020) and for the graphs the package

‘‘ggplot’’ (Wickham, 2016). Prior to performing the

ANOVA, all assumptions (normality and homogene-

ity of variances) were checked and met. For linear

regressions, all assumptions were checked and met

(linearity, normality of residuals and homogeneity of

variances). For the glm with Poisson distribution,

beyond the announced assumptions we also checked

for overdispersion. A significance level of P\ 0.05

was used for all analyses. The following subsections

show the methodological sequence in our analyses.

Normality checking and data transformation

for linear models

Prior to modelling, data normality was tested. There

were indications of non-normality in some of the

variables (Shapiro–Wilk test) and the abundance of

invertebrates, fish abundance fish standard length and

food items (diet analysis) were log-transformed before

the analysis (Zuur et al., 2009).

Macrophytes diversity

The diversity of macrophytes used as the explanatory

variable was calculated from the Shannon–Wiener

index (H0) according to the following for-

mula: H0 ¼ �
Pn

i¼1pilnpi, where pi is the proportion

of macrophyte biomass found in species i and n is the

number of species in the sampled macrophyte stands

(Shannon &Weaver, 1949). For evenness, we used the

following formula: J ¼ H
0
lnðSÞ where H’ is the

Shannon–Weiner index and S is the total number of

species in a sampled stand (Pielou, 1966). For the

Shannon–Wiener index we used the function ‘‘diver-

sity’’ in the package ‘‘vegan’’ and for evenness we

used the function ‘‘evenness’’ in the package ‘‘vegan’’.

Considering that richness and evenness are compo-

nents of this index, they were used as response

variables in a simple linear regression using the

function ‘‘lm’’ in the package ‘‘vegan’’ to assess if both

of these components have an influence on the diversity

of macrophytes.

In order to control the influence of macrophyte

biomass along the gradient of macrophyte diversity,

we selected stands with similar biomasses so that

differences could be mainly attributed to the diversity.

For this purpose, we firstly discretize macrophyte

diversity into three levels of diversity (Fig. S1). We

classified the stands into low, medium and high

diversity of macrophytes, after calculating the Shan-

non–Wiener index (H’) and identifying stands with the

lowest values of H’ to constitute the ‘‘low diversity

level’’, intermediate levels of H’ for the ‘‘medium

diversity level’’ and the highest values of H’ for the

‘‘high diversity level’’. Secondly, macrophytes bio-

mass was tested using an one-way ANOVA (after

checking for normality and homogeneity of variance,

using the package ‘‘vegan’’) with macrophytes diver-

sity as the explanatory variable to assess that the

selected stands had similar biomasses.

Invertebrates community

Concerning the invertebrates, we identified and

counted them at the lowest possible taxonomic level

by using identification keys (McCafferty, 1983; Pérez,
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1998) and the help of specialists. The abundance of

invertebrates was expressed as the number of individ-

uals per stand and the diversity through the Shannon–

Wiener index. For taxonomic richness, we identified

the taxa at different taxonomic levels, which for this

work referred to the sum of taxa identified at different

levels of taxonomic resolution. Several studies that

estimate taxonomic richness of freshwater inverte-

brates reveal the occurrence of only a small bias when

richness is estimated from different taxonomic units

(Marshall et al., 2006; Heino & Soininen, 2007; Vilmi

et al., 2016; Oliveira et al., 2020). We used linear

models to explore the associations between the

response variables (diversity, richness and abundance

of invertebrates) and the diversity of macrophytes, our

explanatory variable (prediction i). Diversity of

invertebrates was modelled using a Gamma distribu-

tion using the function ‘‘glmrob’’ in the package

‘‘robustbase’’ in order to weight extreme values that

have an influence in the explanatory variable after

checking for outliers (Cantoni & Ronchetti, 2001).

Species richness was modelled using a Poisson error

distribution using the function ‘‘glm’’ in the package

‘‘vegan’’. The abundance of invertebrates was log ? 1

transformed and modelled by a linear regression using

the function ‘‘lm’’ in the package ‘‘vegan’’.

Fish diet composition

Because fish populations are commonly regulated

through density-dependent mechanisms (Henderson

& Magurran, 2014) and they are also size-structured,

prior to testing our second prediction (that fish diet

differs between stands of macrophytes with different

levels of diversity), all fish were counted and mea-

sured. We assessed the abundance and standard length

of fish (mm) in order to make sure these variables had

no effects on fish diet, using the macrophyte diversity

as the explanatory variable. Fish abundance was

expressed as the total number of individuals per stand

(3 traps for 24 h in each stand) and modelled using a

Gamma distribution on a log ? 1 transformed abun-

dance data. The Gamma model was performed using

the function ‘‘glmrob’’ in the package ‘‘robustbase’’ in

order to weight extreme values that have an influence

in the explanatory variable after checking for outliers

(Cantoni & Ronchetti, 2001). As for fish length, we

modelled using a Gamma distribution on a log ? 1

transformed data using the function ‘‘glm’’ in the

package ‘‘vegan’’.

For diet analysis, we examined the fish stomachs

(201 individuals, Table S1) under a stereoscopic and

optical microscope and identified the items by using

the same taxonomic resolution as applied for the

invertebrates. Food items were quantified by the

frequency of occurrence and by the volumetric method

(Hellawel & Abel, 1971; Hyslop, 1980). In order to

test differences in diet composition (prediction ii)

among macrophyte diversity levels (low, medium, and

high; see section ‘‘Macrophytes diversity’’) it was

tested through a Multivariate Permutation Analysis of

Variance (PERMANOVA; Anderson, 2005) using the

‘‘adonis’’ function in the package ‘‘vegan’’. Stands

identity was included as a constraint for permutations

(i.e. ‘‘strata’’) in ‘‘adonis’’ model to account for data

non independence of the stands. Also, we checked for

homogeneity of multivariate dispersions with PER-

MIDISP and used a balanced design (67 fish gut

contents per level of the factor) to account for

heterogeneity of variances since PERMANOVA is

very robust when design is balanced (Anderson,

2017). To perform the analysis, we used a matrix of

food items per individual fish, with volume values

transformed into log ? 1 in order to reduce the

influence of rare items, and created dissimilarity

matrices with the Bray–Curtis distance. We generated

9,999 permutations to assess the significance of the

pseudo-F derived from PERMANOVA. In order to

identify which prey contributed the most to dissimi-

larities in the diet, we also performed an Analysis of

Similarity Percentages (SIMPER; Clarke 1993)

between levels of diversity using the function ‘‘sim-

per’’ in the package ‘‘vegan’’. To analyze the rela-

tionship of the major food categories present in the fish

diet, we performed a simple regression using the food

categories as our response variable and the diversity of

macrophytes as our explanatory variable, using the

function ‘‘lm’’ in the package ‘‘vegan’’. We log ? 1

transformed the food items data for each stand (as we

did in the PERMANOVA analysis).

To assess the third prediction, we addressed the

trophic niche breadth at the population level by using

the Levins Index (Krebs, 2014) according to the

following formula: B = 1

i¼
P1

n
pi2
, where: B = trophic

niche breadth, pi = proportion of prey i in the diet and

n = number of food items. Niche breadth values vary
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from 1, when a species consumes only one type of

food, to n, when a species similarly consumes all food

items. The higher this value, the higher the niche

breadth. Levins’ measure places more importance on

abundant prey items and it’s commonly used for niche

breadth (Krebs, 2014). To assess the relationship

between the response variable (Levins index) and the

explanatory variable (diversity of macrophytes) we

modelled the trophic niche breadth using a Gamma

distribution using the function ‘‘glmrob’’ in the

package ‘‘robustbase’’ in order to weight extreme

values that have an influence in the explanatory

variable after checking for outliers (Cantoni &

Ronchetti, 2001).

Results

We sampled a total of 14 species of macrophytes in the

nine selected stands (Fig. 2), with different forms:

free-floating, emergent, epiphytic, and rooted with

floating stems. The rooted with floating stems, Eich-

hornia azurea, was the only species present in seven

out nine stands. The free-floating macrophytes

occurred in seven stands and was comprised of

different macrophyte species (Salvinia auriculata

Aublet, Salvinia biloba Raddi, Salvinia minima Baker,

Eichhornia crassipes, Limnobium laevigatum (Humb.

& Bonpl. ex Willd.) Heine, Pistia stratiotes and

Ricciocarops natans (L.) Corda) followed by the

emergent (Paspalum repens, Polygonum acuminatum

Kunth, Polygonum ferrugineum and Polygonum stel-

ligerum) and the epiphytic form (Fig. 2). The only

epiphytic species, Oxycaryum cubense Poepp. &

Kunth, was most abundant in stands with higher

diversity, accounting for 7.29% to 14.31% of biomass

in these stands (Fig. 2). Macrophyte diversity, con-

sidered the explanatory variable in this study, ranged

from H’ = 0 to H’ = 2.21 along the nine stands.

Richness of macrophytes didn’t show an influence

along the gradient (z-value = 2.07; P = 0.05) while

evenness (J’) showed a positive relationship (t-

value = 7.13; P\ 0.001) with increasing diversity.

The macrophyte diversity used as a categorical

variable for the diet analysis, differed significantly

between stands (F2, 6 = 49.47; P\ 0.0001; low 9

medium: P = 0.01; medium 9 high: P = 0.003;

high 9 low: P = 0.0001), confirming differences in

macrophyte diversity among stands classified as low

(H’ = 0.37 ± 0.32), medium (H’ = 1.12 ± 0.13), and

high (H’ = 2.09 ± 0.10) diversity. The average val-

ues of macrophyte biomass ranged from

132.06 ± 43.6 gDW/0.125 m3 to 210.44 ± 22.7

gDW/0.125 m3 and did not differ significantly

Fig. 2 Biomass percentage of macrophyte species registered in stands of different diversity of macrophytes. L1 to L9 represents the

nine sampled sites
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between levels of macrophyte diversity (F2,6 = 0.53;

P = 0.60).

The invertebrate community represented 31 taxa,

including both aquatic and terrestrial invertebrates,

belonging to the phylum Mollusca (Bivalvia and

Gastropoda), two belonging to the phylum Annelida

(Hirudinea and Oligochaeta) and 27 belonging to the

phylum Arthropoda, further distributed among

Crustacea (Amphipoda, Cyclopoida, Chydoridae,

Daphniidae, Harpacticoida, and Ostracoda), Arach-

nida (Acarina and Araneae), Collembola, and Insecta

(Table 1). Regarding taxonomic richness, the insects

accounted for 10 orders, four of which were exclusive

to stands with higher diversity (Homoptera, Ple-

coptera, Orthoptera, and Thysanoptera) (Table 1).

Diversity of invertebrates increased with macrophyte

Table 1 Number of invertebrates associated with stands of different diversity of macrophytes. L1 to L9 represents sampled sites with

increasing diversity of macrophytes

Taxa L1 L2 L3 L4 L5 L6 L7 L8 L9

Aquatic invertebrates

Acarina 1 18 3 6 10 16 20

Amphipoda 23 141 1599 64 81 155 52 654

Bivalvia 10 6 19 5 7 6

Ceratopogonidae (L) 3 9 372 3 354 269 193 390

Chironomidae (L) 28 162 72 525 612 227 200 90 278

Chydoridae 5 2 31 4 290 27 70 118

Coleoptera (A) 1 7 7 6 7 4 20 2 11

Culicidae (L) 3 3 4 22 5 7 20

Cyclopoida 72 78 17 130 116 377 70 179 234

Daphniidae 10 5 3 9

Diptera (P) 1 1 2 5 3 7 5 3 17

Ephemeroptera 2 5 10 15 44

Gastropoda 1 1 4 4 4 4 2

Harpacticoida 28 84 43 56 149 19 218 144

Hemiptera 2 1 3 7 15

Hirudinea 2 2 20

Homoptera 1

Odonata (N) 9 4 1 24 19 36 18 24 22

Oligochaeta 22 2 15

Ostracoda 55 108 12 267 107 19 31 51 69

Plecoptera 1 5

Sarcophagidae (L) 1 3 3 2

Trichoptera (L) 4 11 50 9 55 59 10 78

Terrestrial invertebrates

Araneae 1 3 3 4 1 5 3 9

Coleoptera (L) 1 1 9 7 4

Collembola 2 2 1 16 6 18 8

Diptera (A) 1 1 1 1 2

Hymenoptera 1 1 1 6

Lepidoptera (L) 1 2 1

Orthoptera 1 1

Thysanoptera 5 5

L larvae, P pupae, A adult
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diversity (z-value = 6.48; P\ 0.0001), ranging from

H’ = 1.68 ± 0.05 to H’ = 2.25 ± 0.04 (Fig. 3a). The

taxonomic richness of invertebrates also increased

with macrophyte diversity (z-value = 3.15;

P = 0.001) (Fig. 3b). Regarding the abundance of

invertebrates, we counted a total of 10,934 individuals

(Table 1). Chironomidae larvae, followed by Ostra-

coda, Cyclopoida, and Amphipoda, were the taxa of

greatest contribution regarding abundance in lower

diversity stands (L1, L2, L3) (Table 1). In stands of

higher diversity (L7, L8, L9), Amphipoda, Cerato-

pogonidae and Chironomidae larvae were the most

abundant (Table 1). No significant relationship was

observed between the abundance of invertebrates and

macrophyte diversity (t-value = 1.48; P = 0.18)

(Fig. 3c).

The abundance of fish (measured by 3 traps per 24 h

in each stand) varied between 64 individuals/24 h and

533 individuals/24 h. Fish standard length ranged from

22.6 to 36.23 mm (Table S1). The diversity of macro-

phyte didn’t show a significant effect on fish abundance

(z-value = 0.147; P = 0.88) and on fish length (t-

value = - 0.454; P = 0.66). The composition of

Moenkhausia forestii diet differed significantly between

macrophyte diversity levels (pseudo-F2, 199 = 7.48,

P = 0.001; low 9 medium: pseudo-F1, 132 = 3.52,

P = 0.001; low 9 high: pseudo-F1, 132 = 13.6,

P = 0.0001; medium 9 high: pseudo-F1, 132 = 5.37,

P = 0.0001). The SIMPER analysis identified food

items that were most responsible for distinctions

between factor levels (Table S2). Between low and

medium diversity levels, aquatic plants, Diptera pupae

and Hemiptera, were responsible for dissimilarities in

the diet (61.50% cumulative dissimilarity). For low and

high diversity levels, aquatic plants, Diptera pupae,

Hymenoptera and Araneae accounted for 66.47% of

cumulative dissimilarities in the diet. Between medium

and high diversity levels, aquatic plants, Diptera pupae,

Hemiptera and Hymenoptera, accounted for 61.23% of

cumulative dissimilarities (Table S2). In general, M.

forestii diet was composed of aquatic plants and insects

(Table 2). In low diversity stands, aquatic plants

occurred in 94.03% of the stomachs and represented

51.26% of the volume, while Diptera pupae

(O% = 64.17; V% = 16.77) and Araneae

(O% = 16.41; V% = 7.90) were the most consumed

invertebrates. With the increasing diversity of macro-

phytes, occurrence and the volume of aquatic plants

Fig. 3 Relationship between diversity (a), taxonomic richness (b), abundance of invertebrates (c) and macrophyte diversity
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consumed by M. forestii consistently decreased, repre-

senting 74.62% and 38.58%, respectively, of the diet in

stands of medium diversity, and 52.23% and 13.23%,

respectively, in stands of high diversity (Table 2). In

stands of medium diversity of macrophytes, in addition

to aquatic plants, Diptera pupae (O% = 67.16;

V% = 14.47) and Hemiptera (O% = 25.37;

V = 14.37) were the most consumed invertebrates. In

high diversity stands, Diptera pupae (O% = 71.64;

V% = 23.03%) was the most consumed item, followed

by Hymenoptera (O% = 29.85; V% = 15.63), aquatic

plants (O% = 52.23, V% = 13.23), and Araneae

(O% = 17.91; V% = 9.16). Some taxa were consumed

exclusively in stands of high diversity, such as

Thysanoptera, Plecoptera, Coleoptera larvae, Lepi-

doptera, and Diptera (Sarcophagidae and Culicidae).

The consumption of aquatic plants decreased with the

increasing diversity ofmacrophytes (t-value = - 3.58;

P = 0.008) while the consumption of invertebrates

increased (t-value = 4.61; P = 0.002; Fig. 4). As pre-

dicted, trophic niche breadth increased with increasing

diversity of macrophytes (z-value = 2.94; P = 0.003)

(Fig. 5).

Table 2 Frequency of

occurrence (O%) and

volumetric percentage

(V%) of food items in the

diet of Moenkhausia forestii
in stands of low, medium

and high diversity of

macrophytes

L larvae, P pupae,

N nymph, A adult

Food item Low Medium High

O% V% O% V% O% V%

Plants

Aquatic plants 94.03 51.26 74.62 38.58 52.23 13.23

Aquatic invertebrates

Acarina 5.97 0.06 7.46 0.22

Ceratopogonidae (L) 10.44 0.1 11.94 0.28 7.46 0.36

Chironomidae (L) 10.44 0.31 5.97 0.20 14.92 0.18

Cladocera 35.82 1.22 17.91 0.35 34.32 2.01

Coleoptera (L) 2.98 1.19 5.97 2.07

Copepoda 1.49 0.01 7.46 0.22

Culicidae (L) 4.47 1.71

Diptera (P) 64.17 16.77 67.16 14.47 71.64 23.03

Ephemeroptera 1.49 0.15 7.46 5.64 5.97 2.41

Hemiptera 16.41 6.22 25.37 14.37 19.40 6.17

Lepidoptera (L) 1.49 1.30

Odonata (N) 1.49 0.40 4.47 0.76 1.49 0.30

Ostracoda 4.47 0.04 1.49 0.01

Plecoptera 1.49 0.16

Sarcophagidae (L) 1.49 0.15 1.49 0.18

Simulidae (L) 1.49 0.15

Terrestrial invertebrates

Araneae 16.41 7.90 19.40 4.06 17.91 9.16

Coleoptera (A) 10.44 4.19 17.91 5.10 14.92 5.46

Collembola 20.89 0.42 11.94 0.27 13.43 0.56

Diptera (A) 8.95 2.38 2.98 1.59 5.97 1.24

Hymenoptera 8.95 2.87 10.44 4.01 29.85 15.63

Lepidoptera (A) 2.98 1.39 5.97 5.08 5.97 4.90

Odonata (A) 1.49 0.62 1.49 0.31

Orthoptera 5.97 3.62 2.98 1.43 10.44 7.16

Thysanoptera 1.49 0.19

Trichoptera (A) 1.49 1.43 1.49 2.48
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Discussion

The attributes of invertebrate communities were

shown to be influenced by the diversity of macro-

phytes, since richer and more diverse communities

were associated with more diverse stands of these

plants. Thus, our prediction was partially corroborated

considering that the abundance of invertebrates was

consistently lower in stands of lower macrophyte

diversity; however it was not statistically influenced

by macrophyte diversity. Commonly, richness, abun-

dance and the diversity of communities associated

with macrophytes are correlated with measurements

of plant biomass or density (Warfe & Barmuta, 2004;

Nakamoto et al., 2018). Since all of the stands assessed

in our study had similar biomasses, our results point to

the importance of macrophyte diversity on the struc-

ture of associated communities. The components used

to measure diversity, richness and evenness, are

important when considered together but they do not

play equal roles into diversity indexes (Strong, 2016).

For example, even in stands of greater richness, as

seen for L3 (Fig. 2), the diversity of invertebrates was

lower than in stands of similar species richness, which

can be a result of the high dominance of Eichhornia

azurea in this location. Thus, evenness can play a

significant role affecting communities, and it is

possible that even with those additional macrophyte

species, they were not sufficiently abundant to cause a

significant change in plant composition and, therefore,

to affect the invertebrate’s communities.

The presence of some frequent and abundant taxa in

all stands, such as Amphipoda, Diptera larvae (Chi-

ronomidae and Ceratopogonidae), and Ostracoda, can

be explained in part by the high availability of shared

resources for these groups, which feed on particulate

organic matter and periphyton. Their ability to provide

refuge also favors the colonization of macrophytes by

Fig. 4 Relationship between the consumption of plants and invertebrates by Moenkhausia forestii and macrophyte diversity

Fig. 5 Relationship between the trophic niche breadth of

Moenkhausia forestii and macrophyte diversity
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these groups (Mormul et al., 2006; Marçal & Callil,

2008; Tóth et al., 2012). With increasing diversity of

macrophytes, other groups of invertebrates became

present, which can be attributed to the plurality of

microhabitat that these plants offer.

For that reason, more diverse macrophyte stands

can effectively provide a higher diversity of food

resources and microhabitat over monospecific stands,

or those with one or few species, which favor the

coexistence of different taxa (Choi et al., 2014;

Celewicz-Goldyn & Kuczynska-Kippen, 2017). Our

findings demonstrated that the composition of more

diverse stands includes plants with different mor-

phologies (free-floating, emergent, and epiphytic

macrophytes), and that the invertebrate community

may be distributed according to the different habitats

provided by these plants, possibly being explained by

niche complementarity (Bell et al., 2014; Boelter

et al., 2018; Nakamoto et al., 2018). Free floating

macrophytes, such as Salvinia, provide submerged and

aerial habitat, which can sustain the presence of

terrestrial invertebrates such as Coleoptera, Orthop-

tera, Thysanoptera, Hymenoptera and Collembola

(Fontanarrosa et al., 2013; Gallardo et al., 2017).

These invertebrates were found mainly or exclusively

in stands of higher diversity, which were the same

stands that were covered by a more expressive

percentage of the free-floating Salvinia genus. How-

ever, not only the morphological form, but a combi-

nation of form and species may play a role into the

distribution of invertebrates, since a stand covered

mainly by the free-floating Limnobium laevigatum

didn’t show the same trend as for the stands covered

with Salvinia. This may be in part due to morpholog-

ical differences of these plants. Salvinia presents

characteristic trichomes that repel water and also

maintain air layers under water which can favor the

occurrence of terrestrial invertebrates, but these hairy

surfaces aren’t found in Limnobium (Barthlottet al.,

2009; Vermeij, 2016).

Different groups of invertebrates may have prefer-

ences for different species of macrophytes, and even

structurally similar plants may not necessarily provide

equivalent habitat for the invertebrates (Sipaúba-

Tavares et al., 2017; Carniatto et al., 2020). For

instance, similar morphological forms but with dif-

fering complexities (i.e. E. crassipes and E. azurea)

has shown to alter assemblages of spiders associated

with macrophytes, due to the intertwined leaves and

stems (Cunha et al., 2012). The Eichhornia genus, in

the absence of other species, can determine the

structure of the invertebrate community and limit it

to those that can efficiently use this plant as a resource.

In this study, stands with dominance of Eichhornia

presented lower richness and diversity of inverte-

brates, probably due to the lower oxygen concentra-

tion as well as a limited variety or inaccessibility of

resources (Toft et al., 2003; Schultz & Dibble, 2012).

Our predicitions regarding the M. forestii diet were

met given that changes in the diet were found to be

associated with the diversity of macrophyte stands. In

low diversity stands, M. forestii consumed aquatic

plants and invertebrates in similar proportions. With

increasing macrophyte diversity, consumption of

aquatic plants decreased, while invertebrates con-

sumption increased. Indeed, invertebrate consumption

represented 87% of the diet in stands of high diversity.

The presence of new invertebrates was reflected on M.

forestii diet; ranging from an omnivorous diet (here

defined as individuals feeding at contrasting trophic

levels, such as primary producers and consumers of

any kind in similar proportions) (Novakowski et al.,

2008) in stands of low macrophyte diversity, to a

predominantly invertivorous diet in stands of high

macrophytes diversity. The difference in the compo-

sition of M. forestii diet may be associated with the

fact that animals that are able to feed on multiple

trophic levels, consuming both plant and animal

resources, generally tend to prefer the consumption

of animal prey over plants due to the higher concen-

tration of nutrients (Dorenbosch & Bakker, 2011;

Guinan et al., 2015; Zhang et al., 2018). In this

scenario, the increase of richness, diversity and even

abundance of invertebrates can explain changes in the

diet (despite the latter not differing but having mean

higher values in stands of medium and high diversity).

For M. forestii, animal resources appear to be more

important in these stands (of high diversity), while in

less rich and diverse environments plant material

seems to be more important.

In general, consumption of common invertebrates

occurred among stands with different macrophyte

diversity, such as Diptera pupae which had a consid-

erable presence in all sampled stands. Diptera pupae

were not highly abundant in the environment, though

this could in part be due to sampling bias, which

mainly captured organisms associated with the sub-

merged portion of macrophytes (submerged stems and
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roots), and didn’t sample Diptera pupae that generally

are found in contact with the surface of the water prior

to emerging as adults (Adler & Courtney, 2019). In

contrast, Diptera larvae (a previous life stage of

Diptera), particularly the Chironomidae family, which

are common in the submerged portion of macrophytes

(Higuti et al., 2007) were abundant in our samples.

Considering that larvae migrate to the surface before

emerging as adults (Adler & Courtney, 2019), the high

abundance of larvae can indicate a high abundance of

other stages (pupae) and explain the high consumption

of Diptera pupae. This result is similar to Quirino et al.

(2017), who found a high abundance of Diptera larvae

in M. forestii diet. In addition, this item may provide a

greater nutritional benefit above other abundant taxa

that are difficult to access or digest (Fall & Fiksen,

2019).

Other notable items in the diet were Araneae,

Hemiptera, Coleoptera, Hymenoptera, and Orthop-

tera, depending on the diversity of the stands. Aquatic

arthropods, such as Hemiptera, may represent a higher

quality food source over terrestrial organisms, due to

their lower amounts of chitin that requires less energy

for digestion (Cauchie, 2002), while terrestrial arthro-

pods (Hymenoptera and Orthoptera) have higher

energy density (Francis & Schindler, 2009; Sullivan

et al., 2014). The increase in terrestrial items in high

diversity stand diets can be attributed to the presence

of such groups, which facilitates the encounter

between predator and prey. Diverse stands can harbour

by chance plant species with more attractive charac-

teristics, such as emergent parts (e.g. flowers, leaves),

that have the potential to attract adult insects for

oviposition, offer resources for larvae after eclosion,

and provide food for host specific herbivores (Cronin

et al., 1998; Lancaster & Downes, 2013).

According to our prediction, the trophic niche

breadth of M. forestii increased with macrophyte

diversity. Expansion of the niche breadth was pro-

moted by the diversity of invertebrates in high

diversity stands, that can be attributed to the diversity

of ecologically accessible resources that may be

exploited, that is, ecological opportunity (Araújo

et al., 2011; Stroud & Losos, 2016). Our findings are

in agreement with the study of Sánchez-Hernández

et al (2020) that showed that for freshwater fish, prey

diversity is the major factor shaping trophic niche

rather than the constraining effects of resource abun-

dance. The presence of exclusive items in the diet in

stands of higher diversity may expand the populations

foraging possibilities, allowing their niches to diverge.

We acknowledge that our results were from only

nine stands of macrophytes in a floodplain. Despite

this limitation, the conspicuous gradient in plant,

invertebrate diversity and in the diet changes follow-

ing these gradients, make us confident about the

importance of the macrophytes taxonomic diversity

for the associate organisms. Future studies should

replicate the gradient, in order to include more spatial

replicates to establish the generality of the observed

patterns and also consider these patterns over the

seasonality of this environment.

In summary, it was demonstrated that the diversity

of macrophytes changes the invertebrate community

and these changes have consequences for the M.

forestii diet. The increasing macrophyte diversity has

led to an increase in invertebrate consumption by M.

forestii, changing it from an omnivorous diet in low

diversity stands to a predominantly invertivorous diet

in stands of high macrophyte diversity. Thus, the

importance of the diversity of these plants is empha-

sized, as they structure the environment and can

change the dynamics of the associated communities.

In a scenario involving changes in the attributes of

these plants, in which stands become dominated by

one or a few species of macrophytes, it is expected that

these results will be reflected on other trophic levels

and even on a local scale.
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Jiménez-Ramos, R., F. G. Brun, L. G. Egea & J. J. Vergara,

2018. Food choice effects on herbivory: Intra-specific

seagrass palatability and inter-specific macrophyte

palatability in seagrass communities. Estuarine, Coastal

and Shelf Science 204: 31–39.

Kliemann, B. C. K., M. C. Baldasso, S. F. R. Pini, M.

C. Makrakis, S. Makrakis & R. L. Delariva, 2019.

Assessing the diet and trophic niche breadth of an omniv-

orous fish (Glanidium ribeiroi) in subtropical lotic envi-

ronments: Intraspecific and ontogenic responses to spatial

variations. Marine and Freshwater Research 70:

1116–1128.

Krebs, C.J, 2014. Niche measures and resource preferences. In:

Krebs CJ (ed), Ecological Methodology. Harper & Row,

New York: 597-653.

Lancaster, J. & B.J. Downes, 2013. Oviposition and eggs. In:

Lancaster, J. & B.J. Downes (eds), Aquatic Entomology.

Oxford University Press, Oxford, 173-190.

Layman, C. A., J. P. Quattrochi, C. M. Peyer & J. E. Allgeier,

2007. Niche width collapse in a resilient top predator fol-

lowing ecosystem fragmentation. Ecology Letters 10:

937–944.

Lopes, C. D. A., A. C. E. A. Faria, G. I. Manetta & E. Benedito-

Cecilio, 2006. Caloric density of aquatic macrophytes in

different environments of the Baı́a river subsystem, Upper
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Ota, R. R., G. de C. Deprá, W. J. da Graça & C. S. Pavanelli,

2018. Peixes da planı́cie de inundação do alto rio Paraná e
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