
Citation: Quirino, B.A.; Thomaz,

S.M.; Jeppesen, E.; Søndergaard, M.;

Dainez-Filho, M.S.; Fugi, R. Aquatic

Macrophytes Shape the Foraging

Efficiency, Trophic Niche Breadth,

and Overlap among Small Fish in a

Neotropical River. Water 2022, 14,

3543. https://doi.org/10.3390/

w14213543

Academic Editor: José Luis

Sánchez-Lizaso

Received: 6 October 2022

Accepted: 2 November 2022

Published: 4 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Aquatic Macrophytes Shape the Foraging Efficiency, Trophic
Niche Breadth, and Overlap among Small Fish in a
Neotropical River
Bárbara Angélio Quirino 1,* , Sidinei Magela Thomaz 1, Erik Jeppesen 2,3,4,5 , Martin Søndergaard 2,3 ,
Mário Sérgio Dainez-Filho 1 and Rosemara Fugi 1

1 Graduate Program in Ecology of Inland Water Ecosystems, Department of Biology, Universidade Estadual de
Maringá, Maringá 87020-900, Brazil

2 Department of Ecoscience, Aarhus University, 6000 Aarhus, Denmark
3 Sino-Danish Centre for Education and Research, Beijing 100039, China
4 Limnology Laboratory, Department of Biological Sciences and Centre for Ecosystem Research and Implementation,

Middle East Technical University, Ankara 06800, Turkey
5 Institute of Marine Sciences, Middle East Technical University, Erdemli-Mersin 33731, Turkey
* Correspondence: barbara_aq@hotmail.com

Abstract: Aquatic macrophytes are generally recognized to influence fish–prey interactions. We
assessed how fish consume particular foods, and how their foraging efficiency, trophic niche breadth,
and niche overlap respond to gradients of macrophyte density and diversity. We sampled fish and
macrophytes in 30 stands distributed over a 13.7 km stretch of the littoral zone of a river in Brazil. By
generating generalized linear models, we showed that increasing macrophyte density (from 366 to
7066 g DW m−3) favored herbivory and fish foraging efficiency. Beta regressions showed that fish
reduced their trophic niche breadth along the gradient of macrophyte density, while niche overlap
increased until a certain extent of plant density when species started to segregate the niche more
strongly. However, niche breadth responses varied according to the trophic guild considered, with
omnivorous and herbivorous fish generally showing opposite responses. Macrophyte diversity was
important for the preferred food items of the fish, with stomach contents shifting from higher plants,
algae, and detritus to insects with increasing macrophyte diversity. Therefore, in addition to the
presumable effects of macrophyte density on resource availability and prey encounter rates, our
findings highlight the importance of maintaining diverse macrophyte stands for the conservation of
fish diversity.

Keywords: fish diet; trophic ecology; feeding habit; habitat complexity

1. Introduction

Macrophytes are recognized as one of the major components providing structural
complexity in aquatic environments [1]. Their submerged structures, along with the occur-
rence of different life forms, lead to great diversity and stability in biotic communities [2].
These plants affect various processes, influencing the lake ecological state and water fea-
tures [1,3,4], as well as supplying multiple ecosystem services, such as erosion regulation,
water purification, and habitat provisioning [5]. Several organisms inhabit vegetated habi-
tats, including invertebrates, fish, and other primary producers (such as algae) [2]. Due to
the protection from predators and the food associated with macrophytes, littoral regions
represent important spawning and feeding grounds for fish [6,7], and the plants stabilize
the dynamic interactions between fish and their prey [1,8,9].

For fish, in particular, the trophic niche is a dominant dimension affecting how species
interact [10–12]. Two important feeding features determining the chance of fish coexistence
are trophic niche breadth (the level of diet specialization) and trophic niche overlap (the

Water 2022, 14, 3543. https://doi.org/10.3390/w14213543 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14213543
https://doi.org/10.3390/w14213543
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-7734-3795
https://orcid.org/0000-0002-0542-369X
https://orcid.org/0000-0002-1514-0482
https://doi.org/10.3390/w14213543
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14213543?type=check_update&version=1


Water 2022, 14, 3543 2 of 16

degree of diet similarity between species). Both vary with competition strength and food
availability, and they may increase when there is a substantial food supply [13,14], as
in more complex macrophyte stands [15]. In habitats with high food availability and
consequently less intense competition for resources, the maximum tolerable overlap may
be greater [16,17], while, when resources are scarce, a contraction of the trophic niche
and consequently a reduction in overlap are predicted according to the classical theory
of competition for resources [16,18]. However, there is no consensus regarding these
responses, particularly concerning the effects of aquatic macrophytes on trophic niche
aspects [19].

Macrophytes are colonized by organisms that potentially are food sources for fish,
such as periphytic algae [20,21] and invertebrates [15,22,23]. Studies have shown that the
richness, diversity, and abundance of macroinvertebrates increase in structurally more
complex macrophyte beds, e.g., with finely divided leaves [24–26], with various growth
forms [27], and with greater biomass and density [15,22]. Fish, in turn, are also able to
select aquatic macrophytes based on plant characteristics, such as stem density [28]. How-
ever, unlike their food resources, fish community attributes (e.g., richness and diversity)
increase with plant density to an optimal density level above which they decline [29,30].
Several factors may explain this decline, such as (1) chemical restrictions due to oxygen
depletion [31,32]; (2) physical restrictions found at high plant densities, which generate
adverse conditions for fish to move in and visualize prey [33], limiting them depending
on their size and body shape [29]; and (3) reduced foraging efficiency, which is affected by
plant architecture [34], macrophyte density, and coverage [35–37].

Fish that can easily swim through macrophyte structures may show a better foraging
efficiency [38]. Generally, their food consumption may increase with macrophyte coverage
due to a larger amount of food [39,40] and their trophic niche breadth becomes broader in
more abundant vegetation [9,19,41]. However, in dense vegetation, prey encounter and
attack rates may decline, such that fish capture smaller amounts of food, thereby reducing
their feeding efficiency [37,42]. Thus, intermediate levels of macrophyte density have been
recognized as optimal for small fish [43]. Regardless of the trophic niche breadth, more
pronounced diet segregation, and hence reduced interspecific resource competition, has
already been found in conditions of abundant macrophyte vegetation [19,44]. The effects
of macrophyte diversity levels on fish diets, however, is rarely studied [45].

In addition, the availability of food items varies according to plant density and compo-
sition in macrophyte stands, which can influence fish diets. For example, the predominant
use of algae by some fish species in low-complexity habitats (e.g., open areas) may be re-
lated to the higher abundance of phytoplankton in these areas, while in habitats with high
levels of complexity provided by macrophytes, zooplankton can be the most consumed
resource [46]. At the same time, complex macrophyte stands provide refuges for certain
prey, resulting in lower foraging efficiency and higher interindividual variability in fish
diets [1,41,46]. Omnivorous fish, in turn, can have their individual specializations reduced
in stands with low macrophyte biomass due to the high competition in these sites [47].
Moreover, omnivorous fish can increase the consumption of plant material and expand
their trophic niche breadths with increased macrophyte biomass [9]. Therefore, variation
in macrophyte density and diversity can affect fish species belonging to distinct trophic
guilds differently.

In this study, we hypothesized that variations in the density and diversity of aquatic
macrophytes affect the consumption of different food items, influencing each fish trophic
guild differently. Specifically, we predicted that (1) plant consumption by fish increases with
macrophyte density and decreases with macrophyte diversity, while the consumption of
invertebrates has an inverse relationship, and that (2) the foraging efficiency, trophic niche
breadth, and overlap among fish species are greatest at intermediate levels of macrophyte
density (resulting in a hump-shaped relationship) and at high levels of macrophyte diversity
(resulting in a linear relationship). The first prediction was based on the greater availability
of plants expected in denser macrophyte stands, while higher invertebrate density is
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expected in more diverse macrophyte stands [48]. The second prediction was expected
because, although very densely structured macrophytes provide more food resources, they
also can lead to low foraging rates due to the physical barriers they create [15,42], while
a greater diversity of macrophytes can support a greater diversity of invertebrates [45],
leading to increases in niche breadth and diet overlap among species [49]. Finally, despite
these general trend expectations, based on the first prediction, we also expected that
(3) the foraging efficiency and niche breadth of herbivorous fish may respond oppositely
to invertivores/insectivores/omnivores. As the trophic niche is also mediated by species
interactions, we also considered fish community attributes (density, richness, and diversity)
as influencing their feeding aspects.

2. Materials and Methods
2.1. Study Area

The study was conducted in the Upper Paraná River floodplain. The samplings
were carried out in the Baía River (22◦43′23” S, 53◦17′25” W—Figure 1), an ~70 km long
tributary that runs parallel to the Paraná River. This river has an average depth of 3.2 m
and a low flow speed, ranging from 0.11 to 0.55 m s−1 [50], with the establishment of
large stands of aquatic macrophytes [51] and a high richness of fish species [52]. During
low-water periods, such as the one in which we conducted the sampling, the floodplain
habitats remain less connected and are most dissimilar in terms of abiotic characteristics
and communities [53], which factors tend to maximize fish interactions living in association
with aquatic macrophytes [54]. Thus, great variability among habitats with gradients of
abiotic and biotic characteristics were found during this period–propitious conditions in
which to test our hypotheses.
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sampled in the Baía River (river–floodplain system of the Upper Paraná River, Brazil). EPSG: 4618.

2.2. Sampling

Fish and plants were sampled during the dry season (August 2018) in 30 macrophyte
stands separated by at least 350 m and distributed over a 13.7 km—long stretch of the
littoral region of the Baía River (Figure 1) [30]. We sampled macrophyte stands with
different levels of plant density and diversity, and these were assessed visually through
field observations and later confirmed with results for plant dry weights. Some stretches
did not have macrophyte stands or stands with suitable depths for the installment of fish
traps, which explains the great distances between some of the sampling points (Figure 1).
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Fish were collected using plexiglass traps (0.3 m × 0.3 m × 0.3 m; [29,55]). In each
macrophyte stand, we placed three traps inside the stands ~4 m from the border to mini-
mize the possibility of capturing pelagic species. We placed the traps at 7 a.m., and they
were checked for fish and emptied every 8 h for a total of 24 h. The captured fish were
anesthetized with clove oil, according to ethical practices (Animal Use Ethics Committee of
the State University of Maringá (CEUA/UEM)—protocol number 5980040618) and fixed
in 4% formaldehyde. Subsequently, we identified them at the species level ([56]—Table
S1). Fish density in each macrophyte stand was expressed as the number of individuals/3
traps/24 h. Fish diversity was calculated using the Shannon–Wiener Diversity Index:

(H′) = −∑
n

i=1Pi ln Pi (1)

where Pi is the proportion of fish species i and n is the number of fish species found in
each macrophyte stand. Fish richness (S) was considered as the total number of species per
macrophyte stand.

After the last inspection of the traps, we sampled the macrophytes using one 0.5 m× 0.5 m
square per macrophyte stand, and all plant material to a depth of 0.5 m was removed, the
volume of which was 0.125 m−3. The macrophytes were separated, identified at species
level [57,58], washed, and dried out in an oven at 60 ◦C until a constant dry weight (DW)
was reached to obtain the biomass for each species. Since we estimated the water volume,
we pooled the biomass of all species and expressed it in grams of dry weight m−3 (g
DW m−3) to estimate the macrophyte density in each stand. To calculate the macrophyte
diversity in each stand, we used the Shannon–Wiener index (H′), considering the biomass
of each species to evaluate the relative abundance values.

In the laboratory, we weighed, measured, and gutted the fish. After fish evisceration,
the stomachs were visually assessed for degree of stomach fullness and assigned to one of
the following categories: 0 = empty stomach; 1 = 1–25% of stomach volume occupied by
food; 2 = 25–75%; and 3 = 75–100%. We analyzed the stomach contents under stereoscopic
and optical microscopes and identified the food items to the lowest possible taxonomic
level [59,60].

2.3. Trophic Variables

After identification, the 61 food items were quantified using a volumetric method [61]
and a gridded dish in which the volumes of the items were obtained in mm3. These
data were used for the later calculation of niche breadth and overlap. Subsequently, food
items were grouped into five categories: higher plants (macrophyte leaves and seeds),
algae (Zygnematophyceae, Oedogoniophyceae, Bacillariophyceae, Cyanophyceae, and
Rhodophyceae), insects (terrestrial and aquatic, totaling 29 taxa), other invertebrates (in-
cluding 20 taxa), and detritus–sediment. These categories were used to verify whether the
consumption of these resources was associated with the macrophyte and fish community
attributes (predictor variables).

The foraging efficiency of each species in each macrophyte stand was assessed by the
degree of stomach fullness (DF), expressed by the following equation:
DF = (N0 × 0) + (N1 × 1) + (N2 × 2) + (N3 × 3)/N, where N0, N1, N2, and N3 cor-
respond to the number of individuals with stomach fullness of 0, 1, 2, and 3, respectively,
and N is the total number of captured individuals of a given species in a given macrophyte
stand [62]. To calculate foraging efficiency, we used all the individuals captured, a total
of 4648 individuals belonging to 25 fish species. The consumption of each food category
(higher plants, algae, insects, other invertebrates, and detritus–sediment) was evaluated by
calculating the volume percentage of each food category for each individual per macro-
phyte stand to prevent interference from the size or degree of stomach fullness. For this
purpose, we used only the stomachs with food contents, excluding empty ones, which
totaled 1813 stomachs of 18 fish species.
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Trophic niche breadth was evaluated through the mean distance from the centroid
(DC) for each species in each macrophyte stand in a multidimensional space. For the
calculation of DC, a PCoA was performed from a data matrix of the volumes of food items
(columns) by individuals (rows) using Bray–Curtis distances. Then, the mean distances of
individuals in relation to the centroids of their populations were calculated for each species
in each macrophyte stand. Greater DCs indicate that the diets of the individuals are more
dissimilar and have a broader niche [10]. Trophic niche overlap was calculated for each
pair of species in each macrophyte stand using Pianka’s Index (O):

Ojk = Okj =
n

∑
i

Pij− Pik/

√
n

∑
i

Pij2
n

∑
i

Pik2 (2)

where Pij and Pik are the proportions (volumes) of the ith food item used by the jth and
kth species. This index varies from 0 (no resource overlap) to 1 (complete overlap in
resource use) [16]. For these analyses, we considered only those species with at least
two individuals with stomach contents per macrophyte stand and up to a maximum of
30 stomachs, resulting in a total of 1506 stomachs for the 12 fish species analyzed (Table S3).

Since the niche is a population metric and in order to reduce the influence of species
composition in macrophyte stands, all the response variables were initially assessed by
population (DF, food categories, and DC) or by population pairs (O) in each macrophyte
stand. Subsequently, they were summarized as means (mean of each food category, mDF,
mDC, and mO). Thus, we obtained a single value for each response variable per macro-
phyte stand, which allowed us to assess the general fish responses along the gradients of
macrophyte density and diversity. In addition, we also calculated mean values of mDF and
mDC to each trophic guild for each macrophyte stand to evaluate the patterns separately.

2.4. Data Analysis

To test the relationships between macrophyte attributes (density and diversity) and
the trophic variables (mDF, mDC, mO, and the consumption of different food items), we
used polynomial models from first to third orders for macrophyte density. The third–order
term was used to assist the lowering of the model’s curve after the peak. Models with
different polynomials were evaluated by likelihood ratio tests using the “lrtest” function of
the lmtest package [63]. When no significant differences were found, we chose the model
with the least number of polynomials. Generalized linear models (GLMs) were generated
to model foraging efficiency (mDF) and the consumption of different food items against
macrophyte density and diversity, as well as fish density, diversity, and richness, using a
Gaussian distribution with the “glm” function of the vegan package. Beta regressions [64]
were used to model trophic niche breadth (mDC) and overlap (mO), since these variables
are continuous and constrained between 0 and 1, and they were performed using the
“betareg” function of the betareg package [65].

The models analyzing mDF and mDC responses were produced considering a general
mean for all populations and considering each trophic guild separately. To encompass the
interspecific competition in all the models, which has a strong influence on the trophic
niche [66], we also used fish density, diversity, and richness as predictor variables besides
macrophyte density and diversity. For GLM modeling, we checked and met the linearity,
normality of residuals, and homogeneity of variances. Possible spatial autocorrelations
of response variables among macrophyte stands were assessed using Moran’s I correlo-
grams [67]. According to this analysis, none of the response variables presented biases
related to spatial autocorrelation structures; thus, spatial effects were not considered in the
models. All the analyses were performed in the R environment version 4.1.2 [68], and a
significance level of p ≤ 0.05 was considered.
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3. Results

We recorded a total of 17 macrophyte and 25 fish species (the total lengths of fish
ranging from 29 mm to 42.4 mm) (Tables S1 and S2). Considering the 30 macrophyte stands,
plant density ranged from 366 to 7066 g DW m−3, while plant diversity (H′) ranged from 0
to 2.22 (Table S4). Fish density ranged from 15 to 563 individuals per macrophyte stand
and fish richness ranged from 6 to 15 species, while fish diversity (H′) ranged from 0.96 to
1.91 (Table S4).

According to the food categories, fish species were classified into four trophic guilds:
herbivores (>60% of diet volume composed of higher plants and algae, totaling three
species), insectivores (>60% of aquatic or terrestrial insects, totaling seven species), inverti-
vores (>60% of other invertebrates than insects, totaling two species), and omnivores (no
food category over 60% of diet volume, totaling four species) (Table S5).

3.1. Foraging Efficiency

The relationship between foraging efficiency and macrophyte density was best de-
scribed by a first-order polynomial relationship (Table S6), which explained 33% (Nagelk-
erke R2) of the variance. The generalized linear model showed that the amount of food
consumed increased significantly with increasing macrophyte density, while the other
predictor variables did not affect foraging efficiency (Table 1; Figure 2a). When considering
mDF for trophic guilds separately, only the model for herbivores (Nagelkerke R2 = 0.34)
showed a significant (and positive) relationship with macrophyte density, with a range of
mDF from 1 to 3 (Figure 2b; Table 1). Omnivores also showed a positive but not significant
trend (Nagelkerke R2 = 0.25).

Table 1. Results of the generalized linear model for fish foraging efficiency assessed by degree
of stomach fullness (mDF) considering a general mean and a mean calculated for each trophic
guild separately. Herb = herbivores; Omni = omnivores; Insect = insectivores; Invert = invertivores.
* = statistically significant values.

R2

General Mean
Trophic Guilds

Herb Omni Insect Invert
0.32 0.35 0.26 0.16 0.25

Estimate SE t p t p t p t p t p

(Intercept) 0.66 0.38 1.75 0.09 −0.12 0.90 4.57 <0.01 * 3.31 <0.01 * 2.43 <0.01 *
Macrophyte density 0.00 0.00 3.24 <0.01 * 2.17 0.04 * 1.42 0.17 −0.90 0.37 0.53 0.60

Macrophyte diversity −0.12 0.14 −0.86 0.40 −0.22 0.82 −0.73 0.47 0.20 0.84 −0.09 0.92
Fish density 0.00 0.00 −0.99 0.33 −0.84 0.41 0.15 0.88 1.61 0.12 1.96 0.07

Fish diversity −0.04 0.30 −0.13 0.89 0.68 0.51 −1.03 0.31 1.05 0.30 1.86 0.06
Fish richness 0.05 0.05 0.98 0.34 0.78 0.44 1.31 0.20 −1.00 0.32 −1.54 0.14

Water 2022, 14, x FOR PEER REVIEW 7 of 17 
 

 

   

Figure 2. Fish foraging efficiency assessed by degree of stomach fullness, considering a general 
mean (a—gray dots) and a mean calculated for each trophic guild separately (b—colorful dots) re-
lated to the only variable with a significant effect in the generalized linear model performed for the 
general mean and for some of the trophic guilds. Dashed lines represent non-significant models. 
Note that log scale was used for macrophyte density. 

3.2. Food Categories 
Regarding food items ingested by fish, we found that plant density only influenced 

the consumption of higher plants, which increased with increasing macrophyte density 
(Table 2; Figure 3). There was a replacement of food items along the macrophyte diversity 
gradient, with the consumption of higher plants, algae, and detritus being negatively and 
insect consumption being positively related to macrophyte diversity (Table 2; Figure 3). 
Detritus consumption was also negatively associated with fish diversity. The consump-
tion of higher plants and detritus was positively related to fish richness, while the con-
sumption of other invertebrates was negatively related to fish richness. 

Table 2. Results of generalized linear models for the consumption of five food categories. * = statis-
tically significant values. 

 Food Items 

 Higher Plants Algae Insects 
Other 

Invertebrates Detritus 

R2 0.43 0.47 0.29 0.21 0.42 
 t p t p t p t p t p 

(Intercept) 11.2 <0.01 * 8.37 <0.01 * 18.2 <0.01 * 10.2 <0.01 * 3.45 <0.01 * 
Macrophyte density 2.38 0.03 * −1.51 0.14 −0.64 0.53 −0.57 0.57 1.03 0.31 

Macrophyte diversity −3.77 <0.01 * −3.20 <0.01 * 3.22 <0.01 * 0.62 0.54 −2.64 0.01 * 
Fish density −1.91 0.07 0.73 0.47 −0.26 0.80 1.71 0.10 −0.08 0.94 

Fish diversity 0.07 0.95 −0.15 0.88 −0.83 0.42 1.60 0.12 −2.63 0.01 * 
Fish richness 2.49 0.02 * 1.40 0.17 −0.54 0.59 −2.41 0.02 * 2.01 0.06 

 

Figure 2. Fish foraging efficiency assessed by degree of stomach fullness, considering a general mean
(a—gray dots) and a mean calculated for each trophic guild separately (b—colorful dots) related to
the only variable with a significant effect in the generalized linear model performed for the general
mean and for some of the trophic guilds. Dashed lines represent non-significant models. Note that
log scale was used for macrophyte density.



Water 2022, 14, 3543 7 of 16

3.2. Food Categories

Regarding food items ingested by fish, we found that plant density only influenced
the consumption of higher plants, which increased with increasing macrophyte density
(Table 2; Figure 3). There was a replacement of food items along the macrophyte diversity
gradient, with the consumption of higher plants, algae, and detritus being negatively and
insect consumption being positively related to macrophyte diversity (Table 2; Figure 3).
Detritus consumption was also negatively associated with fish diversity. The consumption
of higher plants and detritus was positively related to fish richness, while the consumption
of other invertebrates was negatively related to fish richness.

Table 2. Results of generalized linear models for the consumption of five food categories.
* = statistically significant values.

R2

Food Items

Higher Plants Algae Insects Other
Invertebrates Detritus

0.43 0.47 0.29 0.21 0.42

t p t p t p t p t p

(Intercept) 11.2 <0.01 * 8.37 <0.01 * 18.2 <0.01 * 10.2 <0.01 * 3.45 <0.01 *
Macrophyte
density 2.38 0.03 * −1.51 0.14 −0.64 0.53 −0.57 0.57 1.03 0.31

Macrophyte
diversity −3.77 <0.01 * −3.20 <0.01 * 3.22 <0.01 * 0.62 0.54 −2.64 0.01 *

Fish
density −1.91 0.07 0.73 0.47 −0.26 0.80 1.71 0.10 −0.08 0.94

Fish
diversity 0.07 0.95 −0.15 0.88 −0.83 0.42 1.60 0.12 −2.63 0.01 *

Fish
richness 2.49 0.02 * 1.40 0.17 −0.54 0.59 −2.41 0.02 * 2.01 0.06
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Figure 3. Parameter estimates of generalized linear models for the consumption of five food categories
(higher plants, algae, insects, other invertebrates, and detritus) in relation to macrophyte and fish
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3.3. Trophic Niche Breadth

The beta regression model revealed a moderate explained variance (pseudo-R2 = 0.24)
with a first-order polynomial relationship (Table S7), and the trophic niche breadth was
negatively associated with macrophyte density but positively associated with fish diversity
(Table 3; Figure 4a,c). When considering the mean trophic niche breadth for the guilds
separately, omnivores (pseudo-R2 = 0.20) and herbivores (pseudo-R2 = 0.80) were the only
guilds that showed significant relationships in the models, and they generally showed
opposite trends. The only significant variables for herbivores were macrophyte diversity
(positive relationship) and fish diversity (negative relationship) (Figure 4d,f). For omni-
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vores, macrophyte density showed a negative relationship, in addition to fish diversity,
whichwas positively related to trophic niche breadth (Figure 4b,f; Table 3).

Table 3. Results of beta regression analysis for the trophic niche breadth assessed by the mean
distance from the centroid (mDC) considering a general mean and a mean calculated for each trophic
guild separately. Herb = herbivores; Omni= omnivores; Insect = insectivores; Invert = invertivores.
* = statistically significant values.

General Mean
Trophic Guilds

Herb Omni Insect Invert

Estimate SE z p z p z p z p z p

(Intercept) −0.63 0.28 −2.28 0.02 0.81 0.42 −0.49 0.62 −2.28 0.02 * −0.69 0.49
Macrophyte density <−0.00 0.00 −1.95 0.05 * −0.07 0.94 −2.90 <0.01 * −0.59 0.55 −0.89 0.37

Macrophyte diversity 0.05 0.10 0.54 0.56 2.40 0.01 * 0.70 0.48 0.86 0.39 −0.90 0.37
Fish density <0.00 <0.00 0.68 0.50 −1.20 0.23 2.27 0.08 −0.38 0.70 −1.35 0.18

Fish diversity 0.51 0.22 2.30 0.02 * −2.44 0.01 * 1.74 <0.02 * 0.82 0.41 −0.42 0.67
Fish richness −0.04 0.04 −1.17 0.24 −0.68 0.49 −1.92 0.06 0.45 0.65 1.15 0.25
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3.4. Trophic Niche Overlap

The beta regression showed that trophic niche overlap was significantly related to
macrophyte density (with a second-order polynomial relationship; Table S8), fish density,
and fish diversity, and the model explained 32% of the variation (pseudo-R2 = 0.32; Table 4;
Figure 5). The trophic niche overlap increased slightly with macrophyte density, while it
decreased with fish density and diversity.

Table 4. Results of beta regression analysis for trophic niche breadth, assessed by Pianka’s Index
(mO), considering a general mean. * = statistically significant values.

Estimate SE z p

(Intercept) 1.38 0.80 1.72 0.09
Macrophyte density 0.98 0.74 1.32 0.19
Macrophyte density2 −1.71 0.75 −2.29 0.02 *
Macrophyte diversity 0.02 0.31 0.07 0.94

Fish density <−0.00 <0.00 −2.65 0.05 *
Fish diversity −1.85 0.70 −1.95 <0.01 *
Fish richness 0.14 0.11 1.25 0.11
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4. Discussion

Macrophyte density, widely known to provide habitat complexity and influence
predator–prey interactions [1,2], was found to be related to fish foraging efficiency, trophic
niche breadth and overlap, as well as plant consumption by fish in general. More impor-
tantly, our data show the relevance of macrophyte diversity to explaining the consumption
of different food items by fish, with the consumption of higher plants, algae and detritus
being replaced by the consumption of insects along the macrophyte diversity gradient.
Although diversity of structures is recognized as a component of habitat complexity [69],
the effects of macrophyte diversity on trophic responses have rarely been investigated [45].
Fish density, diversity, and richness, used here as a proxy for competition, were also related
to the consumption of certain food resources by fish as well as to their trophic niche breadth
and overlap.

4.1. Fish Foraging Efficiency Related to Macrophyte Density

Numerous studies have demonstrated that fish foraging efficiency declines as macro-
phyte density increases because dense vegetation may restrict access to prey by decreasing
visibility and the swimming speed of fish [35–37,42]. However, we found an opposite
response, as also observed in another field study [39] and an experiment [40] where higher
prey consumption by fish occurred in habitats with high macrophyte coverage than in
low-vegetation habitats. This may reflect the possibility that a high density of available
prey overwhelms the negative effects of structurally dense vegetation [39]. Alternatively,
the highest macrophyte densities found in our study may be lower than the amounts of
biomass that have been found in other ecosystems where fish are eliminated from macro-
phyte stands [70]. However, some studies have shown no effect of vegetation density on
feeding activity for some fish species [8,71]. The general positive relationship with fish
foraging in our study was especially due to the responses of herbivorous fish. As herbiv-
orous fish can directly graze on submerged plants [72], increase in macrophyte density,
even if excessive, favors their foraging because it increases the availability of resources
and does not demand efficient maneuverability and performance—attributes required to
exploit resources in structurally complex habitats [73].

The foraging efficiency of omnivorous fish also showed a positive, though not signif-
icant, trend related to macrophyte density, which is consistent with their ability to feed
on plants. Although macrophytes provide protection to prey by reducing the visual con-
tact between them and their predators [74,75], fish can switch to alternative food sources
according to prey availability [10]. In general, macrophytes and associated algae may
be a vital food resource for omnivorous fish [76,77] and constitute most of their diet in
high-macrophyte-biomass stands because of the extreme availability of these resources [9].
In fact, we found that plant consumption by fish, regardless of trophic guilds, increased
significantly along the macrophyte density gradient, suggesting the prevalence of herbivory
in the denser macrophyte stands. When there is an energy limitation, omnivores are able
to enhance feeding on low trophic position food items (e.g., plants) [78,79]. In addition,
according to the optimal foraging theory [18], predators consider the balance between the
energetic gains and metabolic costs of a prey. Thus, plant resources may become a more
profitable food for fish in denser macrophyte stands due to their high availability and lack
of mobility. However, we might have failed to detect a negative relationship between fish
foraging and macrophyte density because extremely dense stands were not present, likely
because floodplain environments are naturally subject to regulation by droughts and floods,
which prevents the excessive proliferation of macrophytes [80].

4.2. Trophic Niche Breadth of Fish Related to Macrophyte Density

Despite higher foraging efficiency, the trophic niche breadth of fish responded nega-
tively to the increase in plant density. The negative response of trophic niche breadth to the
increase in macrophyte density was especially clear for omnivorous fish, while the other
guilds did not show significant patterns. Vejříková et al. (2017) and Eloranta et al. (2017)
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also verified lower individual variation and narrow trophic niches of generalist fish in lakes
with higher macrophyte abundance than in macrophyte-poor lakes. This may be associated
with the fact that complex habitats can present physical barriers to foraging, offering refuges
that prevent predator–prey encounters [2,38]. The lower availability of food resources—in
this case, due to lower accessibility—generally leads fish to consume a smaller variety of
food items [81] that are easier to prey on under these conditions (e.g., plants), which does
not necessarily imply a smaller amount of food ingested. Then, trophic niche breadth may
be higher in habitats with low macrophyte density, not because of food availability (which
is reduced), but presumably because they do not protect prey against predation as highly
structurally complex macrophyte stands do [48,74,75].

4.3. Trophic Niche Breadth of Fish Related to Macrophyte Diversity

Macrophyte diversity, in turn, was found to be positively related to the trophic niche
breadth of herbivorous fish. In addition, there was a significant decline in higher plant,
algae, and detritus consumption by fish and an increase in the consumption of insects with
increasing plant diversity, which suggests that in stands with high macrophyte diversity
fish can replace basal resources by new ones. Yofukuji et al. (2021) observed that an om-
nivorous fish increased its consumption of invertebrates and decreased its consumption of
aquatic plants as macrophyte diversity increased. High diversity of plants means different
architectures, growth forms, and physiologies and, therefore, different types of microhab-
itats. This enhances food sources and shelter, which supports dense and diverse biotic
communities [45,82]. The diverse structural habitats provided by different architectures
can potentially contribute to differences in fish diets [34,45]. A more diverse macrophyte
community, with submerged and floating macrophytes, may facilitate coexistence between
plant-associated macroinvertebrates and fish [83]. Choi et al. (2016) verified that mixed veg-
etation zones (containing five macrophyte species) presented higher zooplankton densities
than zones with fewer macrophyte species.

4.4. Relationship between Fish Community Attributes and Fish Trophic Aspects

Fish diversity is a particularly important factor determining resource use and the
structure of food webs. Higher fish diversity leads to the substitution of intermediate
consumers and increasing competition and predation [84]. We found that fish diversity was
positively related to the trophic niche breadth of herbivorous fish and negatively related
to that of omnivorous fish. Moreover, there was an increase in the consumption of higher
plants and a decrease in the consumption of invertebrates (except insects) and detritus with
increasing fish diversity and richness. These observations suggest that fish may consume
more low-energy foods, such as plants, than invertebrates in a situation of high competition
that causes a shortage of animal food items [85,86]. For example, a high biomass of
invertivorous fish can significantly reduce the density of macroinvertebrate prey [87],
which may have contributed to the observed dietary shift to plant resources. In situations
of greater competition, fish may avoid it by reducing among-individual variation and
thereby population niche breadth [88], which may have been the case with the omnivorous
fish. In addition, high fish richness can be associated with high food availability [43], which
can lead herbivorous fish to consume items to which their functional morphological traits
are best adapted, potentially enhancing their nutritional gains [10]. Thus, trophic niche
breadth adjustments become important for the coexistence of different fish species [89], and
each trophic guild can adjust the width by expanding or narrowing it. In fact, trophic niche
overlap was also altered according to fish density and diversity in our study, responding
positively to these attributes. In this case, when the fish experienced intense competition,
regardless of whether they reduced or increased niche breadth, the general tendency was
for niches to overlap. This result is probably associated with the limitation of food resources
via top-down regulation by fish [90].
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4.5. Trophic Niche Overlap of Fish Related to Macrophyte Density

Regarding the macrophyte density gradient evaluated in this study, the trophic niche
overlap for fish in general increased slightly to an intermediate point of plant density
and then declined. This suggests that, while fish tend to reduce niche breadth along the
gradient of macrophyte density (except for herbivores), the niche overlap among species
increases, but this occurs only to a certain extent of plant density when species start to
segregate the niche more strongly. The greater niche overlap observed in the macrophyte
stands with intermediate levels of macrophyte density is justified by the high availability
of resources compared to stands with little vegetation and the low restriction of swimming
movement compared to denser stands [2,47,91]. When resources are abundant, trophic
niche overlap can be high, but it does not necessarily imply intense competition, or it means
that strong competition has not yet led to segregation in resource use [90]. However, as
access to prey becomes more restricted in high-density stands, fish from different guilds
can feed on the resources they are most suited to, since each species has a foraging ability
among macrophyte structures [74], leading to reduced niche overlap. A fish that can easily
swim through macrophyte structures is able to forage more efficiently than other fish,
thereby segregating and partitioning the habitats [38]. In fact, fish may segregate the niche
more strongly and, consequently, reduce competition for resources in lakes with abundant
macrophytes compared to macrophyte-poor lakes [19,44]; thus, habitat complexity can
fundamentally affect interactions among fish.

5. Conclusions

Our study gives new insights into how macrophyte density and diversity, as well as
fish density and diversity, can influence the use of food resources by fish and hence their
trophic niche breadths and segregation patterns. Although rarely studied, macrophyte
diversity proved to be more important than macrophyte density for the consumption
of different food items. Insects were the most important food resources supporting the
fish community associated with high macrophyte diversities, while higher plants, algae,
and detritus were mainly consumed by fish in stands with low macrophyte diversity.
Considering that most captured fish species were insectivores, invertivores, and omnivores
(which are also able to feed on insects), the maintenance of highly diverse macrophyte
stands is of the utmost importance for the conservation of fish diversity. Our results
also indicate that the response of the trophic aspects of fish depends on their feeding
habits, because, despite the general results, we observed different responses (opposite or
null) according to the trophic guild, such as, for example, the niche breadth of herbivores
that responded oppositely to the breadth of omnivores. Thus, macrophyte vegetation
increases the overall physical complexity and improves the availability of resources and,
at the same time, reduces prey encounter rates, favoring herbivory under high–plant–
density conditions and insectivory under conditions of high plant diversity. Seen from a
management perspective, our findings highlight the importance of maintaining diverse
macrophyte stands for the conservation of fish diversity and to restore plant beds if lost.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14213543/s1, Table S1: Macrophyte species sampled; Table S2:
Fish species sampled in aquatic macrophyte stands; Table S3: Number of stomachs of each fish species
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