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Abstract

1. Aquatic macrophytes serve as shelter and a direct source of food for inverte-

brates, in addition to indirectly providing items such as algae, detritus, and mi-
croorganisms. Thus, aquatic macrophytes act as habitat structuring elements,
requiring a distinction between habitat complexity (physical formations such as
fractal dimensions, density and biomass) and habitat heterogeneity (diversity of
these structures). Here we explore the effects of habitat complexity and habitat

heterogeneity on the invertebrate community.

. We collected macrophytes and invertebrates from 28 sampling sites along a

13.7-km stretch of the Baia River in Brazil, and examined specific groups (in-
sects, microcrustaceans, and other invertebrates). Environmental variables in the
sites were also measured. We aimed to explore the effects of habitat complexity
(measured by macrophyte biomass) and habitat heterogeneity (evaluated through
macrophyte functional diversity) on the richness and abundance of invertebrates.

. We found that overall invertebrate richness was positively influenced solely by

habitat heterogeneity. For invertebrate abundance, intermediate habitat com-
plexity had more invertebrates, while habitat heterogeneity had a positive im-
pact. Environmental variables influenced only the abundance. For specific groups,
insect richness was positively influenced by habitat heterogeneity, while insect
abundance decreased with high complexity and increased with high heterogene-
ity. Microcrustacean abundance was positively influenced by habitat complexity.
Richness and abundance of other invertebrates was positively influenced by habi-

tat heterogeneity.

. Invertebrates prefer macrophyte stands with intermediate complexity and

high heterogeneity. Abundance is linked to structural complexity and hetero-
geneity, while species richness is more strongly associated with heterogeneity.

Furthermore, the impact of these factors varies among invertebrate groups.

. These findings emphasise the importance of integrating a broad range of met-

rics, such as macrophyte biomass and functional diversity, to gain a thorough
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1 | INTRODUCTION

Aquatic macrophytes constitute essential components of aquaticand
transitional ecosystems (Thomaz & Cunha, 2010), particularly within
freshwater environments such as reservoirs, rivers, and floodplains
where they colonise across extensive areas (Dias et al., 2017; Dibble
& Pelicice, 2010; Yofukuji et al., 2021). Aquatic plants exhibit various
structures and life forms (Kovalenko et al., 2012; Thomaz, 2023).
In aquatic habitats, macrophyte stands host a high abundance and
diversity of invertebrates by providing them shelter or feeding
grounds (Thomaz, 2023; Warfe & Barmuta, 2006). Moreover, mac-
rophytes serve as substrates for the development of attached pe-
riphytic algae (Osério et al., 2019; Warfe & Barmuta, 2006), bacteria,
protozoa (Kurbatova & Yershov, 2020), and detritus (Kurbatova &
Yershov, 2020; Warfe et al., 2008), which offer a variety of food
resources for invertebrates, including herbivores and detritivores.
Consequently, the richness and diversity of invertebrates are
strongly influenced by the complexity and heterogeneity of macro-
phytes (Thomaz, 2023; Yofukuji et al., 2021).

When considering aquatic macrophytes as habitat structuring
elements, it is important to distinguish between structural complex-
ity and habitat heterogeneity. Structural complexity can be related
to physical formations, encompassing factors such as fractal dimen-
sions, density, and biomass (Tokeshi & Arakaki, 2012). Habitat het-
erogeneity refers to the diversity of these structures within a given
environment (Loke & Chisholm, 2022; Tokeshi & Arakaki, 2012).
While the complexity can be measured by abundance/density of
plants, habitat heterogeneity is associated with the variety of hab-
itat forms available (August, 1983; Loke & Chisholm, 2022; Tokeshi
& Arakaki, 2012). Therefore, macrophyte stands can exhibit high
complexity but low heterogeneity, for example, in the case of stands
with high biomass of a single macrophyte species, e.g. monospecific
stands, resulting in minimal variation in the present structures.

Different metrics can be used to determine the structural com-
plexity and heterogeneity of invertebrate habitats. Most studies
assess differences in invertebrate communities in areas with and
without macrophytes (Santos et al., 2020; Zingel et al., 2019) or
among different species and macrophyte architectures (Meerhoff
et al.,, 2007). Other studies have demonstrated that macrophyte
biomass strongly increases both richness and abundance of inver-
tebrates (Aleixo et al., 2022; Choi et al., 2014), and some studies
have shown the same influence by macrophyte diversity, a metric

understanding of invertebrate community dynamics in future studies. Additionally,
our study demonstrates that preserving macrophyte stands with high heteroge-

neity significantly enhances the diversity of associated invertebrate species.

aquatic ecology, community attributes, habitat structuring, invertebrate-plant relationship,

that assesses habitat heterogeneity (e.g., McAbendroth et al., 2005;
Yofukuiji et al., 2021).

Diversity becomes important because invertebrate communities
associated with macrophytes exhibit different life forms with distinct
requirements (McAbendroth et al., 2005) and can perceive and use
their habitat in unique ways (Stahr & Kaemingk, 2017). Therefore,
while aquatic macrophytes provide refuge from predators for vari-
ous invertebrates, they can also function as biological traps (Aleixo
etal., 2022), as other fishes seeking refuge in these habitats may feed
on these invertebrates (e.g., Aleixo et al., 2022; Cunha et al., 2019;
Yofukuiji et al., 2021). Studies that use macrophyte diversity as a pre-
dictor of habitat heterogeneity generally employ only a taxonomic
approach. However, using the functional approach as a measure of
habitat heterogeneity for invertebrates can provide new and com-
plementary information. Functional traits, which serve as precursors
to functional diversity, are defined as any phenological, physiolog-
ical, or morphological characteristics that can be quantified (Diaz
et al., 1998; Fu et al., 2015; Pérez-Harguindeguy et al., 2016). Each
species exhibits a range of measurable characteristics, and, in the
context of aquatic macrophytes, life forms, morphology, reproduc-
tive traits, and productivity are frequently employed as key func-
tional traits (Lansac-Téha et al., 2022; Vecchia et al., 2020).

In floodplains, environmental variables can play a crucial role
in associated invertebrate communities (Branco et al., 2002;
Castilho-Noll et al., 2023; Diniz et al., 2021; Sousa et al., 2017), as
well as physical structure, given by macrophyte density (Pierre &
Kovalenko, 2014). Thus, the increase in habitat heterogeneity is also
a product of the presence and disposition of macrophytes in flood-
plain areas (Kovalenko et al., 2012; Pierre & Kovalenko, 2014), which
constitute more structured, complex, and productive environments
(Chambers et al., 2008). In these environments, macrophytes include
a diverse group of plants, which have particularities in terms of their
complexity and heterogeneity (Kovalenko et al., 2012).

In the Upper Parana River floodplain, a substantial diver-
sity of aquatic macrophyte stands exists, characterised by vary-
ing life forms, morphologies, and reproductive strategies (Lopes
et al., 2015; Yofukuji et al., 2021). These macrophyte communities
serve as habitats for both aquatic and terrestrial invertebrates,
exhibiting differences in their abundance and species richness
within each stand (Aleixo et al., 2022; Choi et al., 2014; Yofukuji
et al., 2021). Hence, the primary aim of this study was to assess

the influence of habitat complexity (assessed herein through
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macrophyte biomass) and habitat heterogeneity (assessed herein
through macrophyte functional diversity) on the richness and

abundance of invertebrates.

2 | MATERIALS AND METHODS
2.1 | Studyarea

This study was carried out in the Upper Parand River floodplain,
which is part of the Area de Protecio Ambiental das Ilhas e Varzeas
do Rio Parang, an environmental protection area located in the last
undammed stretch of the river in Brazilian territory. Sampling was
conducted on the Baia River (22° 43'23” S, 53°17'25” W, Figure 1),
a tributary that varies in flow velocity depending on the hydrological
cycle and generally maintains a moderate flow (0.11-0.50m/s) with
an average depth of 3.2m (Lopes et al., 2015). The sampled region
features an extensive riverine area, encompassing nearly the entire
perimeter of aquatic macrophyte populations, and hosts a rich and
diverse collection of macrophyte species with varying morphologies
(Lopes et al., 2015; Yofukuji et al., 2021).

2.2 | Sampling

Sampling was conducted in August 2018, during the dry season,
and included invertebrates and macrophytes. We sampled 28 multi-
specific macrophyte stands along a 13.7-km stretch of the Baia River
(Figure 1). The selection of stands was based on three criteria: (1)
a minimum distance of at least 350m from the nearest sampled
stand to prevent spatial dependency; (2) a suitable depth (20.5m) for
sampling; and (3) observable differences in macrophyte complexity

(amount of plant matter) and heterogeneity (number of macrophyte
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species). The assessment of complexity and heterogeneity was con-
ducted visually in the field, and findings were subsequently con-
firmed in the laboratory.

Macrophyte collection in each stand involved removing all plant
material within a 0.5mx0.5m square, starting from the water sur-
face to a depth of 0.5m to standardise the collected volume, result-
ing in a total of 28 sample units (stands). The plants were transferred
to a plastic container, washed to remove the invertebrates, and then
filtered using a hand net with a 160 pm mesh size (for more details,
see Campos et al., 2017). The retained invertebrates were preserved
in 70% alcohol buffered with sodium tetraborate for later identifi-
cation and quantification (Campos et al., 2017). After collecting the
invertebrates, the macrophytes were identified to determine the
complexity and heterogeneity in each stand.

To characterise the environmental conditions in each macro-
phyte stand, we measured temperature (°C), pH, electrical con-
ductivity (uS/cm), turbidity (NTU), and dissolved oxygen (mg/L; YSI
digital meters) in the water subsurface. To assess the impact of abi-
otic factors on invertebrates throughout a full day, physicochemi-
cal measurements were taken at four different time points: (1) 24 hr
before; (2) 16 hr before; (3) 8 hr before; and (4) at the moment when
macrophytes and invertebrates were sampled (Aleixo et al., 2022;
Yofukuiji et al., 2021). The data were aggregated to calculate a mean
value for each sampled site (Table S1).

2.3 | Habitat complexity and heterogeneity

For each sample, the sum of the biomass of all macrophyte species
was employed as a measure of habitat complexity. Consequently, the
macrophytes were identified, and all samples were rinsed and subse-
quently dried for 7days in an oven at 60°C to achieve a constant dry

weight (DW). Macrophyte biomass was expressed as gDW/0.125m?,

FIGURE 1 Map of the sampling area in
the Upper Parana River floodplain. Points
indicate the sampling stations in the Baia

River. EPSG: 4618.

Mato Grosso do Sul

~
N
LS
=3
3
w
~N
N
o
@

I —

<< Flow direction

53.30°W 53.25°W

85UB017 SUOWIWIOD dAFee1D) 3|t jdde 8y} Aq peusenob afe Sa(oliie YO BSn 0 S3|nI o A%iq1T 8UIIUO A3]1M\ UO (SUO 1 IPUOD-PUR-SWSHLI0O" A3 | IM A e1q 1[ul|UO//SARY) SUORIPUOD PUe SWIS L 83 88S * [202/20/22] Uo Areiq) auijuo A3|im ‘Bnuod 8Ue1y000 AQ SOEYT GM/TTTT OT/I0P/W0D" A8 | M AReiq 1 Bu1|UO//SAIY WO papeojumoq ‘0 ‘LZy2S9eT



ALEIXO ET AL.

ﬂ—Wl |B2A& Freshwater Biology

Trait importance

Habitat use

TABLE 1 Functional traits used for
the classification of morphological and
reproductive characteristics of the
macrophyte species.

Influence on dispersal

ability, secondary
productivity, and energy
transfer

Trait Type Category
Life mode Categorical Emergent
Epiphyte
Free floating
Rooted floating
Body size Continuous Average length (m)
Leaf type Categorical Broadleaved
Cylindrical
Triangular
Dispersion Categorical Hydrochory

Zoochory and hydrochory
Autochory and hydrochory
Epiphytic

Propagule type Categorical

Fragment/ Epiphytic

Structural complexity

Dispersal ability and
invertebrate association

Dispersal ability,
establishment success,

and growth

Seed/Fragment
Seed/ Epiphytic
Seed/Rhizome
Seed/Stolon
Spore/ Epiphytic
Spore/Fragment
Stolon
Stolon/Seedling
Seasonality Categorical Annual

Perennial

Semi-perennial

given that depth values allow for the estimation of the volume of the
water column in which the plants were collected.

For the habitat heterogeneity, we calculated the functional di-
versity of macrophytes. The functional traits of the collected mac-
rophyte species were characterised following the methodology of
Lansac-Toha et al. (2022), with the addition of the leaf type trait.
Categorical and continuous traits (Table 1) related to morphological
characteristics (characterised by life mode, body size, and leaf type),
as well as reproductive characteristics (evaluated by dispersal mode,
propagule unit, and seasonality), were used. All functional data were
obtained from the literature (further details in Table S2).

A distance matrix was calculated using the functional traits of
species and the Gower distance metric through the gowdis function
(FD package; Laliberté et al., 2014), which is suitable for mixed data
(a matrix with both numerical and categorical data) (Gower, 1966). A
cluster analysis was then performed on the distance matrix using the
hclust function (STATS package; R Core Team, 2023). Subsequently,
a tree of functional traits was constructed using the dendextend
package (Galili, 2015; Figure 2). Subsequently, functional a diversity
was calculated using the taxonomic dissimilarity matrix and the re-
sults of the cluster analysis through the alpha function (BAT pack-
age; Cardoso et al., 2015).

Persistence and resource
sharing

2.4 | Richness and abundance of invertebrates

The total invertebrate abundance was quantified as the cumula-
tive count of invertebrates sampled within each study site, em-
ploying a stereoscopic microscope for identification. Invertebrates
were taxonomically identified using reference keys (Elmoor-
Loureiro, 1997; McCafferty, 1983) and expert guidance. The rich-
ness of invertebrates was determined by the sum of different taxa
identified within each macrophyte stand, as described by Yofukuji
et al. (2021). This approach acknowledges that different taxonomic
resolutions offer a practical compromise between analytical details
and overall biodiversity patterns. By focusing on higher taxonomic
categories, the analysis becomes more streamlined while retaining
essential information necessary to comprehend broader ecologi-
cal trends (Oliveira et al., 2020). Thus, the use of higher taxonomic
categories is sufficient to capture and represent biodiversity pat-
terns, as demonstrated in studies by Oliveira et al. (2020) and Vilmi
et al. (2016). Similarly, the separation between larvae and adults
adds another layer of precision to biodiversity assessments, rec-
ognising the ecological nuances of these developmental stages
(Hershey et al., 2010; Lancaster & Downes, 2018). This separation
could be especially valuable in habitats with complex structures,
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T Cyperus blepharoleptos
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I Nymphaea amazonum

Eichhornia azurea
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Eichhornia crassipes

I Paspalum repens

Hydrocotyle ranunculoides

Polygonum stelligerum

Polygonum acuminatum
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Gower Distance

FIGURE 2 Cluster dendrogram based on functional traits using average linkage clustering of 17 macrophyte species based on the

Gower's distance matrix calculated on their functional traits.
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such as those associated with macrophytes, where distinct envi-
ronmental niches cater to the unique needs of larvae and adults
(Lancaster & Downes, 2018).

2.5 | Statistical analyses

Statistical analyses were performed using the R software (R Core
Team, 2023), with the ggplot2 package used for creating graphs
(Wickham, 2016). All assumptions were verified, and p-values <0.05
were considered statistically significant.

The matrix of abiotic data, including temperature, pH, conduc-
tivity, turbidity, and dissolved oxygen, was summarised using prin-
cipal component analysis (PCA) with the PCA function from the
FactoMineR package (Lé et al., 2008). The axes with eigenvalues >1
(Kaiser-Guttman criterion; Jackson, 1993) were retained to interpret
the ordination of abiotic variables.

0.0 02 0.4
PC1 (48.96%)

We employed generalised mixed models to investigate the impact
of habitat complexity and heterogeneity on invertebrate richness and
abundance. For both invertebrate richness and abundance, we used
macrophyte biomass (representing habitat complexity), macrophyte
functional diversity (indicating habitat heterogeneity), and the first and
second axes of PCA (capturing abiotic data) as predictors.

We constructed models to address the third question regard-
ing the differential influence of habitat complexity and heteroge-
neity on distinct invertebrate groups. These models incorporated
richness and abundance of distinct invertebrate groups (insects,
microcrustaceans, and other invertebrates) as response variables.
Explanatory variables included habitat complexity, habitat hetero-
geneity, and the first and second axes of PCA corresponding to abi-
otic variables.

For all analyses, log transformation (log,,[x+1]) was applied
to habitat complexity and heterogeneity. This transformation was
implemented due to a substantial difference in complexity values,
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aiming to mitigate the impact of outliers. During our data exploration,
nonlinear relationships were identified for invertebrate abundance
and abundance of insects in function of habitat complexity (macro-
phyte biomass). In such cases, a second-order model was used for
the habitat complexity. All models were conducted using the gim.nb
function from the MASS package (Venables & Ripley, 2002) employ-
ing the negative binomial family, as it is suitable for log-transformed
data.

3 | RESULTS

Among the 28 macrophyte stands, we collected 17 macrophyte spe-
cies with different functional traits (Table S2). Macrophyte biomass,
considered as an explanatory variable of habitat complexity in this
study, ranged from 45.77to 883.29gDW/0.125 mS. The functional
diversity of macrophytes, used as an explanatory variable of hetero-
geneity in the study, ranged from 0.88 to 4.51.

Water temperature among the macrophyte stands ranged from
18.3°C to 19.9°C, pH from 6.21 to 7.51, conductivity from 0.017 to
0.060pS/cm, turbidity from 6.75 to 80.35 NTU, and dissolved oxy-
gen from 4.07 to 9.43 mg/L (details in Table S1). The first and the sec-
ond axis of the PCA was used to assess the influence of abiotic data
on the invertebrate community (eigenvalue PC1=2.45, eigenvalue
PC2=1.29). The first PCA axis was negatively correlated with tur-
bidity and positively correlated with pH, conductivity and tempera-
ture (Table S3; Figure 3). The second axis was negatively correlated
with dissolved oxygen and positively correlated with temperature
(Table S3; Figure 3).

Intotal, 32,531 invertebrates belonging to 40 different taxa were
collected (Table 2 and Table S3). The richness of invertebrates per
macrophyte stand varied from 13 to 32, and the abundance ranged
from 315 to 3,806 individuals. Among the collected invertebrates,
insects had a total richness of 24 (13 larvae, 2 pupae, 1 nymph and
8 adults) and an abundance of 13,169 individuals, microcrustaceans
had a richness of 7 and an abundance of 12,532, and other inverte-
brates had a richness of 9 and an abundance of 6,830.

The overall invertebrate richness was solely influenced by habi-
tat heterogeneity, assessed through the functional diversity of mac-
rophytes, revealing a significant positive relationship (Figure 4 and
Table 3). Concerning invertebrate abundance, habitat complexity ex-
hibited a quadratic influence, suggesting that in locations with high
macrophyte biomass, there is a reduction in invertebrate abundance.
Conversely, habitat heterogeneity exerted a positive influence on
abundance. The first principal component of the PCA (PC1) positively
influenced invertebrate abundance, suggesting that an increase in pH,
conductivity, and temperature, coupled with a decrease in turbidity, is
linked to an increase in invertebrate abundance. In contrast, the sec-
ond principal component of the PCA (PC2) negatively influenced inver-
tebrate abundance, indicating that an increase in dissolved oxygen is
associated with an increment in invertebrate abundance.

Insect richness was positively influenced solely by habitat het-
erogeneity (Figure 5 and Table 4). Conversely, for insect abundance,

TABLE 2 Abundance and frequency (%) of invertebrates across
the 28 macrophyte stands along the Baia River in the Upper Parana
River floodplain, Brazil.

Taxon Abundance Frequency (%)
Insects

Chironomidae (L) 6662 100
Ceratopogonidae (L) 3794 92.9
Trichoptera (L) 967 85.7
Coleoptera (A) 317 92.9
Culicidae (L) 316 64.3
Odonata (N) 303 71.4
Ephemeroptera (L) 215 75.0
Diptera (P) 101 85.8
Coleoptera (L) 86 571
Plecoptera (L) 82 42.9
Hemiptera (A) 72 53.6
Isoptera (A) 46 28.6
Thysanoptera (A) 45 35.7
Lepidoptera (L) 40 35.7
Sarcophagidae (L) 37 14.3
Chaoboridae (L) 33 17.9
Hymenoptera (A) 22 39.3
Diptera (A) 9 28.6
Simulidae (L) 6 14.3
Orthoptera (A) 5 17.9
Sarcophagidae (P) 5 14.3
Muscidae (L) 4 3.6
Homoptera (A) 1 3.6
Odonata (L) 1 3.6
Microcrustaceans

Ostracoda 4254 100
Cyclopoida 3460 96.4
Harpacticoida 2399 96.4
Chydoridae 2178 89.3
Daphiniidae 180 714
Bosminidae 36 10.7
Calanoida 25 14.3
Other invertebrates

Amphipoda 4786 85.7
Oligochaeta 1121 64.3
Acarina 333 82.1
Collembola 187 85.7
Bivalvia 185 75.0
Gastropoda 94 64.3
Araneae 77 75.0
Hirudinea 46 42.9
Nematoda 1 3.6

Abbreviations: A, adult; L, larvae; N, nymph; P, pupa.
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high levels of complexity (i.e., high macrophyte biomass) had a nega-
tive impact (Figure 5, Table 4). Habitat heterogeneity had a positive
influence on insect abundance (Figure 5 and Table 4). Additionally,
insect abundance was negatively influenced by PC1 (Figure 5 and
Table 4), indicating that an increase in dissolved oxygen leads to a
decrease in insect abundance.

For microcrustaceans, no variable exhibited an influence on rich-
ness (Figure 5 and Table 4). However, habitat complexity and PC1
demonstrated a positive linear influence on microcrustacean abun-
dance (Figure 5 and Table 4), indicating that an increase in macro-
phyte biomass, pH, conductivity, and temperature, coupled with
a decrease in turbidity, results in an increase in microcrustacean
abundance.

In contrast, for other invertebrates, habitat heterogeneity had a
significantly positive impact on both the richness and abundance of
the group (Figure 5 and Table 4) Furthermore, PC1 (i.e., pH, conduc-
tivity, and temperature) demonstrated a positive linear influence on
the abundance of other invertebrates (Figure 5 and Table 4).
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4 | DISCUSSION

4.1 | The influence of habitat complexity and
heterogeneity on invertebrate community

Invertebrate richness was not influenced by habitat complexity,
indicating that invertebrate richness may be more associated with
heterogeneity than just physical complexity (Yofukuji et al., 2021).
Invertebrate abundance was higher in stands with intermediate hab-
itat complexity and declined in stands with higher biomass. These
results were expected, as an increase in habitat complexity ben-
efits several invertebrates by providing a larger physical structure
that can be used as a refuge from predators (Meerhoff et al., 2007;
Thomaz, 2023; Thomaz & Cunha, 2010), as well as by increasing var-
ious food resources such as periphytic algae, detritus, bacteria, and
protozoa (Kurbatova & Yershov, 2020; Osorio et al., 2019; Warfe
et al.,, 2008; Warfe & Barmuta, 2006). Thus, these invertebrates
use macrophytes as both a feeding site and a refuge for predators
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FIGURE 4 Invertebrate richness and abundance as a function of habitat complexity, habitat heterogeneity, and abiotic variables
summarised in a principal component analysis (PC1 =negatively correlated with turbidity and positively correlated with pH, conductivity,
and temperature. PC2=negatively correlated with dissolved oxygen and positively correlated with temperature). Coloured graphs with filled
lines represent the significance of the data in the model and grey graphs with dotted lines non-significance.
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TABLE 3 Results of mixed effects regression models of invertebrate richness and abundance as a function of habitat complexity
(assessed through macrophyte biomass), habitat heterogeneity (assessed through functional diversity) and abiotic characteristics
(summarised with the first two axes of a principal component [PC] analysis).

Richness Abundance
Estimate SE z-Value p-Value Estimate SE z-Value p-Value
Intercept 2.383 0.45 5.33 <0.001 Intercept 3.706 0.758 4.89 <0.001
Complexity -0.012 0.09 -0.14 0.889 Complexity? 0.590 0.691 0.85 0.393
Heterogeneity 0.578 0.20 2.88 0.004 Complexity® -1.342 0.641 -2.09 0.036
PC1 0.011 0.03 0.43 0.666 Heterogeneity 2.252 0.541 4.16 <0.001
PC2 -0.032 0.04 -0.80 0.424 PC1 0.155 0.077 2.00 0.045
PC2 -0.244 0.120 -2.03 0.043

Note: p-values <0.05 are in bold. PC1=negatively correlated with turbidity and positively correlated with pH, conductivity and temperature.
PC2=negatively correlated with dissolved oxygen and positively correlated with temperature. Superscript numbers represent a quadratic

relationship of the variable.
20n the ascending phase.
On the descending phase of the quadratic curve.

in these stands (Santos et al., 2020; Thomaz, 2023; Thomaz &
Cunha, 2010). In the case of higher complexity, there is a poten-
tial for hypoxia, as areas with excessive biomass may lead to oxy-
gen consumption by plants through cellular respiration exceeding
production, impacting sensitive invertebrates (Bunch et al., 2010;
Caraco & Cole, 2002). Additionally, for some larger animals, such as
certain terrestrial invertebrates, access may be impaired by physical
barriers (Cunha et al., 2019; Thomaz & Cunha, 2010). Our results
demonstrated a clear trend, as the stand with the highest complex-
ity also exhibited reduced dissolved oxygen levels and elevated
turbidity.

Our study revealed a positive relationship between the habitat
heterogeneity and the richness and abundance of invertebrates.
This can be explained by the functional traits of macrophytes in
present study. In terms of morphological traits, free-floating macro-
phytes, such as Azolla filiculoides Lam. and Eichhornia crassipes (Mart.)
Solms, create an aerial surface that can facilitate the colonisation
of allochthonous invertebrates, such as Coleoptera, Orthoptera,
Thysanoptera, Hymenoptera, and Collembola. Species with a
large complex submerged area, such as rooted-floating plants (e.g.
Eichhornia azurea [Swartz] Kunth and Paspalum repens P. J. Bergius)
and emergent macrophytes (e.g. Eleocharis interstincta [Vahl] Roem.
& Schult. and Polygonum species), offer refuge and food for various
aquatic invertebrates, including microcrustaceans, amphipods, and
insect larvae. Consequently, stands with greater heterogeneity pro-
vide diverse structures that can be colonised by different groups of
invertebrates.

Moreover, the variation in the life form of each type of macro-
phyte substantially influences the richness and abundance of pe-
riphytic algae (Osério et al., 2019; Warfe & Barmuta, 2006), which
serves as food for many invertebrates. Therefore, habitat heteroge-
neity influences the invertebrate community. Additionally, Hansen
et al. (2011) observed that some invertebrates exhibit colonisation
preferences for specific plants, indicating that stands with a greater
heterogeneity can support various invertebrate taxa.

4.2 | Responses of invertebrate groups to habitat
complexity and heterogeneity

For insects, we observed greater abundance in stands of intermedi-
ate macrophyte biomass (i.e., habitat complexity). Conversely, habi-
tat heterogeneity exhibited a positive linear influence, leading to
higher values of richness and abundance of insects in more diverse
stands. Our study encompassed a variety of terrestrial, aquatic, and
semi-aquatic insects, which may differ in size, life stage, and re-
source use patterns (Lancaster & Downes, 2018).

Macrophyte biomass has a direct impact on the insect's
community by increasing refuges and food resources, thereby
enhancing habitat complexity. However, it also results in inaccessi-
bility for larger animals in cases of extreme complexity (Kurbatova
& Yershov, 2020; Osoério et al., 2019; Warfe et al.,, 2008; Warfe &
Barmuta, 2006), which explains a greater abundance of insects in
intermediate habitat complexities. Regarding the interplay between
insects and habitat heterogeneity, these organisms leverage aquatic
macrophytes for various purposes, encompassing direct or indirect
oviposition, protection, and feeding (Lancaster & Downes, 2018).
Consequently, the differences in heterogeneity among macrophyte
stands can influence the community structure in various ways: (1)
several terrestrial and aquatic insects lay their eggs on specific mac-
rophyte species, which can harbour insect larvae differently based
on the structures of the plants (Webster & Cardé, 2017); (2) about
20% of aquatic insects feed exclusively on aquatic macrophytes,
and the palatability of these plants can influence their feeding pat-
terns (Lancaster & Downes, 2018; Newman, 1991); (3) insects that
indirectly use macrophytes as a feeding site are of influenced by
the structure of the plants. Those with more floating structures
tend to offer better conditions for terrestrial insects (Fontanarrosa
et al., 2013; Gallardo et al., 2017), while macrophytes with more
submerged structures provide better conditions for aquatic in-
sects (Behrend et al., 2013; Silva & Henry, 2018); and (4) due to
the metamorphosis process, some insects are considered slower
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FIGURE 5 Richness and abundance of insects, microcrustaceans and other invertebrates, collected in 28 macrophyte stands, as a function
of habitat complexity, habitat heterogeneity, and abiotic variables summarised in a principal component analysis (PC1=negatively correlated
with turbidity and positively correlated with pH, conductivity, and temperature. PC2 =negatively correlated with dissolved oxygen and
positively correlated with temperature). Filled lines represent the significance of the data in the model and dotted lines non-significance.

colonisers (Lancaster & Downes, 2018), and as a result, the season-
ality of macrophytes influences the colonisation of these insects
(Hargeby, 1990).

Microcrustacean richness remained unaffected by either hab-
itat complexity or heterogeneity. However, habitat complexity
positively influenced the abundance of microcrustaceans. The im-
portance of macrophytes in microcrustacean community has been
extensively documented in the literature (e.g., Santos et al., 2020;
Strzatek & Koperski, 2019; Warfe & Barmuta, 2006). In contrast to
insects, microcrustaceans are much smaller invertebrates (Castilho-
Noll et al., 2023; Horne et al., 2002), allowing microcrustaceans to
seek refuge in various microhabitats. Consequently, extreme bio-
mass may not provide a physical barrier for these invertebrates.
Additionally, some species of microcrustaceans do not swim and are
typically found in macrophytes stands (Higuti et al., 2017; Santos
et al., 2020; Strzatek & Koperski, 2019; Warfe & Barmuta, 2006),
primarily in macrophytes characterised by a complex root system
(Matsuda et al., 2015).

Our study showed no influence of habitat complexity on other
invertebrates but showed a linear positive influence of the heteroge-
neity on the richness and abundance of other invertebrates. Thus, not

only for insects but also for other invertebrates, such as Oligochaeta
and Aranae, unique characteristics of each plant such as architecture,
way of life, and associated microorganisms and detritus, can influence
the abundance and composition of invertebrate species present in
each stand (Behrend et al., 2013; Raizer & Amaral, 2001). This varia-
tion in colonisation may explain why the habitat heterogeneity influ-

enced the abundance of other invertebrates in our study.

4.3 | Influence of environmental variables on
invertebrates associated with macrophytes

Our study showed that the availability of dissolved oxygen in water
and temperature are crucial factors influencing the abundance
of invertebrates, especially insects. Water temperature is closely
linked to levels of dissolved oxygen, and an increase in tempera-
ture can compromise the water's capacity to retain oxygen (Lopez
et al.,, 2019). Numerous studies emphasise the significance of
daily thermal patterns in the lives of aquatic insects. This fluctua-
tion in water temperature is a predominant abiotic factor, particu-
larly impacting aquatic eggs and larvae (Lopez et al., 2019; Mondal
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TABLE 4 Results of mixed effects regression models of invertebrate richness and abundance, divided by groups, as a function of habitat
complexity (assessed through macrophyte biomass), habitat heterogeneity (assessed through functional diversity) and abiotic characteristics
(summarised with the first two axes of a principal component [PC] analysis).

Richness of insects

Abundance of insects

Estimate SE z-Value p-Value Estimate SE z-Value p-Value
Intercept 1.366 0.66 2.08 0.038 Intercept 1.627 0.72 2.25 0.024
Complexity 0.030 0.13 0.23 0.816 Complexity® -0.667 0.65 -1.02 0.308
Heterogeneity 0.613 0.29 2.09 0.037 Complexity® -1.708 0.61 -2.81 0.005
PC1 0.050 0.04 1.39 0.166 Heterogeneity 3.073 0.52 5.96 <0.001
PC2 -0.054 0.59 -0.93 0.353 PC1 0.100 0.07 1.38 0.168

PC2 -0.270 0.11 -2.37 0.018

Richness of microcrustaceans Abundance of microcrustaceans

Estimate SE z-Value p-Value Estimate SE z-Value p-Value
Intercept 1.214 0.09 1.28 0.201 Intercept -0.681 1.85 -0.37 0.714
Complexity 0.029 0.19 0.15 0.879 Complexity 0.972 0.37 2.63 0.009
Heterogeneity 0.146 0.41 0.36 0.721 Heterogeneity  1.077 0.78 1.37 0.170
PC1 -0.014 0.06 -0.25 0.800 PC1 0.290 0.11 2.67 0.008
PC2 -0.029 0.09 -0.33 0.743 PC2 -0.249 0.17 -1.44 0.151
Richness of other invertebrates Abundance of other invertebrates

Estimate SE z-Value p-Value Estimate SE z-Value p-Value
Intercept 0.705 0.90 0.78 0.434 Intercept 0.594 1.58 0.38 0.708
Complexity -0.071 0.17 -0.42 0.675 Complexity -0.111 0.31 -0.35 0.723
Heterogeneity 1.006 0.42 2.38 0.017 Heterogeneity  3.668 0.69 5.34 <0.001
PC1 -0.041 0.05 -0.79 0.432 PC1 0.185 0.09 2.01 0.045
PC2 -0.007 0.08 -0.08 0.935 PC2 -0.116 0.14 -0.79 0.4297

Note: p-values <0.05 are in bold. PC1=negatively correlated with turbidity and positively correlated with pH, conductivity and temperature.
PC2=negatively correlated with dissolved oxygen and positively correlated with temperature. Superscript numbers represent a quadratic

relationship of the variable.
?0On the ascending phase.
®On the descending phase of the quadratic curve.

et al., 2017). Water temperature significantly influences the larval
development and growth of certain insects, such as Ephemeroptera
and Odonata, which exhibit increases at higher temperatures
(Mendonca et al., 2018; Ross-Gillespie et al., 2018). Similarly, the
availability of oxygen directly affects the metabolism of aquatic
insects. Adequate oxygen levels are essential for sustaining vital
activities such as feeding, reproduction, and movement (Lopez
et al., 2019). In a laboratory bioassay, Mondal et al. (2017) suggest
that the rate of insect prey consumption is positively correlated with
an increase in temperature. These findings underscore the complex
interplay between temperature, oxygen, and aquatic insects, high-
lighting the critical importance of these factors in the ecology of
these organisms in aquatic environments.

The abundance of microcrustaceans and other invertebrates ex-
hibited a negative correlation with turbidity and a positive correlation
with pH, conductivity, and temperature. Abiotic factors, such as pH,
temperature, and turbidity, play pivotal roles in shaping the commu-
nities of diverse microcrustaceans, rendering them valuable bioindi-

cators of environmental quality (Branco et al., 2002; Castilho-Noll

et al., 2023; Diniz et al., 2021; Sousa et al., 2017). Due to the short
life cycle of microcrustaceans (ranging from 16 to 28days), in less
than a month their entire population can be impacted by chang-
ing environmental variables (Castilho-Noll et al., 2023; Meldo &
Rocha, 2004; Moreira et al., 2016). Furthermore, the longevity of
the populations is highly linked to environmental conditions, such
as temperature (Meldo & Rocha, 2004). Environmental variables
such as pH, conductivity, and turbidity can alter the richness and
abundance of microcrustaceans in distinct ways, depending on the
species (Castilho-Noll et al., 2023).

4.4 | Theimportance of combining habitat
complexity with habitat heterogeneity metrics

Aquatic macrophytes play a valuable role in structuring various
communities (Hansen et al., 2011; Kovalenko et al., 2012; Thomaz
& Cunha, 2010; Yofukuji et al., 2021). Although quantifying habitat
complexity remains a challenge, the most used components for
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characterisation include plant density and the diversity of physical
structures (Thomaz, 2023; Tokeshi & Arakaki, 2012). In our study,
we observed that a combination of different metrics can eluci-
date the patterns of communities in distinct macrophyte stands.
Studies using macrophyte biomass as a metric can capture physi-
cal characteristics that serve as barriers, protection, and feed-
ing sites for aquatic invertebrates (Aleixo et al., 2022; Butakka
et al., 2016; McAbendroth et al., 2005), but this metric alone may
be insufficient for understanding the specificities of each inverte-
brate group.

The use of macrophyte functional diversity as a metric for
habitat heterogeneity, when combined with macrophyte biomass,
provides a more comprehensive understanding of the richness
and abundance of invertebrate groups. Functional traits related
to morphological characteristics, such as life mode, can influence
the colonisation of various invertebrates depending on whether
they have more floating or submerged parts (Campos et al., 2021;
Choi et al., 2014; Fontanarrosa et al., 2013; Gallardo et al., 2017).
Additionally, functional traits related to reproductive characteris-
tics, including seasonality and dispersion of each macrophyte spe-
cies, impact invertebrate composition. Plants with seasonality may
limit the establishment of dense invertebrate populations, particu-
larly for slower colonisers, whereas perennial plants do not impose
such limitations (Hargeby, 1990).

4.5 | The importance of aquatic macrophytes
for the conservation of associated invertebrates

Speciesinvasion represent a significant factor contributing to global-
scale biodiversity decline (Simberloff, 2009), often resulting in sub-
stantial impacts on ecosystem services, ecological dynamics, and
economic burdens (Havel et al., 2005; Simberloff, 2009). In the case
of aquatic macrophytes, the introduction of species can lead to the
death of native species, resulting in an excessive biomass of the inva-
sive species (Schultz & Dibble, 2012; Vecchia et al., 2020). This intro-
duction can be detrimental to invertebrates due to increased habitat
complexity, hypoxia, allelopathic chemicals, facilitation of other ex-
otic species, and reduced food quality (Schultz & Dibble, 2012).
Our study highlights the importance of greater diversity in mor-
phological and reproductive traits among macrophytes within an
ecosystem to enhance the overall richness and abundance of inver-
tebrates. Thus, our results underscore the critical need to preserve
the diversity of plants with different functional traits, which may be

impacted by the introduction of other species.

5 | CONCLUSION

In general, invertebrates prefer macrophyte stands with interme-
diate complexity and high heterogeneity. Invertebrate abundance
is linked to structural complexity (evaluated through biomass) and
heterogeneity (provided by plant functional diversity). Invertebrate
richness shows a stronger connection to heterogeneity. The impact

of habitat complexity and heterogeneity on invertebrate groups var-
ies; insects respond to both metrics, microcrustaceans primarily to
complexity, and other invertebrates solely to heterogeneity. These
findings highlight the importance of using a combination of metrics,
such as biomass and functional diversity to comprehensively assess
invertebrate community dynamics. Additionally, they demonstrate
that conserving more heterogeneous macrophyte stands ensures a

greater diversity of associated invertebrate species.
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