
Science of the Total Environment 634 (2018) 1398–1405

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Physical legacy of freshwater bivalves: Effects of habitat complexity on
the taxonomical and functional diversity of invertebrates
Martina I. Ilarri a,⁎, Luís Amorim b, Allan T. Souza c, Ronaldo Sousa a,b

a Interdisciplinary Centre of Marine and Environmental Research (CIIMAR/CIMAR), University of Porto, Novo Edifício do Terminal de Cruzeiros do Porto de Leixões, Avenida General Norton de
Matos, s/n, 4450-208 Matosinhos, Portugal
b CBMA – Centre of Molecular and Environmental Biology, Department of Biology, University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal
c Institute of Hydrobiology, Biology Centre of the Czech Academy of Sciences, Na Sádkách 7, 370 05 České Budějovice, Czech Republic
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Dominant invasive bivalves can contrib-
ute to habitat homogeneity.

• Reduction of bivalve identities changed
the macroinvertebrates density.

• Functional diversity of the associated as-
semblages was not influenced.

• Bivalve identity is relevant to the
density and function of associated
assemblages.
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Bivalves may play a major role in structuring aquatic communities. This may be especially relevant in aquatic
communities dominated by non-native invasive bivalves, which can contribute to the increase of habitat homog-
enization. In this study, we assess how habitat homogenization, through the reduction of empty bivalve shells
identities, influences the macroinvertebrate assemblages. Towards this end, a manipulative experiment with
the empty shells of two native (Potomida littoralis and Unio delphinus) and one non-native (Corbicula fluminea)
species was performed. Seven treatments were prepared, three of them consisting of homogeneous substrates
using shells of one species, and four of them consisting in heterogeneous substrates usingmore than one species.
The associated fauna colonizing different treatments was analyzed through taxonomic and trait-based ap-
proaches. Our results showed that the substrate complexity influenced the density of macroinvertebrates, with
the heterogeneous treatments significantly yielding more dense assemblages. Also, the trait patterns differed
among the levels of habitat heterogeneity, influencing mainly organisms that feed on microphytes of both
small and big sizes, that inhabit areaswith slow tomoderate water flow, and that have short and long live cycles.
Further, the functional diversity was not influenced by the substrate heterogeneity. Therefore, the habitat ho-
mogenization, through the accumulation of non-native C. fluminea empty shells in the river bottom, did not affect
the functional diversity of the macroinvertebrate assemblages.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Bivalves are important ecosystem engineers playing an important
role in structuring aquatic communities (Gutiérrez et al., 2003; Sousa
et al., 2009; Zaiko et al., 2009; Linares et al., 2017). They can alter the
physical structure of the benthic environment through their shells in
creating colonizable biogenic substrate for several species (Gutiérrez
et al., 2003; Bódis et al., 2014; Burdon et al., 2014). The substratum pro-
vided by the presence of bivalve shells are used by the associated fauna
to avoid predators and competitors (Ilarri et al., 2012, 2014, 2015a), as
well as to reduce the physical and/or physiological stress as they can
be responsible for changes in the current velocity (Gutiérrez et al.,
2003; Erwin, 2008).

In recent years, the frequency and intensity of occurrence of bi-
valve massive mortality events have increased (Ilarri et al., 2011;
Sousa et al., 2012; Bódis et al., 2014; Leuven et al., 2014). These
unusual environmental conditions can trigger modifications in
the dynamics of bivalve populations leading, in severe cases, to
massive mortalities, and hence, the deposition of their shells
into the river bed or adjacent river banks (Ilarri et al., 2015b;
Novais et al., 2015b, 2017). After massive die-off of bivalves, the
species composition and dynamic of the benthic compartment
can be severely altered by changing the species pool of a given
area often leading to homogenization due to the loss of rare spe-
cies and the dominance of opportunistic species (Haag and
Warren, 2008). The effects of bivalve die-offs can be more severe
to the non-native than to native bivalve species (e.g. Sousa et al.,
2007, 2008c; Haag and Warren, 2008). However, in most cases,
non-native invasive bivalves have rapidly recovered from the
mortality events, quickly returning to their previous densities, un-
like native species (Sousa et al., 2008a).

In general, abundant and dominant invasive bivalves contribute to
the deposit of large quantities of shells of the same species (i.e. habitat
homogenization). Ecologically, habitat homogenization can imply
changes of the physical structure of the habitat. For example, changes
in habitat heterogeneity have been accompanied in the River Minho
since the introduction of the Asian clam Corbicula fluminea in 1989
(Araujo et al., 1993). C. fluminea invasion has contributed to drastical
declines in the density of native bivalve species (i.e. Anodonta anatina
(Linnaeus, 1785), Potomida littoralis (Cuvier, 1798) and Unio delphinus
(Spengler, 1793)) in the River Minho (Sousa et al., 2008c). Now, this in-
vasive species is responsible for the majority (99%) of empty shells de-
posited in the river bottom and adjacent river banks of the last 70 km
of the river, with some areas reaching empty shell densities of
N2000 ind·m−2 (Ilarri et al., 2015b). Given these numbers, it is funda-
mental to evaluate the influence that the changes in habitat heterogene-
ity may have on the macroinvertebrate associated fauna.

For this, a manipulative experiment was performed and the
resulting biotic data analyzed using both taxonomic and trait-based ap-
proaches. The former has been widely used in several community stud-
ies over the last decades. Whilst the latter is gaining more attention
recently, given that it disentangles valuable ecological information
often hidden in the classical taxonomical approach (Weigel et al.,
2016). Despite of its relevance, the trait approach is still rarely applied
in studies using macroinvertebrates and even rarer are studies that in-
corporate both taxonomical and trait-based approaches (but see Van
der Linden et al., 2012, 2016; Clare et al., 2015; Wong and Dowd,
2015). To this end, the present study aimed at understanding the role
played by substrate heterogeneity (using different shell identities) on
the structure of macroinvertebrate assemblages using the traditional
taxonomy and the trait-based approaches. The null hypothesis of the
present study is that the substrate heterogeneity created by different
shell identities has no effect on the macroinvertebrate diversity (both
taxonomic and functional).We predict that treatmentswith higher het-
erogeneity will have a higher taxonomic and functional diversity in the
associated macroinvertebrate assemblages.
2. Material and methods

2.1. Study area

The study was performed in the River Minho (NW of the Iberian
Peninsula). This river drains a hydrological basin with a total area of
17,080 km2, of which 95% is located in Spain and 5% in Portugal. The
River Minho originates in Serra da Meira, in the province of Lugo,
Spain, and has an extent of approximately 300 km. The last 70 km are
located in the Portuguese/Spanish border, draining NNE-SSW into the
Atlantic Ocean (Costa-Dias et al., 2010). The study was conducted in
the village of Cortes, Monção (42°04′36.90″N; 8°30′54.42″W) (Fig. 1).
The site is located in a very shallow area (in summer reaches 1 m
deep) with permanent freshwater conditions. This site is colonized
mainly by the faucet snail Bithynia tentaculata, worms of the subclass
Oligochaeta and C. fluminea (with N2000 ind·m−2) (Ilarri et al.,
2015b). Native bivalves such as A. anatina, P. littoralis, U. delphinus and
several species from the Psidium genus also occur in the site (Sousa
et al., 2005; Ilarri et al., 2015a). Its substratum composition consists
mainly of pebbles, cobbles, coarse and medium sand, macrophytes
and C. fluminea shells (live and empty). The water current in the site
vary seasonally from moderate (summer and autumn) to strong (win-
ter and spring).

2.2. Experimental design and laboratory procedures

To evaluate the colonization ofmacroinvertebrates through different
substrates composition we considered select the most representative
native and non-native bivalve species of the study site capable to in-
crease the substrate area for the macroinvertebrates colonization.
Empty shells of three species of bivalves, two native (P. littoralis and
U. delphinus) and one non-native (C. fluminea) were used. The three
species live in sympatry in the study area but with a great dominance
of C. fluminea, beingU. delphinus and P. littoralis present in low densities
(Sousa et al., 2005, 2007). Seven treatments were prepared, three of
them consisting in homogeneous substrates, in which only shells of
one species, hereafter Cor (C. fluminea), Pot (P. littoralis) and Uni
(U. delphinus), and four of them in heterogeneous substrates, in which
shells of more than one species were used, hereafter CorPot
(C. fluminea and P. littoralis), CorUni (C. fluminea and U. delphinus),
PotUni (P. littoralis and U. delphinus) and CorPotUni (C. fluminea,
P. littoralis and U. delphinus).

The treatments were standardized and for this an identical sum of
shell's outer area (1000 cm2) was considered (i.e. homogeneous:
1000 cm2, heterogeneouswith two species: 500 cm2+500 cm2, and het-
erogeneous with three species: 333.3 cm2+ 333.3 cm2+ 333.3 cm2). To
avoid bias due to heterogeneities in size we used shells close to the
average size of each species present in the study area (C. fluminea =
26.66 mm ± 0.68; P. littoralis = 69.59 mm ± 2.72; U. delphinus =
50.70 mm± 2.56).

Intact shells of recently dead organisms were collected in the study
area and manually cleaned to remove any traces of soft tissues, dried
at 50 °C for 48 h, weighted, and had their length measured to nearest
0.1 mm. Afterwards, shells were put inside net bags of 10 mm of mesh
size (n = 10 per treatment), and placed in a fixed location at the river
bottom (~70 cm deep) where they remained for two months in the
summer (July and August). The summer in River Minho yields the
highest rates of recruitment bymany invertebrate species, with the col-
onization of bare substrate occurring in less than twomonths (see Sousa
et al., 2007, 2008b; Novais et al., 2015a). At the end of the experiment,
the bag contents were collected and sieved using a 500 μm sieve, and
the macroinvertebrates associated with the empty shells were sorted
and fixed in 70% ethanol. Posteriorly, the organisms were identified to
the lowest practical taxonomic level following Tachet et al. (2003) and
counted. The fauna associated to each treatmentwas displayed in ama-
trix that was referred as taxa by treatment database.



Fig. 1.Map of the River Minho (North-west Iberian Peninsula) showing the location of the experiment.

Table 1
Traits and traits categories used to classify the associated macroinvertebrates.

Trait Modalities

Feeding Fine sediment + microorganisms
Detritus b 1 mm
Plant detritus N 1 mm
Living microphytes
Living macrophytes
Dead animal N 1 mm
Living microinvertebrates
Living macroinvertebrates
Vertebrates

Locomotion Flier
Surface swimmer
Swimmer
Crawler
Burrower (epibenthic)
Interstitial (endobenthic)
Temporarily attached

Life cycle ≤1 year
N1 year

Flow Null
Slow (b25 cm s−1)
Moderate (25–50 cm s−1)
Fast (N50 cm s−1)

Microhabitats Flags/boulders/cobbles/pebbles
Gravel
Sand
Silt
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2.3. Trait-based approach

All the species associated to the different treatments were analyzed
according to 6 traits distributed across 39 categories, selected from
Tachet et al. (2003) (Table 1). The selected traits cover life history, phys-
iological and morphological characteristics and environmental prefer-
ences. These traits were selected taking into account their importance
for the structure and functioning of the benthic compartment. A stan-
dardized fuzzy coding approach (based on Tachet et al., 2003) that in-
cluded scores from 0 to 5 was used to the functional characterization
of the taxa associated to the different treatments. Posteriorly, these
scores were standardized into a scale from 0 to 1, in order to give the
same weight to each trait. This resulted in a taxa trait database with
30 taxa and 39 trait categories.

The community-weighted mean trait (CWM) was assessed in order
to determine the dominant trait categories of each invertebrate assem-
blage associated to the different treatments. The CWM was assessed
using the taxa trait database and the taxa by treatment database that
was relativized (i.e. conversion of the species absolute abundance into
relative abundance) in the Excel Macro (Lepš et al., 2006; http://
botanika.bf.jcu.cz/suspa/FunctDiv.php).

Functional diversity (FD) of the associated macroinvertebrate as-
semblages and single traits were assessed using the Rao's quadratic en-
tropy (FRAO) (Rao, 1982). FRAO was assessed using the taxa trait
database and the relativized taxa by treatment matrix, via the Excel
Macro (Lepš et al., 2006).
Macrophytes
Microphytes
Twigs/roots

Size b2.5 mm
2.5–5 mm
5–10 mm
10–20 mm
20–40 mm
40–80 mm
N80 mm
2.4. Data analysis

To evaluate the influence of the substrate on the density of the asso-
ciated fauna provided by the different treatments through the taxo-
nomic approach, a one-way PERMANOVA (type-III) was performed,
with treatment (seven levels: Cor, Pot, Uni, CorPot, CorUni, UniPot,
CorUniPot) as a fixed factor.

http://botanika.bf.jcu.cz/suspa/FunctDiv.php
http://botanika.bf.jcu.cz/suspa/FunctDiv.php
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The ecological indexes, species richness (S), Shannon-Wiener diver-
sity index (H′), Simpson diversity index and Pielou's evenness index (J′)
of the associated macroinvertebrate assemblages were calculated using
the DIVERSE function.

To evaluate the influence of the substrate on the associated fauna
provided by the different treatments through the trait-based approach,
the same design of the PERMANOVA previously described was used,
with treatment (seven levels: Cor, Pot, Uni, CorPot, CorUni, UniPot,
CorUniPot) as a fixed factor, to compare the community-weighted
mean trait (CWM) categories, the functional diversity (FRAO) and the
functional diversity of the single traits (i.e. feeding, locomotion, life
cycle, flow, microhabitats and size).

Before each PERMANOVA analysis the variables were always nor-
malised without data transformation and a resemble matrix based on
the Euclidean distanceswas calculated. In all PERMANOVA tests a statis-
tical significance of variance of (α = 0.05) with 9999 permutations of
residuals within a reduced model was considered. When the number
of permutationswere lower than 150, theMonte Carlo p-valuewas con-
sidered. For significant results obtained by PERMANOVA, pairwise com-
parisons were also performed.

PRIMER software (vers. 6.1.6, PRIMER-E Ltd., Plymouth, U.K.) with
PERMANOVA+ 1.0.1 add-on (Anderson et al., 2008) was used for all
statistical tests and analyses.

3. Results

3.1. Taxonomic composition

A total of 2961 individuals corresponding to 30 macroinvertebrate
taxa of four phyla (Annelida, Arthropoda, Mollusca, Platyhelminthes)
were associated with the empty bivalve shells (Table S1). Insects (15
taxa) and molluscs (10 taxa) were the most diverse groups,
representing 83.3% of the taxa observed. The gastropod B. tentaculata
(46.1%), the planarians of the Tricladida order (11.2%), the water
hoglouse Asellus aquaticus (9.8%) and the Asian clam C. fluminea
(9.4%) were the most abundant taxa (Table 2).

Of all the 30 macroinvertebrate taxa associated to the treatments,
only B. tentaculata (Pseudo-F = 3.9, p b 0.01) and Physella acuta
(Pseudo-F = 2.5, p b 0.05) were significant different in the comparison
between treatments (Table 2).

The density of the associated fauna was significantly different in the
comparison between treatments. Overall, the heterogeneous treat-
ments attracted a higher density of individuals than the homogeneous
treatments (Pseudo-F = 2.52, p b 0.01); the treatment UniPot showed
the highest density values (average ± SD) (605.0 ± 262.43 ind·m−2),
followed by CorUni (460.0 ± 251.57 ind·m−2) (Fig. 2). Pairwise com-
parisons indicated that most of the differences were related to the
higher values observed for the treatment UniPot.

The highest species richness was also observed for the treatment
UniPot (8.60 ± 2.32), followed by the treatment CorUniPot (8.30 ±
1.34) (Fig. 2). CorUniPot (1.62 ± 0.20; 0.74 ± 0.08) had the highest
Shannon-Wiener and Simpson diversity values, respectively, followed
by the treatment Pot (1.58 ± 0.33; 0.73 ± 0.12) (Fig. 2). Whereas the
treatment Pot had the highest evenness (0.78 ± 0.11), followed by
the treatment CorUniPot (0.77 ± 0.09) (Fig. 2). Nevertheless, no signif-
icant differences were observed for the ecological indexes.

3.2. Trait composition

The CWM showed patterns in the distribution of some trait catego-
ries associated to the different treatments. Significantly higher values
were observed for the size trait categories b2.5 mm (Pseudo-F = 1.69;
p b 0.05) and N80 mm (Pseudo-F = 4.64; p b 0.001), the life cycle
trait category N 1 year (Pseudo-F = 3.92; p b 0.01), and the flow trait
category moderate (Pseudo-F = 5.57; p b 0.001) for the homogeneous
treatments in the comparison between treatments (Fig. 3). Pairwise



Fig. 2. Average values of the macroinvertebrate density (ind·m−2), species richness (S), Shannon-Wiener diversity index (H′), Simpson diversity index (SIMD) and evenness (J′) per
treatment. * indicates significant differences between treatments (one-way PERMANOVA; p b 0.05).
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comparisons indicated that most of the differences observed for these
categorieswere related to the higher values observed for the treatments
Cor and Pot. Conversely, significantly higher values were observed for
the life cycle trait category b 1 year (Pseudo-F= 3.10; p b 0.01), themi-
crohabitats trait categorymicrophytes (Pseudo-F= 4.29; p b 0.01), and
the flow trait categories null (Pseudo-F = 2.97; p b 0.05) and slow
(Pseudo-F = 2.19; p b 0.05) for the heterogeneous treatments in the
comparison among treatments (Fig. 4). Pairwise comparisons indicated
that most of the differences were related to the higher values observed
for the treatments CorUni and UniPot. No significant differences for the
other trait categories in the comparison between treatments were
detected.

The FRAO did not present significant differences between treat-
ments. Overall, FRAO showed higher values for the treatment CorUniPot
(0.72), followed by Pot (0.70) (Table 3). The FD have not differed for
most of the traits in the comparison between treatments (Table 3).
The only exception was for the Flow in which the higher values were
observed for the treatment Cor (0.20), followed by CorUniPot (0.19)
and Pot (0.19). Mostly, the treatments CorUniPot, Pot and Cor had the
higher values of FD considering the analyzed traits.

4. Discussion

The results of the present study showed that the density of the asso-
ciated macroinvertebrates was significantly higher in the heteroge-
neous treatments, particularly with two shell identities.

Higher 3D complexity often generates an increase in the density and
diversity of the associated fauna, given that more diverse and physically
complex substratamay harbor several specieswith different niche pref-
erences (Stewart et al., 2003). The pattern observed for density was dif-
ferent of what was expected, with the highest values observed for the
treatments with two shell identities instead of the treatments with
three shell identities. The other metrics (i.e. richness and diversity)
did not vary among treatments.

The species used as substrate in the study have different sizes,
shapes, and arrangements contributing to physical structures with dif-
ferent heterogeneities. P. littoralis shells have a higher volume, different
shape (more curved) and rougher structure, compared to U. delphinus
and C. fluminea shells.U. delphinus present an intermediate shell volume
and their shells are very thin and delicate, whereas C. fluminea have
hard shells with smaller volume compared to the two aforementioned
species. The spatial organization of different bivalve shells can in-
crease the heterogeneity of the substrate; however, our results
showed that habitat complexity provided by the selected empty bi-
valves shells contributed to attract similar, but denser macroinverte-
brate assemblages.

An overall dominance of the faucet snail B. tentaculatawas observed
in all treatments corroborating a previous study performed in the area
(Ilarri et al., 2015a); this also suggests that the species is favored by
the provision of hard substrata. The faucet snail, and unlike many
other snails, has two feeding modes, feeding mainly on periphyton
(through grazing) and phytoplankton (through suspension feeding)
(Brendelberger and Jürgens, 1993). Shells can depurate nutrients such
as N and P, which can stimulate periphyton growth (Ricciardi et al.,
1995). Several physical and biological characteristics (e.g. accumula-
tions of biodeposits, provision of refuge and substrate complexity) pro-
vided by the deposition of bivalve shells may have contributed to this
positive interaction. Also, B. tentaculata egg deposition is frequently ob-
served on the selected bivalve shells (authors personal observation) in
the study area, suggesting that the species also uses the shells available
surface for juvenile recruitment. The faucet snail had a higher density
mainly in the more heterogeneous treatments.



Fig. 3. Community-weightedmean trait values (CWM) of the trait categories that had significantly higher values in the homogeneous treatments in the comparison per treatments (one-
way PERMANOVA; p b 0.05).
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The trait-based approach showed that some trait categories such
as size, life cycle, microhabitats and flow responded differently to
the distinct treatments. Habitat heterogeneity can contribute also,
on a small spatial scale, to the species diversity and this can have im-
plications to ecosystem functioning (Hewitt et al., 2008). It can be
considered as an environmental filter in which the species have to
develop suitable traits in order to persist in a specific habitat
(Leung, 2015).

The CWM indicated that the smaller (size category of b2.5 mm) and
largest animals (size category of N80 mm) were more abundant in ho-
mogeneous treatments. Normally, the habitat complexity can filter the
size of the individuals living in it, with complex habitats supporting
higher densities of small-bodied individuals (McAbendroth et al.,
2005); however, in our study the highest density of smallest animals
was recorded in the less complex (homogeneous) treatments. This situ-
ation may indicate that those treatments are already complex enough,
and that the heterogeneous treatments did not confer any additional
protection for the smallest organisms. In fact, freshwater bivalve shell
structure is known to provide refuge for small macroinvertebrates
(Ilarri et al., 2012; Ilarri et al., 2015a; Novais et al., 2015a), and the diver-
sity in the composition of the shell structure (shell identity) might not
be relevant for the very small organisms. However, the volume of shells
might also play a significant role in attracting small organisms.
Gutiérrez et al. (2003) suggest that this characteristic is relevant for
shell dwellers since it may determine the space available and conse-
quently the maximum size of the organisms. Indeed, the treatment
Cor, that had the smallest shell volume, had the highest density of
small individuals. It is possible that in the present study the presence
of macroinvertebrates of small size categories was more closely associ-
ated with the shell volume than with the composition of the shells. Fu-
ture studies should be conducted to disentangle the effects of volume
and area on the associated fauna.
The higher proportion of larger invertebrates (N80mm) in homoge-
neous treatments corroborates previous studies (Posey, 1987; Leung,
2015) that suggest that the maximum size decrease with the increase
in complexity. The high density of both small and large invertebrates
in the same area might indicates that these can be functioning as a ref-
uge for juveniles and as breeding site for adults and this could be a pos-
sible explanation to B. tentaculata overall dominance in all treatments. It
is also possible that the high density of small organisms attracts larger
invertebrate predators thus generating a marked bimodal size distribu-
tion in those systems.

High proportion of short-lived species in a system indicates unstable
andhigher disturbance conditions (Vander Linden et al., 2012; Veríssimo
et al., 2012), and this patternwas observed in heterogeneous treatments,
suggesting that theymight needmore time to achieve community stabil-
ity or that the conditions are less stable probably due to more complex
friction force in the heterogeneous than in homogeneous substrates. In
fact, this might be related also to the results observed for the flow trait
categories. The null and slow flow were associated to the treatments
that had a higher habitat heterogeneity (higher friction, lower flow),
whereas the moderate category was associated to the homogeneous
treatments (less friction, higher flow). The relationship between water
flowandmacroinvertebrate assemblages is straightforward,with smaller
values of flow enhancing the abundance of invertebrates associated to
slow flows and vice-versa (Wood and Petts, 1994; Miller and Golladay,
1996). Also, the differences in shells' hardness among species may have
contributed to the observed patterns. U. delphinus shells are more brittle
than the other two species (Ilarri et al., 2015b) and this probably lead to a
faster deterioration.

We detected an increase in the proportion of microphyte-associated
organisms to the increase in habitat heterogeneity corroborating previ-
ous studies (Gosselain et al., 2005). The roughness and different texture
of the substrate are important features for microphytes colonization



Fig. 4. Community-weightedmean trait values (CWM) of the trait categories that had significantly higher values in the heterogeneous treatments in the comparison per treatments (one-
way PERMANOVA; p b 0.05).
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(Bergey, 1999). The substrate roughness can favor the organic matter
accumulation due to the presence of crevices (Johnson, 1994). In this re-
gard, a high abundance ofmicrophytes in the heterogeneous treatments
was expected considering the higher complexity and diversity of tex-
tures provided by the presence of different shells identities.

Functional diversitymeasures the diversity of species traits (Van der
Linden et al., 2012). It is related to thewide array of functional groups in
an ecosystem, and can be associated to the higher productivity and use
of resources, and better performance of the community (Petchey, 2003;
Heino, 2005). On the other hand, habitat heterogeneity can lead to the
increase in the amount of functional trait variability and, consequently,
contribute to the variation of the functional diversity (Dimitriadis et al.,
2012). In the present study, the FRAO outputs revealed similarities of
the associated macroinvertebrate assemblages among treatments,
with no significant differences detected, suggesting that the FRAO did
not respond to the structural complexity gradient. This situation
Table 3
Mean and one-way PERMANOVA test results of the Rao's quadratic entropy (FRAO) and functi

Treatment Cor Pot Uni CorPot

FRAO 0.68 0.70 0.54 0.62

FD

Trait/treatment Cor Pot Uni CorPot

Feeding 0.52 0.50 0.39 0.43
Locomotion 0.35 0.36 0.25 0.31
Life cycle 0.27 0.29 0.23 0.26
Flow 0.20a 0.19ac 0.14ace 0.16acef

Microhabitats 0.32 0.35 0.25 0.31
Size 0.51 0.54 0.38 0.45

Different letters indicate significant differences among treatments (one-way PERMANOVA pai
⁎ p b 0.05.
suggests that the structural heterogeneity, despite of affecting some
trait categories, did not increase the functional diversity of the associ-
ated macroinvertebrate assemblages. Hence, habitat homogeneity,
that has been observed in the River Minho as a gradual effect to the in-
troduction of C. fluminea, will not negatively affect the macroinverte-
brates colonizing empty shells, given that the structure of C. fluminea
shells were able to maintain the functional diversity of the macroinver-
tebrate assemblages.

To date, few studies have evaluated the influence of the habitat het-
erogeneity in the functional diversity (but see Dolbeth et al., 2013;
Leung, 2015; Wong and Dowd, 2015), with this study being the first
to investigate this topic using empty freshwater bivalve shells. Differ-
ently from our results, most of the previous studies observed a positive
relationship in the FD with increasing in habitat heterogeneity (see
Dolbeth et al., 2013; Wong and Dowd, 2015). Thus, our results bring
novel evidences that habitat heterogeneity effects on associated fauna
onal trait diversity (FD) per treatment.

CorUni UniPot CorUniPot PERMANOVA

0.63 0.62 0.72 Pseudo-F = 1.45NS

CorUni UniPot CorUniPot PERMANOVA

0.44 0.41 0.53 Pseudo-F = 1.78NS

0.28 0.28 0.36 Pseudo-F = 1.55NS

0.26 0.26 0.31 Pseudo-F = 1.05NS

0.14bdefg 0.14becfgi 0.19acefhj Pseudo-F = 2.25⁎

0.29 0.30 0.36 Pseudo-F = 1.97NS

0.45 0.48 0.54 Pseudo-F = 2.04NS

rwise tests; p b 0.05). NS = non-significant.
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is not straightforward, being highly context dependent and more com-
plex than previously thought.

5. Conclusion

Homogenization can lead to changes on the physical structure of
habitats. By studying the changes in the substrate heterogeneity
(through different bivalve shells identities) on the structure ofmacroin-
vertebrate assemblages it was possible to conclude that the habitat het-
erogeneity positively affects the density ofmacroinvertebrates, favoring
the organisms that feed onmicrophytes, inhabit areas with null to slow
water flow and that have short live cycles. Also, within a habitat homog-
enization scenario, that included the effects of a dominant non-native
species, it was also possible to infer that the structural complexity pro-
vided by the empty shells of the Asian clam C. fluminea was able to
maintain the associated macroinvertebrate assemblages functionally
diverse.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.04.070.
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