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Resumo

A heterogeneidade ambiental (HA) é um dos fatores ambientais mais investigados em
ecossistemas ecoldgicos de todo o mundo. E esperado que ecossistemas mais heterogéneos
abriguem maior biodiversidade, porém efeitos negativos da HA sobre a biodiversidade também
sdo observados. Variagdes na resposta de comunidades bioldgicas frente ao aumento da HA séo
atribuidas a diversos fatores, levantando duvidas sobre o seu significado ecologico. Portanto,
eu defini a seguinte pergunta norteadora para esta tese de doutorado: Como a HA afeta a
biodiversidade em ecossistemas de agua doce e como disturbios antrdpicos interferem nesse
efeito? Para responder a esta pergunta, eu estabeleci dois objetivos principais: 1°) Sintetizar o
conhecimento atual sobre a relacdo entre a HA e as multiplas facetas da biodiversidade em
ecossistemas de agua doce, e estimar o tamanho do efeito geral 2°) Investigar o efeito de
disturbios antropicos sobre a relacdo entre HA e as multiplas facetas da biodiversidade de
insetos aquaticos de riachos no Cerrado. No primeiro capitulo, eu apresento uma sintese de
conceitos e metodologias de investigacdo da HA, com base em 98 artigos revisados. Utilizando
ferramentas de meta-andlise, pude demonstrar a existéncia de efeito geral positivo da HA sobre
as diversidades alfa taxondémica e funcional de comunidades biolégicas em ecossistemas de
agua doce. O efeito positivo da HA sobre a diversidade alfa taxondmica ndo variou entre
comunidades bioldgicas de zonas temperadas e tropicais, entre comunidades de ecossistemas
Iénticos e l6ticos, ou entre experimentos que controlaram o efeito de area e 0s que ndo
controlaram. Nao foi possivel estimar efeitos significativos da HA sobre os respectivos
componentes beta taxonémico e funcional da biodiversidade. No segundo capitulo, avalio como
o efeito da HA varia em assembléias de insetos aquéticos, que foram submetidos a trés
diferentes niveis de distdrbios antropicos. Por meio de uma abordagem de selecdo de modelos
identifiquei métricas de HA que possuem maior relevancia ecoldgica para explicar o aumento
das diversidades alfa taxon6mica e funcional de insetos aquéticos, sendo elas: a diversidade de
fluxo da agua (em riachos sob minimo disturbio) e a variagdo na profundidade do canal (em
riachos sob méaximo distdrbio). Como conclusdo desta tese, identifiquei que a HA é um fator
ambiental fundamental para aumentar as diversidades alfa taxonémica e funcional em
diferentes ecossistemas de aguas doce em todo o mundo, porém seu efeito pode variar
dependendo dos niveis de distarbios antropicos aos quais as comunidades de organismos

aquaticos estdo submetidas.

Palavras-chave: Complexidade de habitats, homogeneizacdo ambiental, sinteses ecoldgicas,

diversidade beta, diversidade funcional.



Abstract

Environmental heterogeneity (EH) is one of the most investigated environmental factors in
freshwater ecosystems around the world. It is expected that more heterogeneous ecosystems
harbor greater biodiversity, but negative effects of EH on biodiversity are also observed in
nature. VVariations in the response of biological communities to the increase in EH are attributed
to several factors, raising doubts about its ecological significance. Therefore, | defined the
following question for this thesis: How does environmental heterogeneity affect biodiversity in
freshwater ecosystems and how can anthropogenic disturbance interfere with the effect? To
answer this question, | established two main objectives: 1) To synthesize the status of
knowledge about the relationship between EH and the multiple facets of biodiversity in
freshwater ecosystems and estimate the overall effect of EH over multiple facets of biodiversity;
2" To investigate the effect of anthropogenic disturbances on the relationship between EH and
the multiple facets of the biodiversity of aquatic insects from streams in the Neotropical
Savanna. In the first chapter, | systematically reviewed 98 articles and presented a synthesis of
EH concepts and methodologies. Also, using a meta-analytical approach, | estimated the overall
positive effect of EH over the taxonomic and functional alpha diversity of freshwater
communities. The positive effect of EH on alpha taxonomic diversity did not vary between
biological communities from temperate and tropical zones, from lentic and lotic ecosystems, or
between experiments that controlled the area effect and those that did not. Nonetheless, it was
not possible to estimate significant effects of EH over the respective taxonomic and functional
beta components of biodiversity. In the second chapter, | demonstrate how the effect of EH
varies in aquatic insect assemblages, which were submitted to three different levels of
anthropogenic disturbances. Through a model selection approach, | identified EH metrics that
have better ecological relevance to explain the increasing taxonomic and functional alpha
diversity at each disturbance level, namely: the water flow diversity (in streams least-disturbed)
and the variation in channel depth (in streams most-disturbed). As a general conclusion, it is
possible to state that EH is a fundamental environmental factor to increase taxonomic and
functional alpha diversity in different freshwater ecosystems around the world, but its effect
varies depending on the levels of anthropogenic disturbances to which biological communities

are submitted.

Key-words: Habitat complexity, environmental homogenization, ecological synthesis, beta
diversity, functional diversity.
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General introduction

The seminal publication "On birds species diversity” (MACARTHUR, R H;
MACARTHUR, 1961) identified heterogeneity as a relevant environmental factor in the
structuring of biological communities. The authors observed that the increase in foliage height
diversity (a proxy of environmental heterogeneity) was positively related to the increase in bird
species diversity. The main mechanism evocated from past to nowadays is that a greater
environmental heterogeneity would expand the gradients of resources and environmental
conditions in a region, increasing the co-existence of a greater number of species with different
ecological niches (HUTCHINSON, 1959) (Figure 1). This publication is considered a keystone
of one of the main topics in ecology to date, being one of the ten most cited articles in the
journal Ecology since 1945 (CUNHA et al., 2012; FAGHIHINIA et al., 2021). Around this
topic, several questions were proposed, including: What is the ecological concept of
environmental heterogeneity? How does environmental heterogeneity affect biodiversity?
What are the ecological mechanisms behind this relationship? What factors may affect this
relationship?

N
sp4
sp3
3

o~
™~ c
5 sp2 2 sp2
8 2
I = sp5
E = g
o [}
2 sp1 S sp1
S =
=z

> >
Niche dimension 1 Niche dimension 1
Low Environmental High Environmental
heterogeneity heterogeneity

Figure 1. Theoretical example of a multidimensional space with two dimensions. Each axis represents one
dimension that corresponds to one environmental gradient or resource. Species (spl, sp2, sp3, sp4, sp5) occupy a
particular space according to its ecological niche. A region with low environmental heterogeneity (left side)
presents a shorter axis than a region with high environmental heterogeneity (right side). Thus, the increment of
environmental heterogeneity expands the gradients of resources and environmental conditions in a region, which
can be occupied for more species with different niches. Figure made by the author.
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This thesis aims to provide contributions to fill some of those questions. For this, | stated
the following question: How does environmental heterogeneity affect biodiversity in
freshwater ecosystems and how can anthropogenic disturbance interfere with the effect? To
answer this question, | established two general objectives:

1°) To synthesize the status of knowledge about the relationship between EH and the
multiple facets (i.e., taxonomic and functional diversity, and their respective alpha and beta
components) of biodiversity in freshwater ecosystems and estimate the overall effect of these
relationships.

2°) To investigate the effect of anthropogenic disturbances on the relationship between
EH and the multiple facets of biodiversity (i.e., taxonomic and functional diversity, and their
respective alpha and beta components).

Along the following introduction sections (1.1 and 1.2), | present ecological concepts
and bases to develop both objectives. Chapter 1 encompasses a systematic review of 98
published articles from 1975 to 2020 that investigate the effect of EH over different biological
communities of freshwater ecosystems around the world. In Chapter 2, | used a model selection
approach to investigate the effect of anthropogenic disturbances on the relationship between
EH and the biodiversity of aquatic insect assemblages in the Brazilian Neotropical Savanna
headwater streams. This chapter was published in the Ecological Indicators Journal (2021).
Finally, | present a Thesis’ General Conclusion and propose Future Perspectives based on

the results of this thesis.

1.1.The Environmental heterogeneity concept and its effects on biodiversity

Ecological studies about the relationship between environmental heterogeneity and
biodiversity have been carried out for decades through observational studies, experimental
studies and reviews of the published literature (see ALLOUCHE et al., 2012; ORTEGA,;
THOMAZ; BINI, 2018; STEIN; GERSTNER; KREFT, 2014; STEIN; KREFT, 2015; TEWS
et al., 2004). More advances on the subject are seen for the ecology of terrestrial ecosystems,
while studies in freshwater ecosystems still demand greater attention. Recent reviews and meta-
analyses showed that EH has a positive overall effect on species richness (ORTEGA,
THOMAZ; BINI, 2018; STEIN; GERSTNER; KREFT, 2014). For terrestrial ecosystems, the
most invoked mechanisms to explain the species richness increase are coexistence, persistence,
and species diversification (STEIN; KREFT, 2015). However, mechanisms are rarely tested
through controlled experiments (ORTEGA; THOMAZ; BINI, 2018). Also, negative effects of
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EH have also been reported in terrestrial and aquatic ecosystems (GRACO-ROZA et al., 2020;
KARNA et al., 2018; TAMME et al., 2010). To deal with that, Allouche et al. (2012) proposed
an unimodal model, in which there is a trade-off between the EH and the species' occupancy
area. Thus, high levels of EH would increase area fragmentation and the likelihood of stochastic
extinctions, leading to the decreasing of species richness (ALLOUCHE et al., 2012).

Since freshwater ecosystems have a wide variety of types (e.g., reservoirs, lakes, rivers,
streams), which are hierarchically determined by factors ranging from the catchment scale to
the local scale, the investigation of the EH - diversity relationship may vary in many aspects
(FRISSELL et al., 1986; MACEDO et al., 2014) (Figure 2). For example, to understand the
EH-biodiversity relationship in the whole catchment, factors such as geodiversity, land cover
diversity or elevation variation must be considered (BEJAR et al., 2020; KARNA et al., 2018).
While investigating the effect of EH in the local scale has to encompass local environmental
factors (e.g., habitat diversity, substrate and water flow variations) (MASSICOTTE et al.,
2014). Also, to get a wider picture of ecological mechanisms that govern the relationship
between EH and biodiversity in freshwater ecosystems, the investigation of multiple facets of
biological diversity (e.g., functional diversity and the beta component of diversity) are
recommended but still rare (HEINO; MELO; BINI, 2015).

Catchment scale

Geodynamic factors:
Geology
Climate
Relief

Natural landscape

cover :
Anthropogenic 2

pressures

Local habitats

Biological
communities

Local scale

Figure 2: Freshwater ecosystems are hierarchically determined by factors from the catchment scale to the local
scale. Anthropogenic factors may affect factors from scales above and below itself. Full arrows represent direct
effect, and dashed arrows represent indirect effects. Figure was adapted from Macedo et al. (2014).
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Another challenge in investigating the effect of EH on biodiversity lies in the
establishment of an EH common concept among researchers. More than 100 different terms
have been used to refer to EH, and several authors established different conceptualizations for
it (KOLASA; ROLLO, 1991; LI, H; REYNOLDS, 1995; STEIN; GERSTNER; KREFT, 2014).
In a simple and direct sense, Heino et al. (2013) defined EH as the variation of abiotic factors
between two or more locations within a region. To amplified this concept and include the biotic
and abiotic resources aspect (e.g., habitats, shelter, and food), which are fundamental factors in
the biological communities structuring (VELLEND, 2016), | propose that EH is the variation
of environmental conditions and resources between two or more locations within a region. In
the same way, the temporal EH is the variation of environmental conditions and resources in
the same location over time (LI, H; REYNOLDS, 1995).

Beyond the EH concept, there is a wide variety of methodological approaches to
investigate EH (STEIN; KREFT, 2015). The choice for a particular methodological approach
should be guided by two main aspects: 1) the spatial scale of interest, and 2) the environmental
elements that are considered proxies of EH (e.g., substrate, water flow, channel morphology,
catchment land use) (TOKESHI; ARAKAKI, 2012). When the spatial scale of interest is
delimited (i.e., region unit), variations of an EH proxy will be analyzed among locations within
the region unit (Figure 3). Those proxies can be manipulated and measured in different ways.
According to Tokeshi and Arakaki (2012), there are four main possibilities to manipulate and
measure the features of an EH proxy: the size variation, the physical structure, the spatial
arrangement, and abundance/density (Figure 4). Consequently, different calculation methods
(e.g., indices, fractal dimensions, abundance, density, coefficients of variation and standard
deviations) are used to quantify EH and test its effect over freshwater biodiversity (STEIN;
KREFT, 2015).

Low . . Regl.on
. unit
Environmental . .

heterogeneity Locality

| Region
High * . Uiit

Environmental

heterogeneity Locality

Figure 3: Environmental heterogeneity (EH) is evaluated among localities (green squares) within a region unit
(gray rectangle). Blue symbols represent an EH proxy (e.g., substrate type, or channel morphology). A region with
low EH region (above) presents low variability of EH proxy among localities. A region with high EH presents
high variability of EH proxy among localities. Figure made by the author.
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SIZE VARIATION PHYSICAL
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Environmental
heterogeneity
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ARRANGEMENT DENSITY

YA
Y,

~

Figure 4: Environmental heterogeneity (EH) proxies can be evaluated through four main features in order to
quantify EH and test its effect over freshwater biodiversity. Figure made by the author.

Because EH has become one of the most driving factors studied across freshwater
ecosystems (FAGHIHINIA et al., 2021), global synthesis is important to identify main
ecological patterns over biodiversity and the sources of variation among studies. Previous
reviews have focused on a specific point of the relationship between EH-biodiversity of
freshwater ecosystems. For example, Cunha and co-authors (2012) analyzed publications on
aquatic ecology (marine and freshwater ecosystems) that cited “On birds species diversity” of
MacArthur and MacArthur (1961). Heino et al. (2015) reviewed publications that evaluated the
effect of EH on freshwater beta diversity, proposing ecological concepts and predictions based
on the spatial scale. Finally, Ortega et al. (2018) performed a meta-analytical study
encompassing experimental and quasi-experimental studies of aquatic and terrestrial
ecosystems, to estimate the overall effect size of EH over species richness.

Therefore, the first chapter of my thesis aims to broaden the understanding of the role
of EH on freshwater biodiversity. | performed a global systematic review of all published
literature that investigated the effect of EH on any biological metric of diversity (i.e., taxonomic
and functional diversity, and their respective alpha and beta components), and estimate the
magnitude of the overall effect of spatial EH over these multiple facets of freshwater

biodiversity. Besides, | provided a global synthesis that elucidates a) how spatial EH is assessed
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across geographical locations, freshwater ecosystem types, biological groups, and their
occurrence zone; b) which mechanisms are invoked to investigate the spatial EH-biodiversity
relationship; ¢) which environmental variables are used as proxy of EH, as well as the
methodological approach and calculation methods used to investigate and measure spatial EH
in freshwater ecosystems. Lastly, | investigated possible sources of variation on the overall
effect of EH over taxonomic alpha diversity.

1.2. Anthropogenic disturbances as an additional factor on the relationship between

environmental heterogeneity and biodiversity

The pattern of community structure can be explained by a chain of factors and
mechanisms from the regional to the local scale. Factors and mechanisms that limit the
establishment and persistence of a species in an ecological community can be called
environmental filters (VELLEND, 2016). From the regional scale, the dispersion filter acts as
a barrier along a landscape (Figure 5a). Thus, only species which can overcome those barriers
will colonize a local site (LEIBOLD, M. A. et al., 2004). Resource availability and
environmental conditions at the local scale are considered abiotic filters, affecting the
persistence of those arriving species (LEIBOLD, MATHEW A., 1995). At the same time,
interspecific competition excludes less competitive species, and this is called the biotic filter
(VELLEND, 2016). Considering the environmental filter framework and incorporating the idea
that spatial EH “expand the multiple dimensions of resources and environmental conditions in
a region” (HUTCHINSON, 1959), it is predicted that spatial EH will loosen abiotic and biotic
filters, allowing greater numbers of species to coexist in the same local (CASWELL; COHEN,
1991).

The effects of spatial EH in the environmental filter framework have been largely
investigated, however the interference of human disturbance is rarely considered (YANG et al.,
2015). Anthropogenic disturbances interact with those environmental filters, often obscuring
the EH-biodiversity relationship (ALLOUCHE et al., 2012; FRISHKOFF et al., 2019;
PALMER; MENNINGER; BERNHARDT, 2010) (Figure 5b). Anthropogenic disturbances
may reduce regional species pools or prevent some species from colonizing a site (GAMEZ-
VIRUES et al., 2015; SUNDERMANN; STOLL; HAASE, 2011). Also, they may alter
environmental conditions so that they become unsuitable for some species (BINI et al., 2014;
GRACO-ROZA et al., 2020), limit resource availability (BURDON; MCINTOSH; HARDING,
2013; SILVA et al., 2018), or facilitate the spread of invasive species that may increase
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competitive exclusion (ALBANO et al., 2018). Therefore, in a scenario where anthropogenic
disturbances filter several species (CASTRO, DIEGO; DOLEDEC; CALLISTO, 2018;
OSORIOQO et al., 2019; SOCOLAR et al., 2016), EH may no longer be an important factor
controlling variation in biodiversity, and it may even have a negative effect on some species
(ALLOUCHE et al., 2012; STOLL et al., 2016).

. a) b)
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i 1 . . Alters abiotic factors
Dispersal filter Dispersal filter
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Invasive species
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Local | \/
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Figure 5: The environmental filter framework to explain the pattern of community structure. a) Without
anthropogenic disturbance, a random subset of species in the regional scale can access a local site; and are
submitted to biotic and abiotic filters. Only species that pass all filters will structure the local community. b)
Anthropogenic disturbance may alter dispersal filter, abiotic and biotic filter, preventing potential species to
colonize and survive in the local site. Figure made by the author.

The characteristics of freshwater ecosystems present both challenges and opportunities
for understanding the mechanisms governing EH and biological diversity relationship (HEINO,
2013; POFF, 1997). Rivers and streams are among the most biodiverse ecosystems on the planet
(REID et al., 2019). However, these ecosystems are on average twice as threatened as terrestrial
and marine ecosystems (GROOTEN; ALMOND, 2018). In the Brazilian Cerrado, a biome that
encompasses three of the largest hydrographic basins in South America (Amazonian/Tocantins,
S&o Francisco and Prata), the scenario is critical due to the historical suppression of native
vegetation and replacement by agricultural areas (DASKALOVA et al., 2020; MACEDO et al.,
2018). Forecasts indicate that by the year 2050 there will be a loss of 31-34% of native plant
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remnants, with these areas representing only 19.8% of the Cerrado (SOARES-FILHO et al.,
2016; STRASSBURG et al., 2017). The suppression of native vegetation cover causes
cascading effects on freshwater aquatic ecosystems (Allan, 2004), changing the physical
structure and chemical dynamics of these ecosystems (e.g., silting and eutrophication) (BINI et
al., 2014; SILVA et al., 2018). However, estimates of the consequences of these impacts are
still difficult to make, especially among aquatic insects, due to the pronounced lack of
information about this biological group in tropical zones (KLINK et al., 2020).

Macroinvertebrates are responsible for an important part of the nutrient cycling that
occurs in aquatic ecosystems. They compose the bottom of the food web of several fishes and
birds (BOYERO et al., 2012), playing a key role in ecological processes and in providing
ecosystem services in rivers, streams and lakes (WALLACE; WEBSTER, 1996). These
organisms. In particular, insect larvae of the orders Ephemeroptera, Plecoptera and Trichoptera
(EPT) are effective ecological indicators of ecosystem health, as specific taxa respond to
environmental stressors differently (FIRMIANO et al., 2017). The use of EPT as ecological
indicators have been validated and consolidated along the years (FIRMIANO et al., 2021;
LIGEIRO et al., 2013; OLIVEIRA et al., 2011; SILVA et al., 2017). Also they are considered
potential tools for temporal analysis of ecosystem health, as they respond more quickly to
changes in land use when compared to vertebrates (DASKALOVA et al., 2020).

Considering the lack of studies that explicitly attempt to examine how anthropogenic
disturbance affects the relationship between biodiversity and EH in freshwater ecosystems, the
second chapter of my thesis aims to assess how different levels of anthropogenic disturbance
alter the relationship between EH biodiversity of EPT assemblages in the Neotropical Savanna.
I used a model selection approach to test the following predictions: P1: The greater the level of
anthropogenic disturbance, the weaker will be the relationship between EH and both taxonomic
and functional alpha diversities. P2: The sign and strength of correlations between EH metrics
and both taxonomic and functional alpha diversities will depend on the level of anthropogenic
disturbance. P3: Taxonomic and functional beta diversities will not respond to the EH gradient.
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A agua do rio ndo segue a mesma composicao,
a cadéncia de ontem nédo é a mesma agora
E nem depois

A 4gua ndo desassocia do rio,
0 rio muda e a 4gua também

Na beira a gente olha
E se a gente vé bem
Ateé escuta

O rio segue

E a 4gua com sua sutil esséncia
Segue dando forma

a esse movimento

Esculpindo caminhos e
deixando margens por onde o rio passa,
E que a margem cuida de ndo deixar o rio so.

Oferece cor e vida pra que o rio ndo deixe de seguir
Cuidemos das margens,

as de fora e as de dentro.”

(Poema de Mayra Pontes, 2022)
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Chapter 1: A global synthesis of the environmental heterogeneity effects on the freshwater
biodiversity

Janaina Agra, Tatiana Cornelissen and Marcos Callisto

Abstract

The spatial Environmental Heterogeneity (EH) has been invoked as an important factor to
explain biodiversity. It is expected that more spatial EH provides a wider range of resources
and conditions for species with different requirements, leading to an increment of biodiversity.
However, differences among geographical locations, ecosystem types, taxonomic group, their
occurrence zone, and methodological approaches my reveals idiosyncrasy between studies.
Thus, we aimed to synthesize the knowledge about the relationship between spatial EH and
freshwater biodiversity (i.e., taxonomic and functional diversity, and their respective a and f
components). We systematically reviewed 98 studies and presented an ecological synthesis of
the role of spatial EH in freshwater ecosystems, regarding terminologies, EH proxies and
methodological approaches. Through meta-analysis, we demonstrate that spatial EH has a
positive effect over taxonomic and functional alpha diversity. Besides, we confirmed that the
positive effect of spatial EH over taxonomic alpha diversity is consistent across geographical
locations, ecosystem types, taxonomic groups, occurrence zones and between experiments with
area controlled vs. not controlled. Nonetheless, there was not enough evidence to robustly
estimate the overall effect of spatial EH over taxonomic and functional beta diversity. Further,
we discuss the mechanisms addressed to explain spatial EH-biodiversity relationship, and

implications for the management, conservation and restoration plans for freshwater ecosystems.

Key-words: Habitat heterogeneity, environmental complexity, functional diversity, beta

diversity

1. Introduction
Since the publication of “On birds species diversity” (MACARTHUR, R H;
MACARTHUR, 1961), ecologists from different areas have sought to understand the
relationship  between spatial environmental heterogeneity (EH) and biodiversity
(FAGHIHINIA et al., 2021; ORTEGA; THOMAZ; BINI, 2018). Heterogeneity encompasses
several components and concepts (KOLASA; ROLLO, 1991) and spatial EH can be defined as
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any measurement of variation of abiotic factors between two or more locations within a region
(HEINO; MELO; BINI, 2015). More heterogeneous environments present a larger range of
food resources, refuge and a variety of environmental conditions for species with different
requirements (MACARTHUR, R H; MACARTHUR, 1961). Thus, the main mechanism
evocated from past to nowadays is that a greater environmental heterogeneity increases the co-
existence of a greater number of species with different ecological niches in a given region,
increasing therefore biodiversity (CARDINALE, 2011; CASWELL; COHEN, 1991;
HUTCHINSON, 1959; WILLIS; WINEMILLER; LOPEZ-FERNANDEZ, 2005).

In freshwater ecosystems, spatial EH has been assessed through the measurement of
several environmental factors such as water flow, channel morphology, bottom substrate
composition and by the presence or the architecture of some structures (e.g., macrophytes, wood
debris) (TOKESHI; ARAKAKI, 2012). The evidence of a positive relationship between spatial
EH and species richness is well documented and, more recently, responses of multiple facets of
biodiversity (i.e., taxonomic diversity, functional diversity, and the beta diversity component)
have been investigated (AGRA et al., 2021; LI, ZHENGFEI et al., 2019; MILESI; DOLEDEC;
MELO, 2016). However, opposite or non-significant results have shown that this ecological
pattern may not be universal (BOYERO; BOSCH, 2004; KARNA et al., 2018; PALMER;
MENNINGER; BERNHARDT, 2010) and the spatial EH — biodiversity relationship may
depend on other factors such as spatial scale, biotic interactions (i.e., the strength of competition
and predation) and gradients of disturbance (AGRA et al., 2021; HEINO; MELO; BINI, 2015;
YANG et al., 2015).

The wide variety of methods used to manipulate EH proxies and test the effect of spatial
EH may also explain idiosyncrasies in the results (STEIN; KREFT, 2015), because the way
species perceive spatial EH is intrinsically associated with its ecological niche (CASWELL,;
COHEN, 1991). For instance, species that inhabits a river bottom responds to substrate
heterogeneity (EH proxy) differently from a species that uses the water column (LUCENA-
MOYA; DUGGAN, 2011; SCHNEIDER, KRISTAL N.; WINEMILLER, 2008). Thus,
researchers employ different EH proxies and methodological approaches according to the
taxonomic group investigated and aiming to capture the ecological meaning of the spatial EH
on biodiversity (CASWELL; COHEN, 1991). Besides, several experiments do not control for
the effects of area when spatial EH is increased, making it difficult to distinguish the effect of
an increment of EH per se from the mere effects of increased area (ALLOUCHE et al., 2012;
THOMAZ et al., 2008). Furthermore, a misuse of terminologies and concepts to describe spatial

EH limits comparisons between studies, hampering generalizations and general implications of
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the effects of spatial EH over biological communities (CUNHA et al., 2012; STEIN; KREFT,
2015).

Systematic reviews and meta-analysis emerged as fundamental tools to summarize
research evidence and to seek for sources of variation in overall effects (GUREVITCH et al.,
2018) and may be particularly useful to evaluate the effects of spatial EH on species
biodiversity. For terrestrial communities, a few reviews on EH-biodiversity have already
synthesized concepts and methodologies (see TEWS et al., 2004, ALLOUCHE et al., 2012,
STEIN and KREFT 2015), and meta-analyses have quantified the overall effect of spatial EH
over species richness (see STEIN et al., 2014, ORTEGA et al., 2018). However, only one study
has tested the effects of spatial EH on species richness (i.e., ORTEGA et al., 2018), including
experimental or quasi-experimental studies carried out in both aquatic and terrestrial
communities. Another caveat left by these studies is the focus on species richness only, and
multiple facets of biological diversity (i.e., taxonomic and functional alpha and beta diversity)
have been overlooked. We suggest the evaluation of these multiple components of biodiversity
might aid to guide new approaches to unravel ecological mechanisms underlying spatial EH —
biodiversity and the consequences on ecosystem functioning in a scenario of global change
(HEINO; MELO; BINI, 2015; MOUILLOT et al., 2013; ORTEGA; THOMAZ; BINI, 2018).

We synthesized the current status of knowledge regarding the study of spatial EH in
freshwater ecosystems, elucidating a) how spatial EH is assessed across geographical locations,
freshwater ecosystem types, taxonomic groups and their occurrence zone; b) which
mechanisms are invoked to investigate the spatial EH-biodiversity relationship; and ¢) which
environmental variables are used as proxy of spatial EH, as well as the methodological approach
and calculation methods to manipulate and measure spatial EH in freshwater ecosystems. Using
meta-analysis, we also aimed to d) estimate the magnitude of the overall effect of spatial EH
over multiple facets of freshwater biodiversity (i.e., taxonomic and functional alpha and beta
diversity); and e) test whether there is significant variation in the overall effect of spatial EH on
taxonomic alpha diversity moderated by location (tropical vs. temperate); Ecosystem type (lotic
vs. lentic ecosystems); Taxonomy (biological groups); occurrence zones (benthos, nekton,
plankton and in the riparian meta-ecosystem); and experimental design (controlled or not for
area). Based on the hypothesis that the increasing of spatial EH expands the partition of the
ecological niche (HUTCHINSON, 1959; MACARTHUR, R H; MACARTHUR, 1961), we
predict that the relationship of EH will be positive for taxonomic and functional alpha diversity.
We did not predict beta components response, as it depends on the spatial scale design in each
study (HEINO; MELO; BINI, 2015). Also, we expect that the strength of the spatial EH over
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taxonomic alpha diversity will be higher in experiments that did not control for surface area,
because this factor is already known to increase resources for a greater number of species
(MACARTHUR, ROBERT H; WILSON, 1967).

2. Methods

Data collection

We searched for studies that investigated the effect of EH over any metric of biological
diversity (e.g., richness, taxonomic diversity indexes, functional diversity, or beta diversity).
We applied three different approaches of data searching, aiming to detect as many studies as
possible and, consequently, avoiding data bias (KORICHEVA; GUREVITCH; MENGERSEN,
2013). The first approach consisted of searching for terms in the three search engines ISI Web
of Science, Scopus and Scielo, from 1945 to 2020. We used 46 terms that are frequently used
to refer to EH (e.g., "habitat* heterogen*" OR "habitat* diversity" OR "habitat* complexity"
OR 'structural complexity" OR “fractal heterogen*” OR "biotop* heterogen*" OR
"environment* complexity™) (see complete syntax in Supplementary Material 1). The second
approach consisted of a general search for studies on the Google Scholar webpage, using the
four most used terms to refer to EH according to a previous study (see STEIN et al. 2015)
(Supplementary Material 1). In this case we stablished a maximum of 600 articles to screen.
The third approach consisted to search onto the references of previous reviews and opinion
articles that included freshwater ecosystems in the central theme (i.e., CUNHA et al., 2012,
KOVALENKO et al., 2012; ORTEGA et al., 2018; PALMER et al., 2010; TOKESHI and
ARAKAKI 2012).

After duplicate exclusion we obtained 2,381 studies. Following PRISMA steps
(Supplementary Material 2). To elect studies we considered the following criteria: (1)
encompassed freshwater ecosystems and its associated organisms; (2) were either observational
or experimental or both; (3) considered only spatial EH (temporal EH was not included); (4)
explicitly investigated the relationship between EH and any biological metric of taxonomic and
functional diversity; (5) were published in a peer reviewed journal. After the exclusion of 2,176
studies in the title and abstract screening stage, a total of 205 studies were fully read. After this
second screening, we elected 98 studies to be included in our systematic review (Supplementary
Material 3).
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Because we aimed to test the overall effect size of EH over multiple facets of freshwater
biodiversity, we conducted a second step of selection to elect studies suitable for a meta-
analysis. Studies that did not provide any measurement of the effect of EH over a biological
diversity metric or had fewer than five replicates were excluded (KORICHEVA;
GUREVITCH; MENGERSEN, 2013). Also, studies that only informed results from multiple
regressions, partial correlations and multivariate analysis were not included, because it was not
possible to extract the single effect of EH over the biological metric. At the end, 74 studies were

elected for a meta-analysis.

Qualitative data extraction

To conduct our systematic review we extracted information from the 98 studies about:
1) geographical location; 2) type of freshwater ecosystem; 3) study type (i.e., observational or
experimental); 4) most cited term in the title and/or abstract to indicate EH (e.g., “habitat
heterogeneity”, “environmental complexity”); 5) environmental variables used as proxy of EH
(e.g., substrate, flow velocity); 6) methodological approaches to manipulated EH proxies (e.g.,
qualitative variation, roughness); 7) calculation methods to measure EH (e.g., indices,
coefficient of variation); 8) biological group evaluated; 9) zone of communities’ occurrence
(i.e., nekton, plankton, benthos or in the riparian meta-ecosystem); 10) type of biological metric
considered as response variable (i.e., functional or taxonomic, and alpha or beta), 11) if
experimental design controlled for the effect of surface area, and 12) the mechanisms invoked
by authors to discuss patterns or used to test the relationship between EH and the biological
metric response. We only considered the mechanisms that were explicitly cited by authors.
Occasionally, studies encompassed more than one taxonomic group, at different occurrence
zones, with different EH proxies, and using different methodological approaches and
calculation methods. We incorporated this information in separate outcomes from the same
study, which generated 276 comparisons.

EH proxy denotes the element that authors actually quantified in the ecosystem aiming
to evaluate the effect of EH over biological metrics of diversity. During data extraction we
identified several EH proxies used by authors, which was categorized into 12 categories: aquatic
vegetation; artificial substrates; natural substrates; channel morphology; elevation; food
resources; land cover; riparian vegetation; water flow; water chemistry; wood debris; and
mixed. The mixed category included studies that used more than one category of proxy to

manipulate EH in the experiments (Figure 6).
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Figure 6: Categories of Environmental Heterogeneity (EH) proxies used to evaluate the effect of EH over
biological metrics of diversity.

The methodological approach denotes the way authors manipulated the EH proxies to
create EH gradients or EH levels, aiming to test the effect of spatial EH on a biological metric.
In the same way, we created eight categories of methodological approach: density; mixed,;
presence vs. absence; qualitative variation; quantitative variation; roughness; structure; and size
variation. For each category we present a conceptual definition and show some examples of the

most frequent calculation methods to measure spatial EH proxies (Table 1).
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Table 1. Glossary of methodological approaches to investigate spatial environmental heterogeneity, with its
respective concepts, synonyms, and examples of calculation methods of measurement. Graphical abstract presents
symbols with different shapes to represent distinct proxies, while different colors represent variations within the
same proxy.

Methodological
Approach

Graphical Abstract

Homogeneous vs Heterogeneous

Concept Examples

Size variation

Manipulation of

Substrates with the

. particle sizes from an same particle size vs . .

orsize environmental proxy substrate with differ- .

composition ent particles sizes; . P
Standard deviation of
partricle size

Structure Manipulation of the Macrophytes with

or shape, physicgl structure of simplg—shaped leaves

fractal, an environmental vs intricately-shaped

architecture

Proxy

leaves

R0ughness Manipulation of the Smooth surface of a
or surface, ;%L\J/?rggle”nS:n?;fgroxy zugztor:te e grooved
u ;
topography, Rugosity index
texture
Density Manipulation of the Number of macro-
density or abundance phytes per area;
or abundance of an environmental Counting of large .. .:.
proxy at a location wood debris in a o C
location (]

Presence vs

Manipulation of

The presence of

absence addition or exclusion artificial substrates vs
of an environmental the lack of artificial
proxy at a location substrates
Qualitative Manipulation of Richness of substrate
variation different qualities of types; Shannon
or patchiness, the‘same diversity of water flow . .
L environmental proxy types
ompositional . .
variation . .
Continuous Manipulation of a Coeficient of variation
variation environmental proxy of water flow velocity;
which is continuous Standard deviation of
a river discharge - +
Mixed Manipulation different Shannon diversity of
types of environmen- different environmen- HE [ ] |
tal proxies , including tal proxies | .
different types of the A PCA1 axis of °® g
same proxy several environmental ® A ® A
AA AA

proxies
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Quantitative data extraction

For meta-analysis, we used 74 studies that reported statistical results (e.g., correlation
coefficient, mean and deviation values between treatments), variance and sample size which
estimated the relationship between EH and any biological metric. With this information we
calculated the individual effect size of each experiment or observation. When authors reported
results in figures, we extracted information through the software Image J® (SCHNEIDER,
CAROLINE A; RASBAND; ELICEIRI, 2012). When effects were not provided in the text,
table, or figures, we obtained statistical results from the corresponding author.

From the 74 studies, we recorded 242 individual effect sizes. We separated effect sizes
into four distinct categories according to the type of biological metric considered as the response
variable: taxonomic alpha, taxonomic beta, functional alpha and functional beta
(Supplementary Material 4). Among them, 200 refers to the effect size on taxonomic alpha, 20

on taxonomic beta, 16 on functional alpha and six on functional beta diversity.

Statistical analysis

To run meta-analysis and estimate the magnitude of the overall effect of EH on
taxonomic alpha and beta diversity, we used the Fisher’s z value as the measure of effect size.
All statistical results provided by the authors were converted to the correlation coefficient (r),
which was used to derive z by the formula: z = 0.5 x In[(1 + r)/(1 - r)] (KORICHEVA;
GUREVITCH; MENGERSEN, 2013). For each z value, we calculate its respective variance
(v2) based on the sample size (n) of the test performed in the study: v, = 1/(n - 3) (KORICHEVA,
GUREVITCH; MENGERSEN, 2013). Based on z variance and sample size, we calculated the
95% confidence intervals around each z value. Negative values of z represent a negative effect
of the EH over the biological metric whereas positive z values represent a positive effect, and z
= 0 represents no effect. If confidence intervals did not overlap zero, the estimate of the true
effect size is considered significant.

Because many studies reported multiple effects sizes, we carried out a hierarchical meta-
analysis that allowed us to take into account the dependence of multiple effect sizes within the
same study (KORICHEVA; GUREVITCH; MENGERSEN, 2013). First, we runed random-
effects meta-analysis models to calculate the overall mean effect size of EH on taxonomic alpha
diversity (n = 200), on taxonomic beta diversity (n = 20), on functional alpha diversity (n = 16)
and on functional beta diversity (n = 6). Second, we carried out random-effects meta-analysis
models that incorporated moderators to investigate variations on the overall mean effect size of

EH on taxonomic alpha diversity. It was not possible to incorporate moderators in other
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random-effects meta-analysis models (i.e., beta taxonomic, alpha functional and beta
functional) because of the low sample size. We considered variation between geographical
locations (tropical vs. temperate), ecosystem types (lentic vs. lotic), zone of communities’
occurrence (i.e., nekton, plankton, benthos or in the riparian meta-ecosystem), taxonomic
groups (i.e., algae, amphibian, birds, fish, macroinvertebrates and microfauna) and
experimental design (controlled vs. not controlled for area). Since experiments in mesocosmos
generated only six effect sizes, we did not include this class in the analysis with moderators of
ecosystem types to avoid imprecision (KORICHEVA; GUREVITCH; MENGERSEN, 2013).
The heterogeneity among categories of moderators were examined through p-values of Q
statistics, which are weighted sums of squares tested against a y2 distribution (HEDGES;
OLKIN, 2014). All analyses were run with the statistical software R (R Core Team 2016), using
the “metafor” package (VIECHTBAUER, 2010).

Publication bias analysis

There is widespread evidence that studies are more likely to be published if their results
are statistically significant, or confirm the initial hypothesis (M@LLERAND; JENNIONS,
2001). Thus, we analyzed publication biases for each random-effect model that was run to
estimate the overall mean effect size. For this, we used two approaches: 1) visual inspections
for a pattern of asymmetry in a funnel plot. When asymmetry was not explicit, we run a
regression Egger’s test (EGGER et al., 1997); 2) calculation of the Rosenthal fail-safe number,
which indicates the hypothetical number of missing unpublished evidence averaging a z-value
of zero that, if added, would change our results from significant to non-significant effect
(ROSENTHAL, 1979). Fail-safe numbers higher than 5n + 10 (n = number of independent

comparisons), indicate that results are robust despite publication bias.

3. Results

Systematic Review

The 98 studies encompassed 33 countries, across all continents, except Antarctica
(Figure 7). Studies carried out in the Palearctic region were the most frequent (32), followed by
the Neotropical (29), Nearctic (19), Indomalaya (7), Australasia (6), and Afrotropical (4)
regions. The first study that investigated the relationship between EH and freshwater diversity

was conducted in the United States of America (see Allan 1975). Since then, the topic has been
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increasingly studied (Figure 8). The journals with the highest representation in our dataset are
Hydrobiologia (18), Freshwater Biology (11), Oecologia (7) and Oikos (5).

Studies in lotic ecosystems (e.g., river, creek, stream) were more frequent (56), followed
by lentic ecosystems (e.g., lake, pond, reservoir) (38), and in artificial structures such as

mesocosms (4). There were more observational studies (69) than experimental ones (29).
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Figure 7: Geographic location of 98 studies that investigated the relationship between EH and freshwater biological
diversity
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Figure 8: Number of published studies that investigated the relationship between environmental heterogeneity and
freshwater biodiversity per year, from 1975 to 2020.
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We identified 28 different terms to refer to the concept of spatial environmental
heterogeneity in freshwater ecosystems, and 21 of them appeared only once in our dataset
(Figure 9). Also, we observed some level of inconsistency in the use of terms within each study,
because 42 % applied more than one term to refer to the spatial environmental heterogeneity
along the text. The most used terms among all studies were “habitat complexity” (22), “habitat
diversity” (14), “habitat heterogeneity” (12), “structural complexity” (9) and “environmental

heterogeneity” (8).
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Figure 9: Wordle of terms used by authors that indicate measurements of environmental heterogeneity. Font size
is proportional to the number of studies using each term in our database.

Most studies (71) did not explicitly invoke any mechanism to explain the relationship
between spatial EH and the biological metric used in the discussion of results (Figure 10). Only
16 studies discussed possible mechanisms to explain the effect of EH, while 11 studies
effectively predicted and tested mechanisms (i.e., niche partitioning, habitat resource, food

resource, environmental resource, refuge and area increment).
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Figure 10: Number of studies by categories of mechanisms invoked to explain the relationship between spatial EH
and the biological metric of response.

Authors manipulated several EH proxies to evaluate the effect of EH on biological
metrics. Categories of EH proxies in order of frequency are: artificial substrates (54), natural
substrate (53), aquatic vegetation (52), mixed (39), wood debris (18), channel morphology (18),
land cover (17), water flow (14), elevation (4), riparian vegetation (4), water chemistry (2) and
food resources (1). Categories of methodological approach in order of frequency are: qualitative
variation (74), structure (65), mixed (45), roughness (25), presence vs. absence (25), size
variation (21), density (13), and continuous variations (8).

The relationship between EH and biological diversity has been investigated mainly in
macroinvertebrate (141) and fish (73) communities, and to a lesser extent in waterfowl (27),
algae (13), microfauna (12) and amphibians (10). Concerning the aquatic zonation, studies
investigated benthic (157), nektonic (77) and planktonic (9) communities, as well as
communities that inhabit the riparian meta-ecosystem (e.g., waterfowl, frogs) (33).

Studies with macroinvertebrates and fishes were the ones that most used different types
of EH proxies (Figure 11.a). Most studies that accessed the response of macroinvertebrates to
spatial EH increment manipulated natural substrates (26%) and mixed environmental variables
(11%). To evaluate the response of fishes, authors mostly used artificial substrates (25%),
mixed elements (21%), and aquatic vegetation (18%). For waterfowl, most studies analyzed
aquatic vegetation as a proxy for EH (85%). Artificial substrates were the most frequent EH
proxy to assess the response of algae (61 %) and microfauna (67 %). Studies with amphibians

used more mixed environmental variables (40%) and aquatic vegetation (30%).
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To manipulate the spatial EH proxies, different methodological approaches were used
(Figure 11.b). To increase heterogeneity in artificial substrates, most studies manipulated the
structure (61%) or roughness (20%) of the substrate. Among the methodological approaches
used to manipulate natural substrates, measures that considered qualitative variations (45%),
size variations (27%) and roughness (18%) were the most frequent. In studies that used aquatic
vegetation as a proxy of spatial EH, the methodological approach of qualitative variation was
the most frequent (46%). For woody debris experiments, the "presence and absence™ approach

was the most used (66%).
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Figure 11: a) Relationship between categories of environmental heterogeneity proxies and biological groups in
studies that evaluated the increase in environmental heterogeneity and freshwater biodiversity; b) Relationship
between categories of environmental heterogeneity proxies and methodological approaches in studies that
evaluated the increase in environmental heterogeneity and freshwater biodiversity. Bubble size is proportional to
the number of observations in each study.

Meta-analysis

Overall, the spatial EH had a positive effect on taxonomic alpha diversity (z = 0.46, 95
% CI =0.34 to 0.57, n = 200, Q199 = 1102,5, p-value < 0,0001) and functional alpha diversity
(z=0.54, 95 % CI = 0.23 to 0.85, n = 16, Q15 = 67,7, p-value < 0,0001). Also, spatial EH
presented a positive effect on taxonomic beta diversity (z = 0.53, 95 % Cl = 0.06 to 1.01, n =
20, Q19 = 232,8, p-value < 0,0001), but we did not observed effects on functional beta diversity
(z=0.39,95% Cl =-0.09 t0 0.88, n =6, Qs = 16,2, p-value = 0.0063) (Figure 12).
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Figure 12: Forest plot showing effect size estimates of spatial EH effect over taxonomic alpha diversity (n = 200),
taxonomic beta diversity (n = 20), functional alpha diversity (n = 16) and functional beta diversity (n = 6). Full
dots are mean effect sizes with respective 95 % confidence intervals for each individual outcome. Diamonds and
their respective lines represent the overall mean effect size estimate with its 95% CI for each biological metric.

The positive effect of spatial EH over taxonomic alpha diversity did not differ between
tropical (z = 0.47, 95 % CI = 0.24 to 0.71) and temperate zones (z = 0.47, 95 % CI = 0.33 to
0.60) (Fig. 13.a). Also, there was no difference of spatial EH over taxonomic alpha diversity
between lotic (z = 0.44, 95 % CI = 0.27 to 0.60) and lentic ecosystems (z = 0.53, 95 % CI =
0.35 to 0.71) (Fig. 13.b). Between experiments that controlled area (z = 0.50, 95 % CI = 0.27
to 0.74) and those that did not control area (z = 0.46, 95 % CI = 0.32 to 0.59), no difference
was observed for the effect of spatial EH over taxonomic alpha diversity (Fig. 13.c).

The effect of spatial EH over taxonomic alpha diversity did not differ among those
communities that live in the riparian meta-ecosystem (z = 0.51, 95 % CI = 0.18 to 0.85), the
benthic zone (z = 0.50, 95 % CI = 0.34 to 0.66) and the nektonic zone (z = 0.45, 95 % CI = 0.25
to 0.66). There was no general effect of spatial EH over taxonomic alpha diversity of
communities from the planktonic zone (z = - 0.21, 95 % CI = - 0.80 to 0.39) (Fig 13.d). There
was a positive effect of spatial EH over taxonomic alpha diversity for amphibians (z = 0.67, 95
% CI =0.15to 1.19), macroinvertebrates (z = 0.49, 95 % CI = 0.32 to 0.67), birds (z = 0.49, 95
% CI1 =0.10 to 0.89) and fish (z=0.43, 95 % CI = 0.22 to 0.64), and this effect did not differ
between these groups. Nonetheless, there was no general effect of spatial EH over the
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taxonomic alpha diversity of algae (z = 0.16, 95 % CI = - 0.53 to 0.84) and microfauna (z =
0.49, 95 % CI =-0.01 t0 0.97) (Fig. 13.e).
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Figure 13: Mean effect size estimates over taxonomic alpha diversity, considering the following moderators: a)
geographical location, b) ecosystem type, c) for experimental design controlled for the effect of surface area, d)
occurrence zone, and ) taxonomic group. Full dots are mean effect sizes with respective 95 % confidence intervals
for each category of moderator. Dashed line represents the overall mean effect size of spatial EH over taxonomic
alpha diversity (Fisher’s Z = 0.46). Numbers in parentheses give the respective numbers of outcomes/studies; note
that one study can include multiple geographical locations, ecosystem types and experimental designs.

Publication bias

Funnel plots showed asymmetry of the residuals of the general random-effects meta-
analysis models of taxonomic beta diversity and for functional alpha and beta diversity
(Supplementary Material 5). Because the funnel plot of the taxonomic alpha diversity model
was not explicit, we ran an Egger’s regression, which confirmed publication bias (Intercept =
0.089, 95 % CI: - 0.1026, 0.2810, p = 0.001).

We observed that the overall effect of EH over taxonomic and functional alpha diversity
were robust through the fail-safe numbers. For these biological metrics, it would be necessary
to include 46,841 and 380 effects sizes averaging a z-value of zero respectively, to make the
combined effect size nonsignificant. Nonetheless, more studies are needed to robustly describe
the overall effect of spatial EH on the facets of taxonomic beta diversity (fail-safe number =

20) and functional beta diversity (fail-safe number = 34).
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4. Discussion

Through a systematic review of 98 studies, we mapped a wide range of terminologies and
methodological approaches to investigate the effects of spatial EH over freshwater biodiversity.
Our meta-analytical approach confirmed our first prediction of a positive effect of spatial EH
over taxonomic and functional alpha diversity. More specifically, we demonstrated that the
positive effect of spatial EH over taxonomic alpha diversity is consistent across geographical
zones, ecosystem types, taxonomic groups, occurrence zones and between experimental designs
(area controlled vs. not controlled). Nonetheless, there was not enough evidence to robustly
estimate the overall effect of spatial EH over taxonomic and functional beta diversity. Next, we
discuss a synthesis of terminology and methodological approaches to investigate the effects of
the spatial EH over freshwater biodiversity, the general ecological patterns, and mechanisms
addressed to explain those ecological patterns. Additionally, we present implications for the

management, conservation and restoration plans for freshwater ecosystems.

Synthesis of terms and methods

We considered spatial “Environmental Heterogeneity” any measurement of variation in
environmental conditions and resources between locations in the same region, and we identified
28 distinct terms associated with this concept. The same was done by Stein and Kreft (2015),
who covered studies on terrestrial ecosystems, and found 2.2 times more terms associated with
spatial EH. Besides, 42% of authors applied interchangeable terms as synonyms within the
same study, generating inconsistencies and misleading spatial EH concepts. Interestingly, those
inconsistencies are common in ecological studies. For example, there are several efforts to
gather and synthetize ecological concepts of terms around functional ecology, beta diversity,
ecological invasions and metacommunity (BASTOS-PEREIRA et al., 2022; FALK-
PETERSEN; BAHN; SANDLUND, 2006; LEIBOLD, M. A. et al., 2004; TUOMISTO, 2010).
In this review, we systematically collect and present a set of terms associated with the most
used methodological approaches and link these methods to spatial EH proxies and taxonomic
groups, providing a more comprehensive framework for future research on the topic (see Table
1).

The “habitat complexity”, “habitat heterogeneity”, “habitat diversity”, “structural
complexity” were, in fact, the most frequent terms associated with the concept of
“environmental heterogeneity”. Nonetheless, we emphasize that these terms are restricted to
just one aspect of heterogeneity, such as the availability of resources (e.g., habitat
heterogeneity) or their spatial arrangement (e.g., habitat complexity). Therefore, we support the
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idea that the term "Environmental Heterogeneity" remains as an umbrella that encompasses any
condition and/or resources that vary spatially and may affect the community composition in a
region (STEIN; KREFT, 2015). Still, wherever possible we encourage authors to stick with one
single term with a clear conceptualization. In the methods section we suggest authors should
explain which methodological approach was used to manipulate heterogeneity aiming therefore
to have a concept that is transparent, a method that is replicable, and results that are comparable
among studies.

The variety of methodological approaches access different features of the spatial EH
(e.g., interstitial space, surface convolution, spatial arrangement of elements) and has played an
important role in advancing the spatial EH concept (CUNHA et al., 2012). We separated
methodological approaches into eight categories, according to the way authors manipulated
environmental elements to create differences of heterogeneity between control and treatment
groups or gradients of spatial EH. Historically, the most used approach comprise the
manipulation of a single environmental element, such as the qualitative variation approach
(27%), mainly using different types of aquatic vegetation or substrates (BOYERO; BOSCH,
2004; GUADAGNIN; MALTCHIK; FONSECA, 2009), and the structure approach (20%),
mainly manipulating the structure of artificial substrates and aquatic plants (BENSON;
MAGNUSON, 1992; OSORIO et al., 2019). Third, the mixed approach has been increasingly
used in ecological studies (16%), in which the authors bring a more holistic view, including
multiple elements to evaluate spatial EH (e.g., water quality, substrate, riparian cover, channel
morphology) (ARUNACHALAM, 2000; KARNA et al., 2018). Regardless of how the
methodological approach is conducted, we highlight that the calculation methods of the spatial
EH can affect the detection of the statistical relationship between the spatial EH and the
biological metric (AGRA et al., 2021; KARNA et al., 2018). Therefore, we argue that
experiments should consider different elements of the environment. Preferably, measurements
should be continuous (e.g., centroid distance, coefficient of variation, standard deviation or EH
indexes), since comparisons by categories (e.g., low complexity vs high complexity) do not
always show concordance with the perception of organisms (SHUMWAY; HOFMANN;
DOBBERFUHL, 2007). Besides, continuous measurements provide an understanding of the
effects of spatial EH along an environmental continuum, given tools for modeling predictions

in scenarios of spatial EH loss.

The spatial EH — biodiversity relationship
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Our estimation of the overall effect of spatial EH over taxonomic alpha diversity is in
line with previous meta-analysis carried out by Stein et al. (2014), which encompassed studies
in terrestrial ecosystems, and by Ortega et al. (2018), whose surveyed experimental and quasi-
experimental studies in all realms (marine, freshwater and terrestrial). Furthermore, we showed
that the positive effect of spatial EH extends to the functional alpha diversity. Through the
evaluation of functional alpha diversity we bring out an insight that spatial EH is contributing
not only to the persistence of different species, but is indeed governing niche partitioning
processes, as the functional component of biodiversity reflects how different are species
requirements (L1, ZHENGFEI et al., 2019; WILLIS; WINEMILLER; LOPEZ-FERNANDEZ,
2005). However, we emphasize that the understanding of the spatial EH over the functional
facet of diversity is just in the beginning. Given the high heterogeneity among studies in
community ecology, the low number of publications that considered the functional alpha
diversity facet (n = 16) exposes the fragility of the overall effect size estimate (KORICHEVA,;
GUREVITCH; MENGERSEN, 2013).

The positive spatial EH — taxonomic alpha diversity relationship is consistent and
independent of geographic zones (temperate or tropical), ecosystem types (lotic or lentic), and
between experimental designs that control or not for the surface area. Our expectation that the
strength of the relationship between spatial EH and taxonomic alpha diversity would be higher
in experiments that did not control the surface area was not confirmed. This result suggests that
there is an interaction between area and the spatial EH (BALDI, 2008; TRIANTIS et al., 2003),
where the increasing of spatial EH plays a fundamental role over niche partitioning while area
may affect species diversity through the events of immigration and extinction (MACARTHUR,
ROBERT H; WILSON, 1967; UDY et al., 2021). Thus, both drivers should be considered in
biological community modeling (TRIANTIS et al., 2003). Regarding taxonomic groups, the
spatial EH effect over taxonomic alpha diversity is positive and did not differ between
macroinvertebrates, fish, birds, and amphibians. However, the overall effect of spatial over
microfauna and algae did not differ from zero. The same was observed in planktonic
communities, while a positive effect was observed for communities that inhabit benthonic,
nektonic and the meta-ecosystem zone. The low number of evidence for the microfauna, algae
and planktonic categories (n = 4, 3 and 2, respectively) may account for the lack of statistical
significance. But difficulties associated with manipulating the spatial EH to make them
ecologically significant for organisms are also under discussion, especially for small size
organisms (CASWELL; COHEN, 1991).
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According to the fail-safe number analysis, we could not robustly test our second
prediction, concerning the relationship between spatial EH over taxonomic and functional beta
diversity. Thus, we highlight the literature gap related to these ecological patterns. Furthermore,
studies involving beta diversity have an additional difficulty on pattern definitions, because beta
diversity is strongly dependent on a dispersal-environmental control model (HEINO; MELO;
BINI, 2015). When the region scale extent is small, the mass effect can mask species sorting
(AGRA et al., 2021; HEINO; GRONROOS, 2013), whereas on a large scale, dispersion
limitation can hamper the interpretation of processes that would lead beta diversity along
environmental gradients (BINI et al., 2014; CASTRO, DIEGO et al., 2020). In our meta-
analysis, most experiments that considered the beta diversity component (around 58 %) were
not even explicit about the spatial extent of the regional scale, evidencing the challenge to
include metacommunity approach and macroecology aspects to understand processes behind
compositional variation (HEINO, 2011). In any case, the implications regarding a possible
increase in beta diversity due to the increase in spatial EH are not straightforward. For example,
the increment of beta diversity in a region can be associated with a negative process, such as
non-native species establishment or localized species losses, which result in more

dissimilarities between localities within a region (SOCOLAR et al., 2016).

Mechanisms driving EH — biological diversity relationships

The mechanisms that possibly explain the effect of spatial EH over freshwater biological
diversity have been rarely discussed (~ 17 %) nor effectively tested (~ 16 %). Similar to studies
on terrestrial ecosystems (see STEIN and KREFT, 2015), the most invoked ecological
processes are ecological niche partitioning (e.g., OSORIO et al., 2019; WILLIS et al., 2005),
resource availability (e.g., BURDETT and WATTS, 2009; MILESI et al., 2016) (BURDETT,
WATTS, 2009; DUDLEY, 1988; MILESI; DOLEDEC; MELO, 2016) and persistence
(SCHNECK; MELO, 2013). In general, the authors simulate an increase in the spatial EH by
creating roughness and cavities in a landscape that can directly affect the community of interest.
In practice, those invoked mechanisms are interconnected, as niche partitioning occurs when a
greater variety of resources is provided (e.g., habitat, food, shelter) or different conditions area
created (e.g., variation in luminosity, oxygen concentration, water flow velocity), allowing the
establishment of organisms with different ecological requirements (DUDLEY, 1988; MILESI,
DOLEDEC; MELO, 2016). Also, the heterogeneity increment creates more space for refuge
and retention, ensuring the individuals persistence when under pressure from predators or
disturbances (SCHNECK; MELO, 2013; YANG et al., 2015).
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Since there is consistent evidence that spatial EH has a positive effect on the alpha
diversity of communities, it is necessary to move towards new frontiers of ecological
knowledge. We advocate a shift in the question on this topic from “how” to “why does
environmental heterogeneity positively affect alpha biodiversity?”. The use of mesocosms to
investigate the effect of spatial EH over biodiversity is still rare (see JEFFRIES 1993,
BURDETT and WATTS 2009, SCHULER et al., 2017, BROWN et al., 2018), but should be
encouraged as a tool to control for other confounding factors (area, dispersion and migration),
and include other factors to test the mechanisms of persistence (e.g., including predators or
disturbances) (ORTEGA; THOMAZ; BINI, 2018).

Management implications

Environmental homogenization is one of the persistent threats to global freshwater
biodiversity (e.g., silting, canalization and regulation of water flow) (REID et al., 2019). Thus,
this scenario demands a broad knowledge about the spatial EH - biodiversity relationship and
the interrelated factors to support conservation policy and environmental restoration practices
(PALMER; MENNINGER; BERNHARDT, 2010; PALMER; BERNHARDT; ALLAN,
2005). We conclude that biological communities can respond to different elements of a
landscape, thus there is not only one way or mechanisms by which spatial EH can act. This is
why it would not be possible to elect a single or a few “keystone structures" to manage these
ecosystems, as suggested by Tews et al. (2004).

We observed that the current knowledge on the spatial EH effect over freshwater
biodiversity is concentrated on macroinvertebrate, fish, and waterfowl communities. Thus,
these taxonomic groups have greater scientific support for management, which increases the
chances of successful management. Also, the distance from a source of colonization,
anthropogenic disturbances, the presence of invasive species, and the area size are factors that
interfere in the relationship between spatial EH and alpha diversity (ARRINGTON;
WINEMILLER; LAYMAN, 2005; SUNDERMANN; STOLL; HAASE, 2011; YANG et al.,
2015). Therefore, actions to increase spatial EH in a freshwater ecosystem need to be associated
with 1) recovering of areas that are source of species colonization (regional pool), ii) creating
connection between regional pool and the areas managed, and iii) reducing anthropogenic

disturbances.
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“Definitivamente ndo somo iguais, e ¢
maravilhoso saber que cada um de nés que esta
aqui é diferente um do outro, como
constelagdes. O fato de podermos compartilhar
esse espaco, de estarmos juntos viajando nao
significa que somos iguais; significa
exatamente que somos capazes de atrair uns aos
outros pelas nossas diferencgas, que deveriam
guiar nosso roteiro de vida. Ter diversidade,
ndo isso de uma humanidade com o0 mesmo
protocolo. Porque isso foi até agora s6 uma
maneira de homogeneizar e tirar nossa alegria
de estar vivo.”

(Ailton Krenak, Ideias para adiar o fim do
mundo, 2019)
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Chapter 2: Anthropogenic disturbances alter the relationships between environmental
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Highlights
e EH! plays a more important role in biodiversity when disturbance is high
e Within a stream site, EH does not affect beta diversity
e Model selection approach pinpointed ecologically meaningful EH metrics

e Managing EH requires knowledge of how disturbances drive biological indicators

Abstract

The effects of anthropogenic disturbance on multiple facets of biodiversity are poorly
understood. In this study, we worked with the hypothesis that anthropogenic disturbances affect
the relationship between environmental heterogeneity (EH) and biodiversity. We used a model
selection approach to test three predictions. P1: The greater the level of anthropogenic
disturbance, the weaker will be the relationship between EH and both taxonomic and functional
alpha diversities. P2: The sign and strength of correlations between EH metrics and both
taxonomic and functional alpha diversities will depend on the level of anthropogenic
disturbance. P3: Taxonomic and functional beta diversities will not respond to the EH gradient.
We sampled 76 stream sites in the Brazilian Neotropical savanna and collected insects of the
order Ephemeroptera, Plecoptera and Trichoptera to measure taxonomic and functional alpha
and beta diversities. For P1, we did not find a trend of decreasing strength of this relationship
with increasing disturbance. Results confirmed P2. spatial flow diversity was positively
correlated to taxonomic and functional alpha diversities in least-disturbed sites. Bankfull height
variation was negatively correlated to taxonomic and functional alpha diversities in moderately-
disturbed sites. Thalweg depth variation was positively correlated to taxonomic and functional
alpha diversities in most-disturbed sites. Results partially confirmed P3 because taxonomic and

functional beta diversities correlated with EH metrics in most-disturbed sites. We conclude that

1 EH — Environmental Heterogeneity abbreviation
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the biodiversity-EH relationship is not the same at all levels of anthropogenic disturbance, a
finding that has implications for biomonitoring and ecosystem management.

Key-words: habitat heterogeneity, beta diversity, taxonomic diversity, functional diversity,

Neotropical savanna.

1. Introduction

Biological diversity typically varies along major environmental gradients (GASTON,
2000). For example, the species richness-environmental heterogeneity relationship is a well-
established pattern in ecology (ORTEGA; THOMAZ; BINI, 2018; STEIN; GERSTNER,;
KREFT, 2014). Studies over the last 50 years have shown that the greater the environmental
heterogeneity (EH), the greater the species richness, both in terrestrial and aquatic ecosystems
(ORTEGA; THOMAZ; BINI, 2018). Recently, ecologists have also examined variation in
measures of functional diversity (GRACO-ROZA et al., 2020; HEINO; GRONROOS, 2013;
MILESI; DOLEDEC; MELO, 2016) and beta diversity (FERNANDEZ-ALAEZ et al., 2020;
HEINO et al., 2013; LOPEZ-DELGADO; WINEMILLER; VILLA-NAVARRO, 2020) along
EH gradients, but the generality of these findings are still under debate. Clearly, a multi-faceted
approach has become increasingly important to understand the mechanisms that govern the
biodiversity-EH relationship and to predict impacts on biodiversity in various scenarios of
habitat loss and environmental homogenization (MOUILLOT et al., 2013; PEREZ ROCHA et
al., 2019).

A mechanism commonly used to account for the positive effect of EH on biodiversity
is the increased number of niche dimensions with increasing EH (MACARTHUR, R H;
MACARTHUR, 1961; STEIN; KREFT, 2015). Within a riverscape (sensu Fausch et al., 2002;
Wiens, 2002), heterogeneous environments offer a greater range of conditions (e.g., water pH,
flow velocity) and variability of resources (e.g., coarse particulate organic matter, mosses),
thereby increasing biodiversity (BOYERO; BOSCH, 2004; MCCREADIE; BEDWELL, 2013).
Nonetheless, the ways in which EH is perceived by an aquatic insect taxon varies according to
its functional traits and concerning the spatial scales under study (CASTRO, DIEGO et al.,
2020; HEINO; GRONROOS, 2013; HEINO; MELO; BINI, 2015). For instance, compared to
other guilds, the distributions of scrapers (a functional feeding group of freshwater
macroinvertebrates; Cummins and Klug 1979) are more strongly correlated with variations in
coarse substrates, moss cover and stream width (HEINO; GRONROOS, 2013).
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Anthropogenic disturbances interact with environmental, ecological and biotic factors
that shape biological communities, often obscuring the diversity-EH relationship and the
variables driving it (ALLOUCHE et al., 2012; PALMER; MENNINGER; BERNHARDT,
2010). Anthropogenic disturbances may reduce regional species pools or prevent some species
from colonizing a site (GAMEZ-VIRUES et al., 2015; SUNDERMANN; STOLL; HAASE,
2011). Also, they may alter environmental conditions so that they become unsuitable for some
species (BINI et al., 2014; GRACO-ROZA et al., 2020), limit resource availability (BURDON;
MCINTOSH; HARDING, 2013; SILVA et al., 2018), or facilitate the spread of invasive
species that may increase competitive exclusion (ALBANO et al., 2018). Therefore, in a
scenario where anthropogenic disturbances filter most of the functional traits and sensitive
species (CASTRO, DIEGO; DOLEDEC; CALLISTO, 2018; SILVA et al., 2017), EH may no
longer be a major factor controlling variation in biodiversity (STOLL et al., 2016), and it may
even have a negative effect on some species (ALLOUCHE et al., 2012). Nonetheless, studies
that have assessed the effect of anthropogenic disturbances on the biodiversity-EH relationship
are scarce, making it difficult to predict this relationship for different scenarios of anthropogenic
disturbance (LARSEN; ORMEROD, 2014; YANG et al., 2015).

Considering the lack of studies that explicitly attempt to examine how anthropogenic
disturbance affects the relationship between biodiversity and EH in freshwater ecosystems, we
addressed the following question: How does increased anthropogenic disturbance alter the
relationship between EH and taxonomic and functional alpha and beta diversities of aquatic
insects? To answer this question, we analyzed biological and environmental data from 76
stream sites, representing three different levels of anthropogenic disturbance in the Brazilian
Neotropical savanna. As biological response metrics, we analyzed the taxonomic and functional
diversity of aquatic insects belonging to mayflies (Ephemeroptera), stoneflies (Plecoptera) and
caddisflies (Trichoptera), hereafter called EPT. Based on the importance of EH to assemblage
structuring and the previous knowledge that anthropogenic disturbance interferes with one or
more factors that shape biological communities, we tested three predictions. P1: The greater the
level of anthropogenic disturbance, the weaker will be the relationship between EH and both
taxonomic and functional alpha diversities. P2: The sign and strength of correlations between
EH metrics and both taxonomic and functional alpha diversities will depend on the level of
anthropogenic disturbance. P3: Taxonomic and functional beta diversities will not respond to
the EH gradient at any level of disturbance because species dispersal rates among sampling

stations within a stream site are assumed to be very high, potentially causing mass effects that
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homogenize assemblage compositional variation (HEINO et al., 2013; HEINO; MELO; BINI,
2015).

2. Methods
Study area

We used data from 76 stream sites from 1% to 3" order (on 1:100,000 scale maps;
Strahler, 1957) located in the Neotropical savanna (Cerrado biome, a hotspot of biodiversity;
Myers et al., 2000) of southeastern Brazil. This biome covers 20% of the country, but less than
30% of its original area is currently covered by native vegetation (STRASSBURG et al., 2017).
Agriculture and pasture land uses are the main causes of loss of native vegetation, whereas
hydropower dams, mining and urbanization are important secondary causes (FRANCOSO et
al., 2015; STRASSBURG et al., 2017).

Stream sites were distributed across four hydrological units, delimited by the
contributing drainage area within 35 km upstream of four hydropower reservoirs: Trés Marias
(TM), Volta Grande (VG), Sdo Simao (SS) and Nova Ponte (NP). We classified sites into three
levels of disturbance (Figure 14). All sites were selected through a probability-based procedure
that considered a spatially-balanced design (MACEDO et al., 2014; OLSEN; PECK, 2008).
Field samples were collected in 2010 to 2013 during September dry seasons with one visit per

year at each aforementioned hydrological unit.
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Figure 14: Location of the stream sites sampled (n = 76) in the four hydrological units in the Neotropical Savanna,

Minas Gerais state, southeastern Brazil

Anthropogenic disturbance categorization

We classified stream sites into three anthropogenic disturbance categories through the
use of the Integrated Disturbance Index (IDI) (LIGEIRO et al., 2013). This quantitative index

integrates measures of anthropogenic disturbances at site and catchment scales into a single

value.

The catchment disturbance index (CDI) corresponds to the formula (RAWER-JOST;

ZENKER; BOHMER, 2004):

CDI =4 x % urban area + 2 x % agricultural area + 1 x % pasture area

At the site scale, local site disturbance is based on the wl_hall metric which sums 11

types of anthropogenic disturbance (walls, dikes, revetments, riprap or dams; buildings;
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pavement or cleared lots; roads or railroads; inlet or outlet pipes; landfills or trash; parks or
maintained lawns; row crops; pastures, rangelands, hay fields, or evidence of livestock; logging;
and mining) observed in-channel and in the riparian zone of a stream site (KAUFMANN et al.,
1999).

The disturbance levels at both catchment and site scales were combined using the
Euclidean distance between each site to the origin of the plane formed by the local and
catchment axes. Therefore, the higher the IDI, the higher the level of anthropogenic disturbance
at the stream sites (LIGEIRO et al., 2013).

Stream sites categorization based on the IDI value has proven to be an effective means
to analyze both taxonomic and functional diversity responses of stream macroinvertebrates to
human disturbance in the Neotropics (CASTRO, DIEGO; DOLEDEC; CALLISTO, 2018;
CHEN et al., 2017; FIERRO et al., 2018; MARTINS et al., 2020). We separated stream sites
into three categories of disturbance by visual inspection of ordered IDI values to detect natural
breakpoints. We also considered cut-off values previously used for site categorization in
Neotropical savanna streams as references to delimit our categories (e.g. Castro et al., 2018;
Ligeiro et al., 2020; Macedo et al., 2016) (Supplementary Material 6). Guided by the
breakpoints and considering a balanced number of stream sites in each category, we established
the following categories: IDI < 0.30 were least-disturbed (n= 29); IDI values > 0.65 were most-
disturbed (n=16); IDI values between these thresholds were moderately-disturbed (n = 31).

Sampling design

We settled the length of stream sites at 40 times their mean wetted widths, with a
minimum length of 150 m (PECK; LAZORCHAK; KLEMM, 2006; USEPA - UNITED
STATES ENVIRONMENTAL PROTECTION AGENCY, 2016). At each site, we marked 11
equidistant transects to sample EPT and environmental variables. Taxonomic and functional
alpha diversities at each stream site corresponded to the sums of taxa and functional traits
observed in the 11 transects, respectively. Taxonomic and functional beta diversities at each
site corresponded to the taxonomic and functional traits dissimilarities among the 11 transects,
respectively (HEINO; MELO; BINI, 2015). Environmental heterogeneity at each site referred
to environmental differences among transects within each site (ANDERSON; ELLINGSEN;
MCARDLE, 2006). Thus, we obtained a single value of each biological and EH metrics

(taxonomic and functional alpha and beta diversities) per stream site.

Data collection
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We measured 13 attributes of physical habitat structure, the variations of which were
considered important predictors of aquatic macroinvertebrates assemblages (e.g., BOYERO;
BOSCH, 2004; HEINO; GRONROOS, 2013; KAUFMANN; FAUSTINI, 2012) in each of the
11 transects and between them (PECK; LAZORCHAK; KLEMM, 2006; USEPA - UNITED
STATES ENVIRONMENTAL PROTECTION AGENCY, 2016): wetted width (m); wetted
depth (cm); wetted area (m?); substrate embeddedness (%); canopy cover (%); thalweg depth
(cm); flow velocity (m/s); bankfull width (m); bankfull height (m); bank angle (°); channel
slope (cm); visual estimation of substrate types; and visual estimation of channel flow types.

We sampled macroinvertebrates by using a D-frame kick net (30 cm mouth width, 500
mm mesh size). Sampling followed a systematic zig-zag sequence among the 11 transects each
site (PECK; LAZORCHAK; KLEMM, 2006; USEPA - UNITED STATES
ENVIRONMENTAL PROTECTION AGENCY, 2016). We fixed each of the 11 samples
separately in 10% formalin and took them to the laboratory for further processing and
identification.

In tropical regions, EPT taxonomy and functional traits are better known than those for
other orders (CASTRO, DIEGO M.P.; DOLEDEC; CALLISTO, 2017; HEINO et al., 2018).
We used the biological trait database for EPT genera summarized by Castro et al. (2017). This
database encompasses seven trait categories: body size, number of reproductive cycles per year,
feeding habits, locomotion, body flexibility, body form, and association with the substrate.
Body size categories were based on direct estimates of larval body length. The other categories
were based on the literature for exclusively Neotropical macroinvertebrates (BAPTISTA et al.,
2006; DEDIEU et al., 2015; REYNAGA; DOS SANTOS, 2012; TOMANOVA; USSEGLIO-
POLATERA, 2007). These functional traits were subsequently coded using the fuzzy coding
approach (CHEVENET; DOLEDEC; CHESSEL, 1994), where each taxon gains an affinity
score for each trait within a category (CASTRO, DIEGO M.P.; DOLEDEC; CALLISTO,
2017).

Biological metrics

Taxonomic alpha diversity corresponded to all genera recorded at each single stream
site. We measured taxonomic beta diversity through Permutational Analysis of Multivariate
Dispersion (PERMDISP), which gives the average distance of individual samples to the group
centroid (ANDERSON; ELLINGSEN; MCARDLE, 2006). Thus, the average distance of
samples (each transect) to group centroid was considered the measure of beta diversity at each

stream site. We applied the Jaccard coefficient to calculate dissimilarity based on the
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presence/absence of genera, and the modified Gower distance based on abundances using
transformed data (log,X) + 1, with zeros not being transformed, instead remaining as zeros
(ANDERSON; ELLINGSEN; MCARDLE, 2006).

To calculate functional alpha and beta diversities, we first computed taxon-by-taxon
Gower distance from the fuzzy-coded trait matrix to generate a hierarchical tree cluster based
on the group average method (UPGMA) (following Cardoso et al. 2014). Alpha and beta
functional diversity measurements were then based on the total branch length of the hierarchical
tree that links all taxa represented in the stream site. We calculated these metrics using the
package BAT in R program (CARDOSO; RIGAL; CARVALHO, 2015).

Environmental heterogeneity measures

Physical habitat differences among transects within each stream site were considered as
the basis of EH metrics. For quantitative physical habitat measurements, we calculated the
coefficient of variation (CV; standard deviation/mean), because it expresses a standardized
measure of physical habitat variation among samples within each stream site. In contrast,
qualitative (presence-absence) physical habitat measurements of substrate types (i.e., silt, sand,
fine gravel, coarse gravel, small boulder, large boulder, concrete, rough bedrock, smooth
bedrock, wood, and hardpan) and flow types (i.e., falls, cascade, rapid, riffle, glide and pool)
were calculated using Simpson diversity index (1 — D), estimated across all 11 transects in the
same stream site. The higher the value of the Simpson diversity index, the greater the
probability of observing the two different possible entities randomly pulling two samples within
a dataset.

To avoid multicollinearity among the 13 EH metrics, we computed Variance Inflation
Factors (VIFs). VIF scores that exceed 5 indicate high rates of multicollinearity with other
metrics of the set (JAMES et al., 2017) and should be eliminated from subsequent analytical
steps. We identified high rates of multicollinearity for CV of channel wetted depth and CV of
wetted area, and these metrics were thus excluded from the following analytical steps. Thus,
we ended up with 11 EH metrics.

Data analyses
We tested whether variations in biological metrics differ among categories of

disturbance using an analysis of variance (one-way ANOVA,; Supplementary Material 7). We
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used Levene’s tests to evaluate differences in the variances of each EH metric among the
categories of disturbance. Also, we performed Moran’s 1 test to verify the spatial
autocorrelation of all biological and EH metrics among stream sites. Tests were run in the R
software using package spdep (BIVAND; WONG, 2018). The results of the Moran’s I test
revealed a lack of spatial autocorrelation among stream sites (P-value > 0.05 for all Moran’s I
tests; Supplementary Material 8).

To test if the relationship between the EH metrics and the
biological metrics change with anthropogenic disturbance, we used
a model selection approach (BURNHAM: ANDERSON, 2002). The model
selection is based on all possible additive combinations of all EH
metrics (i.e., predictor variables) to explain each biological metric
(i.e., response variables) at each category of anthropogenic
disturbance (Figure 15). This analysis results in a set of balanced
models (DOHERTY: WHITE: BURNHAM, 2012), which allows calculation
of the cumulative AICc (w+) weights for each EH metric (BURNHAM:
ANDERSON, 2002). Thus, we selected the EH metrics that were the most
likely (w+ = 0.50) to explain the variation in our response variables
at each category of disturbance (least—, moderately— and most-
disturbed). Each model selected provides the regression B
parameters and significance value (p-value). The predictive strength of each
model is given by the coefficient of determination (R?), calculated as 1 - (sums square of

residual deviance/sums square of null deviance). Model selection was run in the R software
using the package MuMIn (Bartén, 2019).
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Figure 15: A schematic diagram presenting the analytical approach based on model selection. Modeling was
performed by category of disturbance, based on all metrics of environmental heterogeneity against each of the
biological metrics.

3. Results
We counted 24,874 individuals and found 77 EPT genera. Moderately and least-
disturbed sites had similar mean abundances (n = 366.7 and 365.9, respectively), whereas most-
disturbed sites had lower abundances (n = 180.7). Taxonomic and functional metrics’ means

did not differ among disturbance categories (Table 2).

Table 2: Mean values of taxonomic and functional diversity metrics (standard deviation in parentheses)
representing biological response in different categories of disturbance: least-, moderate- and most-disturbed sites.
Beta taxonomic — (dj) corresponds to Jaccard coefficient dissimilarity measure. Beta taxonomic — (dMG)
corresponds to modified Gower distance-based measure. P-values of ANOVA’s test between disturbance
categories are presented.

I . least moderately most
Biological metrics p-value
n=29 n=31 n=16
Alpha taxonomic 19.13 (7.50) 20.14 (8.30) 16.31 (8.30) 0.306
Beta taxonomic - d; 0.53 (0.06) 0.52 (0.07) 0.49 (0.08) 0.246
Beta taxonomic - dug 1.26 (0.22) 1.24 (0.28) 1.24 (0.21) 0.931
Alpha functional 8.42 (2.56) 9.38 (3.19) 7.30 (2.88) 0.072

Beta functional 0.59 (0.08) 0.62 (0.07) 0.61 (0.10) 0.551
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In most cases, the variances of the EH metrics did not differ among disturbance
categories, except for CV of substrate embeddedness (CV_embedd) (F2,73 = 3.264, p = 0.032)
(Table 3). CV_embedd at least-disturbed sites presented variance (s?> = 0.1225) is 3.8 times
greater than in most-disturbed sites (s?> = 0.0324).

The model selection algorithm chose four EH metrics that were important variables
accounting for variation in biological metrics across categories of anthropogenic disturbance
(Table 4). At least-disturbed streams, spatial flow diversity (div_flow) was positively correlated
to taxonomic (w+ = 0.91) and functional (w+ = 0.97) alpha diversities. At moderately-disturbed
streams, CV of bankfull height (CV_bkf _hight) negatively correlated with taxonomic (w+ =
0.60) and functional (w+ = 0.81) alpha diversities. In most-disturbed streams, CV of thalweg
depth (CV_depth_t) was positively correlated to taxonomic (w+ = 0.93) and functional (w+ =
0.96) alpha diversities, while the CV of flow velocity (CV_vel) had a positive effect on
taxonomic beta diversity based on modified Gower distance.

The model strengths did not decrease as the level of anthropogenic disturbance
increased. In most-disturbed streams, the models that explained the increasing trend of
taxonomic and functional alpha diversities as a function of CV_depth_t showed the highest R?
values (0.52 and 0.59, respectively). In contrast, streams with moderate disturbance showed
weaker explanatory power for the taxonomic alpha diversity model (R? = 0.10) and functional
alpha diversity model (R?> = 0.18). In least-disturbed streams, div_flow metric showed
intermediate percentage of explanation for taxonomic (R? = 0.22) and functional (R? = 0.30)

alpha diversities.



Table 3: Mean values of EH metrics (standard deviation in parentheses) representing environmental heterogeneity among sites in different categories of disturbance: least-,
moderately- and most-disturbed sites. P-values of Levene’s test between disturbance categories are presented.

Environmental heterogeneity metric code least moderately most p-value
n=29 n=31 n=16
Coefficient of variation of channel wetted width (m) CV_width 0.37 (0.12) 0.35(0.14) 0.31 (0.08) 0.063
Coefficient of variation of substrate embeddedness (%) CV_embedd 0.61 (0.35) 0.40 (0.22) 0.41 (0.18) 0.032
Coefficient of variation of canopy cover (%) CV_canopy 0.22 (0.20) 0.23 (0.30) 0.21 (0.18) 0.864
Coefficient of variation of thalweg depth (cm) CV_depth_t 0.64 (0.15) 0.50 (0.18) 0.44 (0.08) 0.081
Coefficient of variation of flow velocity (m/s) CV_vel 0.94 (0.65) 0.75 (0.52) 0.49 (0.27) 0.145
Coefficient of variation of bankfull width (m) CV_bkf width 0.29 (0.10) 0.35 (0.15) 0.27 (0.10) 0.064
Coefficient of variation of bankfull height (m) CV_bkf_height 0.37 (0.33) 0.29 (0.18) 0.28 (0.20) 0.626
Coefficient of variation of margin angle (°) CV_angle 0.64 (0.20) 0.51 (0.18) 0.42 (0.16) 0.445
Coefficient of variation of channel slope (cm) CV _slope 1.21 (0.50) 1.23 (0.62) 0.93 (0.33) 0.318
Simpson's diversity of substrate types div_subst 0.44 (0.14) 0.44 (0.15) 0.44 (0.18) 0.633
Simpson's diversity of spatial flow types div_flow 0.21 (0.14) 0.18 (0.12) 0.22 (0.12) 0.772
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Table 4: Environmental heterogeneity metrics selected to the model of biological metrics of the EPT assemblages. All models are separated according to the category of
anthropogenic disturbance to which the assemblages are subjected: Least-, moderate- and most-disturbed. The estimates of the effects of the environmental heterogeneity metrics
(B parameters) are given for the model built with meaningful environmental heterogeneity metrics based on criteria of cumulative AlCc weights > 0.50. Beta taxonomic — (d;)
corresponds to Jaccard coefficient dissimilarity measure. Beta taxonomic — (dug) corresponds to modified Gower distance- based measure.

Category of . . Physical habitat ~ Cumulative B parameters
di stu%bg\ce Biological metric y metric V\'/Aéligr?ts Estimate Low?:r|95% Upp%rl%% R2 p-value
Alpha taxonomic div_flow 0.91 26.64 7.54 45.74 0.22 0.011
Beta taxonomic - d; - - - - - - -
Least Beta taxonomic - dwe - - - - - - -
Alpha functional div_flow 0.97 12.18 5.22 19.14 0.30 0.002
Beta functional - - - - - - -
Alpha taxonomic CV_bkf_hight 0.60 -13.18 -27.36 1.00 0.10 0.079
Beta taxonomic - d; - - - - - - -
Moderately Beta taxonomic - dwvic - - - - - - -
Alpha functional CV_bkf_hight 0.81 -5.99 -10.59 -1.39 0.18 0.016
Beta functional - - - - - - -
Alpha taxonomic CV_depth_t 0.93 70.40 34.75 106.05 0.52 0.002
Beta taxonomic - d; - - - - - - -
Most Beta taxonomic - duc CV _vel 0.55 0.43 0.09 0.77 0.30 0.028
Alpha functional CV_depth_t 0.96 26.07 14.64 37.50 0.59 0.001

Beta functional
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4. Discussion

Our results showed that anthropogenic disturbances at multiple spatial scales affected
the relationship between EH and taxonomic and functional alpha diversities at the site scale.
However, the increase in anthropogenic disturbances did not lead to the weakening of these
relationships in a unidirectional way. Also, EH did not affect beta diversity between transects
at each stream site, as we predicted.

In a scenario where freshwater ecosystems are strongly threatened by anthropogenic
disturbances (COLLEN et al., 2014), our results contribute to understanding how tropical
stream insect (EPT) assemblages respond to key gradients of EH at three levels of
anthropogenic disturbance. Following a multi-faceted approach that encompassed alpha and
beta components of taxonomic and functional diversities, we better understand the causes and
consequences of anthropogenic disturbances on the biodiversity and potential functioning of
stream ecosystems (MORI; ISBELL; SEIDL, 2018; MOUILLOT et al., 2013).

The responses of taxonomic and functional alpha diversities to the EH gradient

For the first prediction (P1), we expected that the higher the level of anthropogenic
disturbance, the weaker would be the strength of the relationship between EH and taxonomic
and functional alpha diversities is. Contrary to our expectations, as the anthropogenic
disturbance increased, the strength of this relationship did not decrease. In the most-disturbed
stream category, thalweg depth variation was a stronger predictor of taxonomic and functional
alpha diversities compared to spatial flow diversity in the least-disturbed streams. On the other
hand, bankfull height variations negatively affected taxonomic and functional alpha diversities
in moderately-disturbed stream sites. The absence of a unidirectional pattern of biological
responses along the EH gradient with the disturbance increase has also been reported in the
literature. Using a theoretical model, Yang et al. (2015) predicted that plant species richness
increases along the EH gradient when plants are subjected to low or high environmental
severity, but the pattern becomes unimodal at moderate levels. In contrast, benthic communities
did not respond to a local habitat quality gradient when regional disturbance levels were low or
high, but they did when regional disturbance levels are moderate (STOLL et al., 2016). Based
on these results, we can conclude that the sign and strength of the biodiversity-EH relationship
is not universal in stream insect assemblages and that it depends on the level of anthropogenic
disturbance.

Different mechanisms may explain the diversity-heterogeneity relationship (STEIN;
KREFT, 2015). It is possible that many ecological factors (e.g., large-scale factors, competition,
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stochastic events) other than environmental heterogeneity affect the structure of biological
assemblages (MCCABE; GOTELLI, 2000; PEREZ ROCHA et al., 2018). Therefore, the lower
explanatory power may have been attributed to EH in our dataset response under least-disturbed
conditions (R? = 0.22 for taxonomic alpha diversity; R? = 0.30, functional alpha diversity). On
the other hand, EH may play a major role in maintaining diversity in streams subject to high
levels of anthropogenic disturbance, where a single metric of heterogeneity explained 52% of
the variation in taxonomic diversity and 59% of the variation in functional diversity. We also
observed that bankfull height heterogeneity can have a weak negative effect on aquatic insect
diversity in moderately-disturbed streams, a pattern usually reported in studies conducted at
small scales (TAMME et al., 2010; TEWS et al., 2004). In this case, an increase in EH can lead
to habitat fragmentation, making organisms more susceptible to stochastic events
(ALLOUCHE et al., 2012). In fact, bankfull height heterogeneity provides a measure of channel
form heterogeneity (PECK; LAZORCHAK; KLEMM, 2006), which suggests that the
increment of the selected metrics might be causing habitat fragmentation for EPT assemblages.
Since both biological metrics (taxonomic and funcional alpha diversity) responded in the same
direction (positively) and with a similar percentage of explained variation (R?), these patterns
lead us to conclude that the taxonomic and functional alpha diversity respond similarly to EH
gradients in any category of disturbance.

We confirmed our second prediction (P2) because different features of EH affected
aquatic insect assemblages at different levels of anthropogenic disturbance. Because
anthropogenic disturbances interact with natural ecological conditions (SEIFERLING;
PROULX; WIRTH, 2014), one EH metric could be ecologically relevant in the context of least
anthropogenic disturbance category, but other ones would become more relevant when
disturbances increase. Our observations point to the importance of measuring a wide range of
environmental factors to identify those that are ecologically important for the biological
assemblage studied (HEINO; GRONROOS, 2013). In our dataset encompassing stream sites
(~150 m) in least-disturbed conditions, the positive effect of spatial flow diversity on taxonomic
and functional alpha diversities corroborated previous studies (KARNA et al., 2018; SILVA et
al., 2014). A higher level of spatial flow diversity increases the range of environmental
conditions suitable for species with different functional traits (BOUCKAERT, 1995). Flow
diversity is directly related to substrate diversity (BOYERO, 2003), and the interaction of these
factors results in a riverine landscape with distinct habitat patches that are perceived differently
by aquatic insect species (BOYERO; BOSCH, 2004; WIENS, 2002). Thalweg depth variations

may also play a role similar to spatial flow diversity in most-disturbed streams. This metric is
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associated with changes in the water flow velocity and direction (KAUFMANN; FAUSTINI,

2012), which ultimately lead to effects similar to those caused by spatial flow diversity.

Responses of taxonomic and functional beta diversities to the EH gradient

For the third prediction (P3), we expected that taxonomic and functional beta diversities
would not respond to the gradient of EH in any disturbance category, because mass effects are
a major factor structuring biological assemblages at small scales in streams (HEINO; MELO;
BINI, 2015). We found that in almost all categories of anthropogenic disturbance, no EH metric
was correlated with the taxonomic and functional dissimilarities among samples within a given
stream. Only in the most-disturbed streams, taxonomic beta diversity increased with increasing
variation in water velocity, which is surprising given that anthropogenic disturbances have
contributed to the biotic homogenization of freshwater ecosystems (CASTRO, DIEGO;
DOLEDEC; CALLISTO, 2018; LARSEN; ORMEROD, 2014; SIQUEIRA; LACERDA;
SAITO, 2015).

Beta diversity patterns in freshwater ecosystems are typically strongly scale dependent
(HEINO; MELO; BINI, 2015). Our results reinforce the idea that EH measured within streams
does not strongly affect the distributions of organisms among samples within each stream site
(HEINO et al., 2013; HEINO; GRONROOS, 2013). In our sampling design, transects within
the stream site are 15 to 25 m apart, and dispersal limitations are thus likely to be minimal as
organisms can easily access different habitat patches (BROWN, B. L.; SWAN, 2010). In this
case, individuals may be randomly distributed in space, and they do not exhibit a specific
relationship with the environment (BROWN, BRYAN L.; WAHL; SWAN, 2017; HEINO et
al., 2013).

Implications for management

Ecosystem management aiming to increase EH to re-establish biodiversity must take
into account the relevant factors for the organisms studied at a given spatio-temporal scale
(KOLASA; ROLLO, 1991). We provided insights into how aquatic insects may perceive EH
in a set of tropical streams classified into different levels of anthropogenic disturbance.
Maintaining spatial flow diversity in preserved streams seems to be an effective means to
increase local alpha diversity, whereas the increment in thalweg depth variations potentially
results in an increase of local taxonomic and functional alpha diversity in most-disturbed
streams. On the other hand, we suggest that efforts to increase beta diversity should also be

tested at broader spatial scales.
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A high number of restoration projects that have aimed to increase EH in streams have
not achieved a significant increase in biodiversity (PALMER; MENNINGER; BERNHARDT,
2010). The factors that may influence the biodiversity-EH relationship include: (i) the absence
of suitable species in the regional species pool (SUNDERMANN; STOLL; HAASE, 2011); (ii)
the ongoing effects of anthropogenic stressors on the biota (BROWN, BRYAN L.; WAHL,;
SWAN, 2017; STOLL et al., 2016); (iii) focus on the wrong spatial scale; (iv) the wrong
perception of increased EH by the biota (POLVI; NILSSON; HASSELQUIST, 2014). We
propose that there are often two or more factors interacting, depending on a given case. The
model selection approach used in our study identified ecologically meaningful EH metrics
accounting for variation in the taxonomic and functional alpha diversities in each disturbance
category. Finally, we recommend the use of a model selection approach to pinpoint the most

important EH metrics that should be managed for the preservation of stream biodiversity.
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Thesis’ General Conclusion
Based on the results of this two chapters, it was possible to establish the following

conclusions for this thesis:

. Spatial Environmental Heterogeneity (EH) plays an important role in the structure of
communities in freshwater ecosystems across the world, increasing taxonomic and functional
alpha diversity.

. The positive effect of spatial EH over taxonomic alpha diversity is consistent and did not
differ among:

a) tropical and temperate zones,

b) lentic and lotic ecosystems,

c) amphibia, birds, fishes, macroinvertebrates, and microfauna,

d) benthos, nekton, and communities that lives in the riparian meta-ecosystem,

e) experimental designs that controlled and did not control the area.

. There is insufficient evidence to consistently estimate the overall effect of EH on taxonomic

and functional beta diversity.

. Anthropogenic disturbances interfere the relationship between spatial EH and taxonomic and
functional alpha diversities.

. There is no well-defined pattern or direction for estimating the interference caused by
anthropogenic disturbances on the spatial EH-biodiversity relationship.

In headwater streams of the Brazilian Neotropical Savanna, the positive effect of spatial EH
was stronger for aquatic insect assemblages that lived in streams most impacted by

anthropogenic disturbances.

. There was no relationship between spatial EH and taxonomic and functional beta diversity of
aquatic insect assemblages at the local scale.

. The model selection approach can be an effective tool to pinpoint ecologically meaningful
spatial EH metrics.
In headwater streams of the Brazilian Neotropical Savanna, | identify two important spatial
EH metrics that positively affect taxonomic and functional alpha diversity of aquatic insect
assemblages:
Water flow diversity

Variation on channel morphology (i.e., thalveg depth).

. Managing spatial EH to recover biodiversity in freshwater ecosystems requires knowledge of

how this environmental factor disturbances drive biological communities.
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Future Perspectives

In the current scenario of rapid global changes caused by anthropogenic disturbances,
which is called the Anthropocene Era (CRUTZEN, 2002), it is urgent to understand ecological
relationships in order to conserve biodiversity and ecosystem processes. In my thesis, | aimed
to contribute to the long debate about the effect of environmental heterogeneity on aquatic
biodiversity. | argue that it is essential to understand the relationship between EH and
biodiversity, so we can predict the possible impacts on aquatic biodiversity in current and future
scenarios of environmental homogenization (MOUILLOT et al.,, 2013). Furthermore,
understanding how environmental heterogeneity, at multiple spatial scales, affects biodiversity
in different freshwater ecosystems around the world is critical for managing these ecosystems,
preserve biodiversity, and maintaining ecosystem processes.

In addition to the results obtained through this thesis, I was able to identify several gaps
on the subject. These gaps can guide future research so that we have a more robust and detailed
knowledge about HE and its ecological relationships with the biodiversity of freshwater
ecosystems in the world.

As main future perspectives | point out:

e The effects of HE on the taxonomic groups of algae, amphibians and microfauna, in
addition to the organisms that inhabit the planktonic zone, are poorly represented
throughout the published literature. This raises doubts about the effects of HE at the
ecosystem scale. Therefore, | suggest that a greater number of studies focusing on these
underrepresented groups will be fundamental to understand how the chain of ecological
factors may be being affected by EH at the ecosystem scale;

e Investment in experimental studies, such as the use of mesocosms, to better control the
possible mechanisms that explain the positive effects of HE on biodiversity. In addition,
experimental studies can bring significant contributions in testing the effectiveness of
different methods of increasing environmental heterogeneity, serving as a guide for

future management and river restoration actions.
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Supplementary Material

Supplementary Material 1: Search protocol with the terms and combinations used

Online Resource 1 — Web of Science

We conducted a systematic search at the Web of Science database in using the 46
following terms and Boolean operators:

ts = ("habitat* heterogen*" OR "habitat* diversity” OR "habitat* complexity” OR
"habitat* number*" OR "biotop* heterogen*" OR "biotop* diversity" OR "biotop* complexity"
OR "biotop* number*" OR "structural heterogen*" OR "structural diversity" OR "structural
complexity” OR “fractal heterogen®” OR “fractal diversity” OR “fractal complexity” OR
“substrate™ heterogen®” OR “substrate* diversity” OR “substrate® complexity” OR “substrate*
variation*” OR “flow heterogen*” OR “flow diversity” OR “flow complexity” OR “flow
variation*” OR "spatial heterogen*" OR "spatial complexity" OR "enviroment* heterogen*"
OR "environment* diversity" OR "environment* complexity” OR "climat* heterogen*" OR
"climat* diversity"” OR "climat* complexity” OR "geoheterogen*" OR "geodiversity" OR
"geocomplexity” OR "landscape heterogen*" OR "landscape diversity” OR "landscape

complexity")

AND

ts = ("species diversity" OR "species richness™ OR "species number*" OR "species
density" OR “alpha diversity” OR “beta diversity” OR “spatial beta diversity” OR “temporal

beta diversity” OR “functional diversity” OR “functional richness”)

NOT

ts = (terrestrial* OR plant* OR marine OR pelagic OR coral$ OR “coral reef$” OR
“deep sea” OR “seafloor” OR “sea floor” OR bacteri* OR virus* OR viral OR archaea* OR
microbe* OR microbiol* OR microbial*)
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We applied these terms and operators in the "Topic" field and we considered all years
(since 1945). We excluded non-English language and refined results by research area:
“Ecology”, “Environmental Sciences”, “Biodiversity Conservation”, “Marine Freshwater
Biology”, “Forestry”, “Geography Physical”, “Zoology”, “Entomology”, “Multidisciplinary
Sciences”, “Plant Sciences”, “Evolutionary Biology”, “Geosciences Multidisciplinary”,

b 13

“Limnology”, “Agriculture Multidisciplinary”, “Fisheries”, “Biology”, “Water resources”,
“Ornithology”, “Environmental Studies”, “Urban studies”, “Remote sensing”, “Geography”,
“Soil science”, “Engineering Environment”, “Imaging Science Photography Technology”,

“Regional Urban planning” and “Green sustainable science technology”.

Online Resource 2 — Scopus

We conducted a systematic search at the Scopus database in using the 46 following

terms and Boolean operators:

TITLE-ABS-KEY = ("habitat* heterogen*" OR "habitat* diversity” OR "habitat*
complexity™ OR "habitat* number*" OR "biotop* heterogen*" OR "biotop* diversity" OR
"biotop* complexity” OR "biotop* number*" OR "structural heterogen*" OR "structural
diversity" OR "structural complexity"” OR “fractal heterogen®™” OR “fractal diversity” OR
“fractal complexity” OR “substrate* heterogen*” OR “substrate® diversity” OR “substrate™
complexity” OR “substrate* variation*”” OR “flow heterogen*” OR “flow diversity” OR “flow
complexity” OR “flow variation*” OR "spatial heterogen*" OR "spatial complexity” OR
"enviroment* heterogen*" OR "environment* diversity” OR "environment* complexity” OR
"climat* heterogen*" OR "climat* diversity" OR "climat* complexity" OR "geoheterogen*"
OR "geodiversity" OR "geocomplexity” OR "landscape heterogen*" OR "landscape diversity"

OR "landscape complexity")

AND

TITLE-ABS-KEY = ("species diversity" OR "species richness” OR "species number*"
OR "species density" OR “alpha diversity” OR “beta diversity” OR “spatial beta diversity” OR

“temporal beta diversity” OR “functional diversity” OR “functional richness”)
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AND NOT

TITLE-ABS-KEY = (terrestrial* OR plant* OR marine OR pelagic OR coral$ OR
“coral reef$” OR “deep sea” OR “seafloor” OR “sea floor” OR bacteri* OR virus* OR viral
OR archaea* OR microbe* OR microbiol* OR microbial*)

We applied these terms and operators in the "Title, abstract, key-words" field and we
considered all years (since 1960). We excluded articles in non-English language and refined
the results by research area: “Agriculture and Biological Science”, “Environmental Science”,

“Earth and Planetary Sciences”, “Multidisciplinary” and “Decision Science”.

Online Resource 3 — Scielo

We conducted a systematic search at the Scielo database using the 46 following terms

and Boolean operators:

TITLE-ABS-KEY = ("habitat* heterogen*" OR "habitat* diversity" OR "habitat*
complexity™ OR "habitat* number*" OR "biotop* heterogen*" OR "biotop* diversity” OR
"biotop* complexity” OR "biotop* number*" OR "structural heterogen*" OR "structural
diversity" OR "structural complexity" OR “fractal heterogen*” OR “fractal diversity” OR
“fractal complexity” OR “substrate* heterogen®*” OR “‘substrate® diversity” OR “substrate™
complexity” OR “substrate* variation*”” OR “flow heterogen*” OR “flow diversity” OR “flow
complexity” OR “flow variation®*” OR "spatial heterogen*" OR "spatial complexity" OR
"enviroment* heterogen*" OR "environment* diversity” OR "environment* complexity” OR
"climat* heterogen*" OR "climat* diversity” OR "climat* complexity” OR "geoheterogen*"
OR "geodiversity" OR "geocomplexity” OR "landscape heterogen*" OR "landscape diversity"
OR "landscape complexity")

AND
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TITLE-ABS-KEY = ("species diversity" OR "species richness" OR "species number*"
OR "species density" OR “alpha diversity” OR “beta diversity” OR “spatial beta diversity” OR

“temporal beta diversity” OR “functional diversity” OR “functional richness”)

AND NOT

TITLE-ABS-KEY = (terrestrial* OR plant* OR marine OR pelagic OR coral$ OR
“coral reef$” OR “deep sea” OR “seafloor” OR “sea floor” OR bacteri* OR virus* OR viral
OR archaea* OR microbe* OR microbiol* OR microbial*)

Online Resource 4 — Google Scholar

We conducted a systematic search at the Google Scholar database using the 46

following terms:

2 N

“Habitat" "environmental" "spatial" "heterogeneity" "diversity” "complexity" "freshwater"

"river" "lake" "stream" "richness" "functional” "beta"



Supplementary Material 2: PRISMA protocol

Identification

Records identified through data
base searching
(n = 4,910)

-Scielo(n = 38)
-Web of Science (n =2,313)
-Scopus (n =2,559)

Additional records

identified through

review references
(n=29)

Additional records identified
through Google Scholar
searching
(n=677)

Duplicated records (n = 3,235)

Screening

Records screened

by Title (n = 2,381)

Records excluded (n=1,698)

-Non-related subject

Records screened by Abstract (n = 683)

Full-text articles assessed for elegibility (n = 205)

Records excluded
(n=478)

-Not explicitly investigate the
relationship between EH and
biological diversity measurements

Elegibility

Articles eligible for the sistematic
review (n = 98)

Records excluded
(n=107)

-Not subject (n = 87)
-Article review (n=7)
-Poor designed (n = 2)
-River restoration subject (n = 11)

Records excluded
(n=24)

Articles eligible for meta-analysis

(n=74)

- Statistics not reported
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Supplementary material 3: List of articles included in the systematic review

67

Study

Included in

. Authors Year Title Journal
ID meta-analysis
The Distributional Ecology and
1 no J. D. Allan 1975 Diversity of Benthic Insects in Cement  Ecology
Creek, Colorado
_ Effects of Area and Habitat Diversity .
2 yes B. Sillen; C. Solbreck 1977 on Bird Species Richness in Lakes Oikos
Colonization of artificial substrates by
3 no D. H. Wise; M. C. Molles 1979  stream insects: influence of substrate Hydrobiologia
size and diversity
4 es D. D. Williams 1980 Some Relationships Between Stream Limnology and oceanograph
y . Benthos and Substrate Heterogeneity 9y grapny
The response of stream
5 yes D. C. Erman; N. A. Erman 1984  macroinvertebrates to substrate size and Hydrobiologia
heterogeneity
Freshwater snail diversity: effects of
179 yes C. Bronmark 1985 pond area, habitat heterogeneity and Oecologia
isolation
The roles of plant complexity and Internationale Vereinigung fur
12 yes T. L. Dudley 1988 epiphyton in colonization of theoretische und angewandte Limnologie:
macrophytes by stream insects Verhandlungen
The Effects of Habitat Complexity on
. the Macroinvertebrates Colonising .
6 no N. A. O'Connor 1991 Wood Substrates in Oecologia
a Lowland Stream
Spatial heterogeneity of littoral fish Canadian Journal of Fisheries and Aquatic
7 yes B. J. Benson; J. J. Magnuson 1992  assemblages in lakes - relation to . g
. > . . Sciences
species-diversity and habitat structure
9 yes C. Celada; G. Bogliani 1993  Dreeding bird communities in Bolletino di zoologia

fragmented wetlands
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26

31

32

33

yes

yes

yes

yes

yes

no

no

yes

yes

yes

J. EImberg; P. Nummi; H.
Poysa; K. Sjoberg

M. Jeffries

J. EImberg; P. Nummi; H.
Poysa; K. Sjoberg

A. N. Nilsson; J. EImberg;
K. Sjoberg

M. Douglas; P. S. Lake

A. Kirchhofer

J. N. Beisel; P. Usseglio-
Polatera; S. Thomas; J. C.
Moreteau

J. Belliard; R. B. D. Thomas;

D. Monnier

E. Franquet

S. Merigoux; B. Hugueny;
D. Ponton; B. Statzner; P.
Vauchel

1993

1993

1994

1994

1994

1995

1998

1999

1999

1999

Factors affecting species number and
density of dabbling duck guilds in
North Europe

Invertebrate colonization of artificial
pondweeds of differing fractal
dimension

Relationships between species number,
lake size and resource diversity in
assemblages of breeding waterfowl

Abundance and species richness
patterns of predaceous diving beetles
(Coleoptera, Dytiscidae) in swedish
lakes

Species richness of stream stones: an
investigation of the mechanisms
generating the species-area relationship

Morphological variability in the
ecotone - an important factor for the
conservation of fish species richness in
Swiss rivers

Stream community structure in relation
to spatial variation:

the influence of mesohabitat
characteristics

Fish communities and river alteration in
the Seine Basin and nearby coastal
streams

Chironomid assemblage of a Lower-
Rhone dike field: Relationships
between substratum and biodiversity
Predicting diversity of juvenile
neotropical fish communities: patch
dynamics versus habitat state in
floodplain creeks
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Ecography

Oikos

Journal of Biogeography

Journal of Biogeography

Oikos

Hydrobiologia

Hydrobiologia

Hydrobiologia

Hydrobiologia

Oecologia
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Downes; P. S. Lake; E.
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H. Taniguchi; S. Nakano; M.

Tokeshi

P. Petry; P. B. Bayley; D. F.
Markle

J. G. Rae

T. M. Koel

L. Boyero; J. Bosch

H. Taniguchi; M. Tokeshi

D. A. Arrington; K. O.
Winemiller; C. A. Layman

S. C. Willis; K. O.
Winemiller; H. Lopez-
Fernandez

1999

2000

2000

2003

2003

2004

2004

2004

2004

2005

2005

Spatial patterns of invertebrate species
richness in a river: The relationship
between riffles and microhabitats

Assemblage structure of stream fishes
in the Western Ghats (India)

Habitat structure, resources and
diversity: the separate effects of surface
roughness and macroalgae on stream
invertebrates

Influences of habitat complexity on the
diversity and abundance of epiphytic
invertebrates on plants

Relationships between fish
assemblages, macrophytes

and environmental gradients in the
Amazon River

floodplain

The colonization response of lotic
chironomid larvae to substrate size and
heterogeneity

Spatial variation in fish species richness
of the upper Mississippi River system

The effect of riffle-scale environmental
variability on macroinvertebrate
assemblages in a tropical stream

Effects of habitat complexity on benthic
assemblages in a variable environment

Community assembly at the patch scale
in a species rich tropical river

Habitat structural complexity and
morphological diversity of fish
assemblages in a Neotropical floodplain
river

Australian Journal of Ecology

Hydrobiologia

Oecologia

Freshwater Biology

Journal of Fish Biology

Hydrobiologia

Transactions of the American Fisheries
Society

Hydrobiologia

Freshwater Biology

Oecologia

Oecologia
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D. M. Warfe; L. A. Barmuta

A. L. Robertson; A. M.
Milner

W. T. Kadye; B. E. Marshall

L. G. Afonso; P. C.
Eterovick

A. A. Agostinho; S. M.
Thomaz; L. C. Gomes; S.
Baltar

A. Barnett; B. E. Beisner

C. A. Shumway; H. A.
Hofmann; A. P. Dobberfuhl

E. Tales; R. Berrebi

L.
L.

C.
F.

G.
M.

Vieira; L. M. Bini;
Velho; G. R. Mazao

2005

2006

2006

2006

2007

2007

2007

2007

2007

2007

Does macrophyte fractal complexity
drive invertebrate diversity, biomass
and body size distributions?

Habitat structural complexity mediates
food web dynamics in a freshwater
macrophyte community

The influence of stream age and
environmental variables in structuring
meiofaunal assemblages in recently
deglaciated streams

Habitat diversity and fish assemblages
in an African river basin (Nyagui River,
Zimbabwe)

Spatial and temporal distribution of
breeding anurans in streams in
southeastern Brazil

Influence of the macrophyte Eichhornia
azurea on fish assemblage of the Upper
Parana River floodplain (Brazil)

Zooplankton biodiversity and lake
trophic state: Explanations invoking
resource abundance and distribution
Quantifying habitat complexity in
aquatic ecosystems

Controls of local young-of-the-year fish
species richness in flood plain water
bodies: Potential effects of habitat
heterogeneity, productivity and
colonisation-extinction events
Influence of spatial complexity on the
density and diversity of periphytic
rotifers, microcrustaceans and testate
amoebae
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Longitudinal zonation of Pacific
Northwest (USA) fish assemblages and
the species-discharge relationship

Scale dependence in the species-
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macroinvertebrate species richness in a
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Modifying living space: an
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community structure

Freshwater fish community structured
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Species-area relationship and
environmental predictors of fish
communities in coastal freshwater
wetlands of southern Brazil

The importance of environmental
heterogeneity for

species diversity and assemblage
structure in Bornean

stream frogs
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a and [ diversity of fishes in relation to
a gradient of habitat structural
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environmental filtering in community
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Fish assemblages in a Mississippi
reservoir mudflat with low structural
complexity

Multiple facets of stream
macroinvertebrate alpha diversity
are driven by different ecological
factors across an extensive
altitudinal gradient

Habitat complexity drives the turnover
and nestedness patterns

in a periphytic algae community
Influence of habitat heterogeneity and
bed surface complexity on benthic
invertebrate diversity in a gravel-bed
river

The relative importance of wetland area
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promoting species richness and
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Prairie Pothole Region, USA
Environmental drivers of tadpole
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permanent ponds
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Complexity and Elevation
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Aquatic Sciences

Hydrobiologia

Ecology and Evolution

Limnology

River Research and Applications
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182 yes K. J. Gething et al 2020 macroinvertebrate Hydrobiologia

assemblages within agricultural
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C. Graco-Roza; J. B. O.

Santos: V. L. M. Huszar: P. Downstream transport processes
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M. Marinho
A. R. Manzotti; M. Short-term response of fish

192 yes Ceneviva-Bastos; F. B. 2020 assemblages to instream habitat Neotropical Ichthyology

Teresa; L. Casatti restoration in heavily impacted streams
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Supplementary material 4: Biological metrics used as response variables in the meta-analysis

Categories

Biological metrics

Alpha taxonomic

Beta taxonomic

Alpha functional

Beta functional

Species richness (S), Rarefied richness,
Log(S+1), Mean of S, Density of S,
Shannon-Wiener index, Simpson index,
Evenness, Species density, Chao richness

and Berger Parker dominance

Bray-curtis dissimilarity index, Sorensen
dissimilarity index, Gower dissimilarity
index, Jaccard dissimilarity index, Distance
of Hellinger considering abundance and
presence, and the Raup crick distance

Maximum morphological distance, Mean
morphological distance, Functional richness,
Functional  diversity and  Functional

evenness

Standard deviation of morphological
distance,  Functional  dispersion  and

Variation standard length.
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Supplementary material 5: Funnel plots
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Figure S16: Funnel plots showing the relationship between effect size and standard error of (a) the EH effect on
taxonomic alpha diversity and (b) the EH effect on taxonomic beta diversity. Fail safe numbers for taxonomic
alpha diversity model is equals to 46,841 and taxonomic beta diversity model is equals to 20.
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Figure S17: Funnel plots showing the relationship between effect size and standard error of the EH effect on
functional alpha diversity (a) and the EH effect on functional beta diversity (b). Fail safe numbers for functional
alpha diversity model is equals to 380 and functional beta diversity model is equals to 34.



Supplementary Material 6: Stream sites ranked by the Integrated Disturbance Index (IDI).
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Supplementary Material 7: Results of analysis of variance (ANOVA) for each biological

metric compared among categories of disturbance (Least-disturbed; (ii) moderately-disturbed,;
(iii) most-disturbed).

1.

ANOVA test calculated for taxonomic alpha diversity. The null hypothesis of this
test was calculated under the assumption of non-different mean values of taxonomic
alpha diversity among categories. There were no differences of taxonomic alpha
diversity among categories (F2,73 = 1.02; p = 0.306).

ANOVA test calculated for taxonomic beta diversity (considering Jaccard
coefficient). The null hypothesis of this test was calculated under the assumption of
randomization mean values of taxonomic beta diversity among categories. There
were no differences of taxonomic beta diversity among categories (F273 = 1.429; p
=0.2461).

ANOVA test calculated for taxonomic beta diversity (considering modified Gower
distance). The null hypothesis of this test was calculated under the assumption of
non-different mean values of taxonomic beta diversity among categories. There
were no differences of taxonomic beta diversity among categories (F2,73 = 0.07137;
p =0.9312).

ANOVA test calculated for functional alpha diversity. The null hypothesis of this
test was calculated under the assumption of non-different mean values of functional
alpha diversity among categories. There were no differences of functional alpha
diversity among categories (F2,73 = 2.731; p = 0.07179).

ANOVA test calculated for functional beta diversity. The null hypothesis of this test
was calculated under the assumption of non-different mean values of functional beta
diversity among categories. There were no differences of functional beta diversity
among categories (Fz2,73 = 0.6002; p = 0.5514).
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Supplementary Material 8: Results of the Moran’s I test for each biological and

environmental heterogeneity metric.

1. Moran’s I test calculated for taxonomic alpha diversity as response variable. The null
hypothesis of this test was calculated under the assumption of random spatial patterns

of sites (i.e., lack of spatial autocorrelation).

data: residuals.glm(model)

weights: Istw

Moran | statistic standard deviate = 0.0055494, p-value =

0.4978

alternative hypothesis: greater

sample estimates:

Moran | statistic =~ Expectation Variance
-0.012886606  -0.013333333  0.006480369

2. Moran’s I test calculated for taxonomic beta diversity (Jaccard coefficient) as response
variable. The null hypothesis of this test was calculated under the assumption of random

spatial patterns of sites (i.e., lack of spatial autocorrelation).

Moran | test under randomisation
data: residuals.glm(model)

weights: Istw

Moran | statistic standard deviate = -0.66929, p-value =

0.7483

alternative hypothesis: greater

sample estimates:

Moran | statistic ~ Expectation Variance
-0.070046727  -0.013333333  0.007180398
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3. Moran’s I test calculated for taxonomic beta diversity (modified Gower distance) as
response variable. The null hypothesis of this test was calculated under the assumption

of random spatial patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.glm(model)

weights: Istw

Moran | statistic standard deviate = -1.5617, p-value = 0.9408
alternative hypothesis: greater
sample estimates:
Moran | statistic ~ Expectation Variance
-0.145656373  -0.013333333  0.007178886

4. Moran’s I test calculated for functional alpha diversity as response variable. The null
hypothesis of this test was calculated under the assumption of random spatial patterns

of sites (i.e., lack of spatial autocorrelation).

data: residuals.gim(model)

weights: Istw

Moran | statistic standard deviate = -0.96866, p-value =

0.8336

alternative hypothesis: greater

sample estimates:

Moran | statistic ~ Expectation Variance
-0.092930679  -0.013333333  0.006752382

5. Moran’s I test calculated for functional beta diversity as response variable. The null
hypothesis of this test was calculated under the assumption of random spatial patterns

of sites (i.e., lack of spatial autocorrelation).

data: residuals.gim(model)

weights: Istw
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Moran | statistic standard deviate = -0.96866, p-value =

0.8336

alternative hypothesis: greater

sample estimates:

Moran | statistic ~ Expectation Variance
-0.092930679  -0.013333333  0.006752382

6. Moran’s I test calculated for coefficient of variation of channel wetted width as response
variable (CV_width). The null hypothesis of this test was calculated under the

assumption of random spatial patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.gim(model)

weights: Istw

Moran | statistic standard deviate = -0.70194, p-value =

0.7586

alternative hypothesis: greater

sample estimates:

Moran | statistic ~ Expectation Variance
-0.072862277  -0.013333333  0.007192101

7. Moran’s 1 test calculated for coefficient of variation of substrate embeddedness
(CV_embedd). The null hypothesis of this test was calculated under the assumption of

random spatial patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.gim(model)

weights: Istw

Moran | statistic standard deviate = -0.96862, p-value =

0.8336

alternative hypothesis: greater

sample estimates:

Moran | statistic ~ Expectation Variance
-0.095714850 -0.013333333  0.007233565
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8. Moran’s I test calculated for coefficient of variation of canopy cover (CV_canopy). The
null hypothesis of this test was calculated under the assumption of random spatial

patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.glm(model)

weights: Istw

Moran | statistic standard deviate = -1.5188, p-value = 0.9356
alternative hypothesis: greater
sample estimates:
Moran | statistic ~ Expectation Variance
-0.14262995  -0.01333333 0.00724742

9. Moran’s I test calculated for coefficient of variation of thalweg depth (CV_depth_t).
The null hypothesis of this test was calculated under the assumption of random spatial

patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.gim(model)

weights: Istw

Moran | statistic standard deviate = -1.2456, p-value = 0.8935
alternative hypothesis: greater
sample estimates:
Moran | statistic =~ Expectation Variance
-0.118531125  -0.013333333  0.007133085

10. Moran’s I test calculated for coefficient of variation of flow velocity (CV_vel). The null
hypothesis of this test was calculated under the assumption of random spatial patterns

of sites (i.e., lack of spatial autocorrelation).

data: residuals.gim(model)

weights: Istw
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Moran | statistic standard deviate = 0.0054582, p-value =

0.4978

alternative hypothesis: greater

sample estimates:

Moran | statistic ~ Expectation Variance
-0.012873973  -0.013333333  0.007082946

11. Moran’s I test calculated for coefficient of variation of bankfull width (CV_bkf width).
The null hypothesis of this test was calculated under the assumption of random spatial

patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.gim(model)

weights: Istw

Moran | statistic standard deviate = -0.058564, p-value =

0.5234

alternative hypothesis: greater

sample estimates:

Moran | statistic ~ Expectation Variance
-0.01830922  -0.01333333 0.00721905

12. Moran’s 1 test calculated for coefficient of wvariation of bankfull height
(CV_bkf_height). The null hypothesis of this test was calculated under the assumption

of random spatial patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.glm(model)

weights: Istw

Moran | statistic standard deviate = -0.85711, p-value =
0.8043
alternative hypothesis: greater

sample estimates:
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Moran | statistic ~ Expectation Variance
-0.086059407  -0.013333333  0.007199499

13. Moran’s I test calculated for coefficient of variation of margin angle (CV_angle). The
null hypothesis of this test was calculated under the assumption of random spatial

patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.glm(model)

weights: Istw

Moran | statistic standard deviate = -0.81397, p-value =

0.7922

alternative hypothesis: greater

sample estimates:

Moran | statistic =~ Expectation Variance
-0.082525609  -0.013333333  0.007226047

14. Moran’s I test calculated for coefficient of variation of channel slope (CV_slope). The
null hypothesis of this test was calculated under the assumption of random spatial

patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.glm(model)

weights: Istw

Moran | statistic standard deviate = -0.57541, p-value =

0.7175

alternative hypothesis: greater

sample estimates:

Moran | statistic ~ Expectation Variance
-0.061894087  -0.013333333  0.007122248
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15. Moran’s I test calculated for Simpson's diversity of substrate types (div_subst). The null
hypothesis of this test was calculated under the assumption of random spatial patterns

of sites (i.e., lack of spatial autocorrelation).

data: residuals.glm(model)

weights: Istw

Moran | statistic standard deviate = 0.56647, p-value = 0.2855
alternative hypothesis: greater
sample estimates:
Moran | statistic ~ Expectation Variance
0.034221109  -0.013333333  0.007047401

16. Moran’s I test calculated for Simpson's diversity of spatial flow types (div_flow). The
null hypothesis of this test was calculated under the assumption of random spatial

patterns of sites (i.e., lack of spatial autocorrelation).

data: residuals.glm(model)

weights: Istw

Moran | statistic standard deviate = -1.7312, p-value = 0.9583
alternative hypothesis: greater
sample estimates:
Moran | statistic ~ Expectation Variance
-0.160267617  -0.013333333  0.007203322
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