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Abstract

The evaluation of biotic integrity through multimetric analyses of the attributes of fish fauna is recognized as an
important tool for water management and conservation policies. In this sense, the present study aimed to elucidate
the most frequently used metrics in multimetric indexes (MMIs) on the basis on the fish assemblages in Brazil. An
electronic search of the literature was carried out using indexing databases of periodicals. The criteria used for
the selection of scientific articles were studies carried out in Brazilian territory and reports of the use of MMI with
fish. A total of 32 publications were selected from 19 journals, 15 of which were Brazilian journals. The majority
of the studies were carried out in streams (51.9%), and there were no temporal patterns. The highest concentration
of studies was observed in the southeast region. In all, 103 different metrics were used, those metrics highlighted
attributes related to the trophic level, tolerance to hypoxia, and species composition. There was an increase over
time of publications that reported on the use of specific metrics and environments, except for rivers. In comparison
to other environments, the results of the metrics from streams were statistically different. Difficulties in terms of
the applications of MMIs in Brazil are linked to the selection of aspects that characterize the condition of a habitat
before the diagnosis of the ecological components in the classification of the environmental quality. Despite its
importance, the lack of standardized metrics and the neglect of functional characteristics make it difficult to
replicate the MMI.
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1 Introducao

The interferences of anthropogenic actions on natural systems generates impacts on biodiversity, whose intensity is ge-
nerally proportional to the degree of environmental heterogeneity, the original characteristics of the environment, and the
vulnerability of the involved species (BASTOS; ABILHOA, 2004; DIAS et al., 2016). In aquatic environments, this stress is
reflected in different ways and at various levels of the ecosystems, such as at the level of the individual, the population, and
the community (TUNDISI; TUNDISI, 2008).

Community-level investigations are considered to be adequate for the evaluation of ecological integrity (MARTINEZ-HA-
RO et al., 2015), and the use of fish as biological indicators of environmental quality has gained support in recent decades
(AZEVEDO et al., 2010; RUARO; GUBIANI, 2013). These organisms have specific responses to changes in habitat and toxic
stressors, which is an indication of the biotic integrity of their environment. In addition, high physiological sensitivity in critical
situations and participation in different trophic levels, reaching even the top e of trophic web (ARAUJO, 1998; FLORES-LO-
PES; MALABARBA, 2007), are important characteristics for bioindication. Moreover, fish are widely distributed (reaching
small and degraded waterways) and popularly known, presenting connection to society’s appeals.

Based on the concept that the biotic integrity of an ecosystem is your capacity of maintainability, composition and func-
tional organization of the communities (KARR; DUDLEY, 1981), Karr proposed the Index of Biotic Integrity (IBI) in 1981.
It is a tool for to summarize the biological attributes or metrics that reflect anthropogenic disturbances capable of elucidating
the environmental conditions of aquatic resources (KARR, 1981). It is considered to be the first description of a multimetric
procedure that is based on the fish community (RUARO; GUABIANI, 2013). Initially applied to streams, the index received
subsequent adaptations in several countries (LYONS et al., 2000; FISCH et al., 2016). The adaptations were used to assess
diverse environments, which resulted in different nomenclatures to the multimetric indexes (MMI). For example, Jennings et
al. (1995) considered the term “biotic integrity” inappropriate when adjusting the index for use with reservoirs because of the
artificial nature of these sites. In addition, some adjustments have incorporated statistical criteria in the selection of the metrics
(HERING et al., 2006), reference sites (WHITTIER et al., 2007), different scoring methods (BLOCKSOM, 2003), probabilistic
sample design (HERLIHY et al., 2000), and correlation of metrics with environmental variation (CARVALHO et al., 2017).

The first MMI application study that used components of the fish fauna in Brazil was carried out by Aradjo (1998) in the
Paraiba do Sul River. The objective was to obtain a biological monitoring standard that allowed for inferences to be made
about water quality. However, until 2008, of the 15 studies with this context in tropical regions, only three were carried out in
Brazil (JARAMILLO-VILLA; CARAMASCHI, 2008). In a recent study, Dias et al. (2016) demonstrated that the application
of the IBI did not stand out among the tendencies of the objectives in studies of ichthyofauna in Brazil. In addition, the focus
of researchers seemed to be linked to the economic development of the government (AZEVEDO et al., 2010), which resulted
in incipient databases and, consequently, restricted the application of indexes.

Since the 1970s, researchers and water resource managers in Western Europe and North America, for example, have been
supported by government laws and agencies and have implemented the tool MMI in biomonitoring programs and environmental
quality assessment (EUROPEAN COMMISSION, 2000; USEPA, 2002). In contrast, in Brazil, no mention is made about the
use of biomonitoring to evaluate the quality of water in any of the legal provisions directed exclusively to water resources
(BRASIL, 1934; 1997).

Given the potential response of Multimetric Indexes, since they integrate several components of the community, in com-
parison with specific descriptors (for example, indicator species), it becomes instigating to understand the dimensionality of
use and gaps in the application of this tool in Brazil, showing the evolution of the frame after the Araujo’s paper (1998) (in the
last 20 years). On that basis, the present study has the following objectives: (i) to evaluate the temporal evolution of studies
using MMIs and their geographic distribution, (ii) to list the environments where the indexes are most frequently applied;
(iii) to identify patterns in the metrics used among the environments evaluated in Brazil, and (iv) to verify the similarity of
the attributes used in different environments. In addition, the study also aims to identify knowledge gaps and contribute for
future adaptations of the index, making it possible to broaden the discussions on the use of biological indicators for ecosystem
assessment and monitoring.

2 Materials and Methods

The electronic search of the literature was carried out in 2016 and 2017 using the following databases: Thomson Reuters
(IST Web of Knowledge), SciELO, Scopus, Google Scholar, and CAPES Newspapers. Seven keywords were used—"Index
of Biotic Integrity”, “IBI”, “multimetric indexes”, “MMI”, “fish”, “fishes”, and “Brazil”— individually and simultaneously,
in Portuguese and English. In order to find variations in terms, the asterisk (*) was added to the search after each keyword.
The criteria used for the selection of the publications were studies that were carried out in the Brazilian territory and studies
that used the fish community as an indicator of biotic integrity through the direct use of an MMI. Only papers of a scientific
nature, published after the introduction of the theme in the national territory in 1998, were considered until year 2017. Studies
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published in local and non-indexed journals, as well as dissertations and theses, were not considered.

The selected articles were classified by the nationality of the journal, year of publication, watershed, and environments
(that is, rivers, streams, reservoirs, and estuaries). The georeference mapping of the articles was done through the coordinates
reported by the authors, with aid of the Quantum GIS Software, version 2.16.1 ‘Nedebo’ (QGIS, 2016).

The metrics used to apply the calculation of the MMIs of each study were listed in this paper. Given the great similarity
in the naming and representativeness of some metrics, the nominal grouping of metrics with equivalent characteristics was
performed. The groupings were only used in the calculation of the relative frequencies in order to identify the most used
metrics in the studies.

The rarefaction analysis, which is capable of comparing diversity in samples with different sizes, was used to identify
qualitative and quantitative variations in the metrics used over time. The more upward the accumulation curve, the greater the
probability of new metrics being employed in a given environment. In order to identify possible significant differences in the
metrics used between the studied sites, the permutational one-factor analysis (PERMANOVA), based on the Jaccard distance
(binary data), was used. The percentage similarity analysis (SIMPER) was used to determine which metrics were responsible
for the differences. All of these analyses were performed using the Software Past 7.0 (HAMMER et al., 2001), and the signi-
ficance level considered was o = 0.05.

3 Results

A total of 32 publications were selected from 19 journals, 15 of which were Brazilian journals (Supplementary 1). We did
not observe a temporal pattern for the studies that used MMIs; however, there were two peaks of higher occurrence of publi-
cations with this objective (2004 to 2007 and 2011 to 2017), highlighting the year 2011 (15.62%). The MMI was also applied
in studies that described streams, rivers, reservoirs, estuaries, and lakes. Among the sampled environments, streams were
describe in the most number of articles (53.12%) and, consequently, a greater distribution of temporal occurrence. In contrast,
lakes were described in only one study and, therefore, were not considered in rarefaction and relative frequency analyses.

Regarding the geographic distribution of the studies, the highest concentration was observed in the Southeast region
(59.38%), mainly in the Parana and East Atlantic Basins (Figure 1). Until year 2017, two basins (Tocantins and Uruguay) have
not been the subject of research for the application of MMIs, and there still exists a shortage of studies in the Amazon Basin,
with only two publications registered.
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Figure 1 - Geographic distribution of the studies that used the Index of Biotic Integrity with fishes in Brazil, from
1998 to 2017, and an indication of the respective basins.
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In all, 103 metrics were recorded in the studies that were evaluated. We grouped the studies according to similar charac-
teristics for 38 of the metrics (Supplementary 2). We observed that the most frequent factors used to calculate the index were
related to the trophic guilds, considering the proportion in abundance or weight of omnivores (7.33%) and carnivorous or
piscivorous (6.96%) fish, followed by metrics related to tolerance (5.86%), the presence of Siluriformes (5.49%), and the use
of ecological descriptors as indexes of species diversity and dominance (5.49%). Among the metrics mentioned above, it is
noted that the proportion of abundance or weight of carnivorous or piscivorous fish was used in all environments.

The number and homogeneity of the metrics adopted in each environment were represented by the rarefaction analysis.
It was possible to verify a gradual increase in number of metrics used over the years, especially in streams, due to the large
number of metrics used in the MMI calculation. Only the river environment suggested asymptote of the increment curve of
new metrics (Figure 2), which implies a low probability of an increase in new metrics that represent the biotic conditions in
river environments.
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Figure 2 - Rarefaction curves showing metrics used in the calculation of MMIs in Brazil by environment and
year. Horizontal lines represent the rarefaction curve, and vertical lines represent the standard deviation.

It was evident that in terms of the metrics used in the MMI calculation in the different environments that were evaluated,
there were significant differences (PERMANOVA, F = 1.855, p =0.0001); between streams and rivers (p = 0.0002), reservoirs
(p =0.0101), and estuaries (p = 0.0060); and between estuaries and rivers (p = 0.0142).

Regarding the relative frequency of the metrics per environment, it is notable the use of specific characteristics, especially
in streams, emphasizing the proportion of omnivorous and carnivorous species, tolerance, and use of ecological descriptors.
Estuaries present unique metrics related to the number of migratory and resident species (Figure 3), as well as a high occur-
rence of low-frequency metrics.

According to the similarity analysis (SIMPER), the distinction between environments was linked to a high proportion of the
use of some metrics, such as number of Characiformes and Siluriformes species in rivers and richness of species in estuaries
(Table 1). Streams, however, were segregated from the other environments due to the diversity of metrics used in the evaluation
of the biotic condition in these environments.
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Figure 3 - Frequency of the relative occurrence of the ten principal metrics used in different environments for the
calculation of MMI in Brazil (articles published between 1998 and 2017).

Table 1 — SIMPER analyses values of the metrics related to the fish fauna used in the calculation of the MMI in Brazil (from 1998 to 2017).

Pairs A x General Higher-influenced metrics Contribution Cumulative Average Average
B mean of (>50%) %) contribution | abundance | abundance
dissimilarity (%) A B
Proportion or number of
Characiformes species or
individuals 6.50 6.50 0.00 1.00
Proportion by number of
detritivorous 5.38 11.87 0.75 0.00
Proportion or number of very
tolerant species 4.73 16.61 0.75 0.17
Number of species (richness) 4.50 21.11 1.00 0.33
Abundance of native species 4.50 25.61 0.00 0.67
Estuaries Number of individuals
(A) vs 65.43 (abundance) 4.17 29.78 0.75 0.17
Rivers (B) Proportion or number of
Perciformes species or
individuals 4.09 33.87 0.75 0.33

Continuation...
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Table 1 - Continuation...

General Cumulative Average Average
Pairs A x Higher-influenced metrics Contribution
mean of contribution | abundance | abundance
B (>50%) (%)
dissimilarity (%) A B
Presence of opportunistic
species 3.47 37.34 0.50 0.00
Number of Clupeiformes 3.47 40.81 0.50 0.00
Proportion of
Cyprinodontiformes 342 4423 0.00 0.50
Proportion of species with
anomalies/pathologies 3.40 47.63 0.50 0.17
Number of Siluriformes
) 593 593 0.18 1.00
species
Proportion or number of
Characiformes species or 5.71 11.63 0.18 1.00
individuals
Proportion of Carnivorous 5.17 16.80 0.18 0.83
Presence or number of
) 4.96 21.76 0.24 0.83
intolerant species
Abundance of native species 4.52 26.28 0.18 0.67
Streams Proportion by number of
) 4.10 30.37 0.41 1.00
(A) vs 80.80 omnivorous
Rivers (B) Proportion of
) . 3.73 34.11 0.06 0.50
Cyprinodontiformes
Invertivorous ratio 3.46 37.57 0.35 0.50
Number of species (Richness) 323 40.80 0.41 0.33
Proportion or number of
) ) 3.04 43.84 0.47 0.00
benthic species
Proportion or number of
2.76 46.60 0.06 0.33
dominant species
Presence or number of exotic
2.60 49.20 0.12 0.33
species
Proportion or number of
Streams
83.27 Perciformes species or 4.75 4.75 0.00 0.75
(A) vs ST
individuals
Estuaries Number of Siluriformes
) 4.15 8.90 0.18 0.75
(B) species
Proportion of Carnivorous 4.15 13.06 0.18 0.75
Proportion by number of
. 4.13 17.18 0.18 0.75
detritivorous
Proportion or number of very
) 4.00 21.18 0.24 0.75
tolerant species
Cumulation
General Average Average
Pairs A x Higher-influenced metrics Contribution of
mean of abundance | abundance
B (>50%) (%) contribution
dissimilarity A B
(%)
Number of individuals
3.52 28.66 0.24 0.75
(abundance)
Number of species (richness) 3.40 32.06 0.41 1.00

Continuation...
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Table 1 - Continuation...

General Cumulative Average Average
Pairs A x Higher-influenced metrics Contribution
mean of contribution | abundance | abundance
B (>50%) (%)
dissimilarity (%) A B
Proportion by number of
. 3.16 3522 0.41 0.75
omnivorous
Streams Number of Clupeiformes 3.05 38.27 0.00 0.50
(A) vs Proportion of species with
) 83.27 3.04 41.31 0.06 0.50
Estuaries anomalies/pathologies
(B) Presence of opportunistic
) 3.02 44.32 0.06 0.50
species
Number of demersal + pelagic
) 2.64 46.96 0.00 0.50
species
Proportion or number of
) ) 2.49 49.45 0.47 0.00
benthic species
Number of Siluriformes
) 3.66 3.66 0.18 0.75
species
Proportion of carnivorous 3.37 7.03 0.18 0.75
Proportion or number of very
_ 327 10.29 0.24 0.75
tolerant species
Proportion by weight of
. 3.02 13.32 0.00 0.50
omnivorous
Proportion of individuals
291 16.23 0.00 0.50
greater than 30cm
Proportion or number of
Streams Perciformes species or 291 19.14 0.00 0.50
(A) vs individuals
) 87.82
Reservoirs Proportion by number of
. 2.87 22.01 0.41 0.75
(B) omnivorous
Number of individuals
2.85 24.86 0.24 0.50
(abundance)
Presence or number of exotic
) 2.56 27.42 0.12 0.50
species
Abundance of native species 2.55 29.98 0.18 0.50
Proportion or number of
) 2.53 32.50 0.06 0.50
dominant species
Proportion or number of
Characiformes species or 2.51 35.01 0.18 0.50
individuals
Proportion of species with
) . 2.51 37.52 0.06 0.50
anomalies/pathologies
Number of species (richness) 241 39.93 0.41 0.25
Proportion of species
2.39 42.32 0.00 0.50
representing 90% individuals
Proportion or number of
2.37 44.69 0.47 0.00
benthic species
Invertivorous ratio 1.97 46.67 0.35 0.00
Presence or number of
1.83 48.50 0.24 0.25

intolerant species
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4 Discussion

The low application of MMIs using the ichthyofauna in Brazil, the absence of temporal and spatial patterns, and the high
number of metrics reflect peculiarities of the scientific knowledge about the fish fauna in the Brazilian territory, mainly in
relation to streams. The basis of the MMI framework is compounded by the lack of basic knowledge about the biology of
many species, policies, and infrastructure for inventories and for the implementation of long-term monitoring. In addition, the
enormous territorial dimensions and high climatic, physiographic, and biological variability contribute to this scenario of low
similarity and standardization of attributes in the MMI calculations among the studies evaluated here. However, recent studies
have used more robust selection tools and designs to minimize these biases (CARVALHO et al., 2017; CHEN et al., 2014),
demonstrating the ability of MMIs to detect effects of anthropogenic components on aquatic ecosystems (PETESSE et al., 2016).

The publication of scientific research related to studies involving fish fauna in Brazil greatly increased after 2000 (DIAS
et al., 2016), possibly as a result of the country’s economic stabilization after the 1994 monetary reform (METTENHEIM,
2004), as well as recognition of the importance of preserving group diversity. These factors reflect the temporal fluctuations
observed in the present study and that are commonly present in the development of scientific guidelines, still linked to different
factors, such as innovation, acceptance and alternative approaches. Thus, it is probable that the application of the MMI will not
be discarded by the national scientific community because this tool does not have a consolidated design for or against its use.

The scenario of application of studies mentioned above cannot be generalized in relation to the geographical distribution
of research. The highest concentration of publications related to the evaluation of MMIs was found verified in the center and
south of the region, and these patterns follow the patterns already reported by Azevedo et al. (2010) for fish-related studies
that used other approaches. The focus on MMIs is related to the greater number of freshwater research groups established in
these regions (DIAS et al., 2016), with important contributions from post-graduate programs (NABOUT et al., 2015). In ad-
dition, the application of MMIs seems to be related to the objectives of the work of each researcher and associated with their
ideology. This hypothesis gains support in the finding of a low incidence of studies focused on MMIs in the Amazon Basin,
for example, despite the high regional scientific productivity that is fomented by the presence of the Instituto Nacional de
Pesquisas da Amazdnia (INPA) (AZEVEDO et al., 2010). In addition, the use of the MMI is less attractive in this basin as a
result of protective legal actions, such as the Protected Areas and Conservation Units (VERISSIMO et al., 2011), and the fact
that it is a basin that is proportionally lower in its anthropic footprint (ABELL et al., 2008).

The criteria for the definition of sampling sites in Brazil, apparently considered the potentiality of response of the local fish
community in function of the adopted metrics, that is, the representation of the attributes in the environmental quality asses-
sment. In this sense, Roset et al. (2007) highlighted some critical factors that are part of the MMI proposal, such as location,
seasonal variations, and accuracy and sensibility of the metrics. Although these factors are often neglected, recent adaptations
of the index have considered the importance of these assumptions in assessing biotic integrity (for example, PETESSE et al.,
2014; CARVALHO et al., 2017).

The predominance of adaptations of MMIs for streams may be related to the specificities of these environments, as they
are easily accessible for researchers with small collection infrastructures and they have low water volumes, which facilitates
sampling (GALVEZ et al., 2009; CASATTI, 2010). In addition, during recent decades, there has been a greater call for the
identification of impacts of anthropic actions in these environments (for example, urban and agricultural expansion and intro-
duction of non-native species). Additionally, it seeks to obtain information from little-known processes before they are lost
(BOHLKE et al., 1978; AZEVEDO et al., 2010; DIAS et al., 2016), especially in relation to endemic fauna (CASTRO, 1999;
CASATTI, 2010). Moreover, the influence of impact factors from surroundings is more pronounced than in larger places, such
as in rivers and lakes.

We identified a lower frequency of studies in environments with large geographic dimensions (for example, marine envi-
ronments), marked seasonal variations (for example, floodplains, lakes, and estuaries), and a lack of methodological adapta-
tions in those with greater depth (JARAMILLO-VILLA; CARAMASCHI, 2008). In this sense, it is possible that new metrics
should be added with the evolution of IBI studies; this is especially true in estuaries, given their amplitude and heterogeneity
(PEREZ-DOMINGUES et al., 2012).

Simplifications about the increasing fragmentation of rivers as a result of the implantation of reservoirs are widely discussed
and are based on other approaches (PELICICE et al., 2015; AGOSTINHO et al., 2016). This fact may explain the low repre-
sentativeness and adoption of new metrics in this environment. The absence of pristine environments of similar proportions
and the absence of studies prior to the implementation of most of these projects make it difficult to make comparisons about
the application of MMI.

In general, the metrics used in MMI calculations seek to evaluate specific characteristics of different aquatic ecosystems.
The high quantity and non-standardization of the attributes make it difficult to compare studies, and we observed redundancy
in terms of the functional characteristics. However, there were some aspects of the fish community that were common among
environments and that were frequently used, which suggests a high sensitivity to environmental changes. Trophic-related
metrics were highlighted because the reduction of specific guilds and the increase of trophic generalists indicated impacts to
the biotic integrity that have already been consolidated in the literature (FAUSCH et al., 1990).
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The proportion of tolerant individuals was another frequent metric, which indicates the ability to establish and maintain a
given population given a specific set of environmental conditions (BOZZETI; SCHULZ, 2004). In order to better understand
this concept, it was necessary to consider the abundance of each species captured and its physiological and functional charac-
teristics, which are directly related to each other and to an individual’s survival (TERESA et al., 2015; AGOSTINHO et al.,
2016). The high response capacity of these attributes justifies its adoption for the determination of biotic integrity.

The high heterogeneity and the quantity of metrics used in studies of streams reflect the high magnitude of the Brazilian water
network, as well as the specificities of these environments, such as richness and endemism (ABELL et al., 2008; NOGUEIRA
etal., 2010; MIRANDA, 2012), which explains the number of different attributes what were used in comparison to the other
environments. However, for rivers, despite the high structural diversity (SCHIEMER, 2000), the imminent temporal asymptote
of the number of metrics evaluated is due to abiotic factors and equivalent biotic interactions in different basins (MINATTI-
FERREIRA; BEAUMORD, 2006), which allows for the standardization of the characteristics used in the index calculation.

In some cases, the aspects considered in different aquatic ecosystems were standardized. This was especially relevant to
studies in reservoirs, which had predictable metrics (FERREIRA et al., 2015) as a result of known anthropic disturbances
(CROOK et al., 2015; GRACEY; VERONES, 2016) and previous knowledge of the ecology of these environments. On the
other hand, estuarine environments presented greater variation between regions with regard to the ecology of local species
and the conditions considered as minimally impacted, being necessary adaptations according to intrinsic characteristics to the
indicator group (VIANA et al., 2012; FISCH et al., 2016).

In general, the great difficulty in applying the MMI is the selection of factors that, on the one hand, effectively characterize
the state of a specific ecological system and, on the other, can be compared and generalized on more global scales. From this
perspective, the use of MMI in the Brazilian territory presents additional difficulties when compared to other countries (DALE;
BEYELER, 2001). In Europe and in the United States of America, biomonitoring is a primary action for the determination
of the ecological status of water bodies, helping to interpret the current conditions of the environment in a way that would
indicate whether conservation or restoration were needed (BIRK et al., 2012). However, Brazilian environmental regulations
neglect the diagnosis of ecological components in the classification of environmental quality.

5 Conclusions

We identified a low occurrence of studies that apply MMI in the Brazilian fish community and a lack of standardized me-
trics. Moreover, we determined from this survey that there are several gaps in terms of the application of the MMI in Brazil,
highlighting regions (north and northeast) and environments (marine, estuaries, and lakes) that have only been explored in
limited ways. In addition, we also highlight the absence of standardized metrics and a neglect of metrics related to functional
characteristics. We expect these findings to motivate public managers and the scientific community to join efforts in long-term
researches, particularly in terms of the neglected scales, regions, and environments highlighted in this study. We believe that
the critical state of fish fauna and Brazilian aquatic ecosystems support the need for the urgent development of tools for the
prognosis, conservation, and restoration of these environments.
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