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Abstract The high diversity of fish species found in
Brazilian streams has attracted scientific interest in
recent years. However, it is not clear how studies have
addressed biodiversity knowledge shortfalls. We con-
ducted a scientometric analysis of stream fish studies
in Brazil to identify trends and gaps in how objectives,
spatial coverage, and biodiversity knowledge short-
falls have been studied. Our review covered 690
articles published between 1981 and 2019, and we
found an increase in the number of publications, the
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spatial scale of studies, and the number of streams
studied. We also found biases in the distribution of
publications concerning regions, biomes, basins, and
biodiversity knowledge shortfalls. The Southeast
region, the Parana River basin, the Atlantic Forest
biome, and the Hutchinsonian shortfall contributed to
a greater number of studies while the Northeast region,
the Pantanal biome, Parnaiba basin, Western North-
east Atlantic basin, and the Prestonian shortfall were
less represented. Therefore, to improve our knowledge
about stream fish, we recommend new collection
efforts in under-sampled regions and new studies
focused on filling less-addressed biodiversity knowl-
edge shortfalls. Moreover, we emphasize the impor-
tance of standardized sampling protocols, a complete
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sharing of data, and an increase in scientific
collaboration.

Keywords Biodiversity - Biomes - Gap analysis -
Stream fish - Knowledge shortfalls - Watersheds

Introduction

Our knowledge on biodiversity has increased in recent
years for taxonomic groups at a rate of more than
18,000 newly described species per year since 2006
(Costello et al., 2013). Despite this increase, knowl-
edge remains inadequate due to a myriad of reasons.
For one thing, knowledge about biodiversity is not
uniformly distributed in space (Hortal et al., 2015;
Oliveira et al., 2016), focusing on specific regions,
habitats, biomes, and watersheds (Lobo et al., 2007;
Collen et al., 2008). Furthermore, certain taxonomic
groups have received more attention from researchers
than others. For example, terrestrial vertebrates and
plants have been inventoried and described in more
detail than almost all invertebrates or unicellular
organisms (Mora et al., 2011; Costello 2020). The
absence of information on biodiversity composition,
distribution patterns, and life-history strategies is a
limiting factor in producing knowledge, advances in
ecological studies, and conservation of species (Hortal
et al., 2015).

In general, the gaps in biodiversity knowledge may
be classified into seven categories: (i) the Linnean
shortfall, our lack of knowledge about the identify of
species, many of which have not yet been described
(Bini et al., 2006; Hortal et al., 2015); (ii) the
Wallacean shortfall, our lack of knowledge about
species distributions (Bini et al., 2006; Hortal et al.,
2015); (iii) the Prestonian shortfall, our lack of
knowledge about species abundance and population
dynamics in space and time (Cardoso et al., 2011;
Hortal et al., 2015); (iv) the Darwinian shortfall, our
lack of knowledge about phylogeny and species traits
and evolution (Diniz-Filho et al., 2013; Hortal et al.,
2015); (v) the Raunkizran shortfall, our lack of
knowledge regarding the ecological characteristics
and functions of species (Cardoso et al., 2011; Hortal
et al., 2015); (vi) the Hutchinsonian shortfall, our lack
of knowledge about species tolerance for environ-
mental conditions (Hortal et al., 2015); and (vii) the

@ Springer

Eltonian shortfall, our lack of knowledge about
species interactions and the effects of such interactions
on individual adaptation (Hortal et al., 2015). These
knowledge gaps are still more evident in areas with
high species diversity and regions threatened by the
rapid conversion rate of natural ecosystems in human
landscapes (Foley, 2005; Collen et al., 2008; Vor-
Osmarty et al., 2010; Gibson et al., 2011). In other
words, the knowledge is missing where it is most
needed.

Neotropical streams are considered one of the
world’s biodiversity hotspots (Dudgeon, 2019; Reid
et al., 2019), and they continue to represent a major
frontier for biodiversity knowledge. Compared to
temperate streams, Neotropical streams are still poorly
studied, and this bias has a strong effect on observed
biodiversity knowledge gaps (Oliveira et al., 2016).
Partially, the challenge to provide better knowledge of
these systems is reinforced by the large biotic diversity
they harbor, including a wide array of fish species
(Meyer et al., 2007; Winemiller et al., 2008). More-
over, poor taxonomic knowledge of species is still a
barrier in these systems even in our present informa-
tion era (Freitas et al., 2020). Additionally, they
represent important targets for biological and ecolog-
ical studies. For instance, stream fish are excellent
indicators of environmental conditions because they
are sensitive to changes in a wide array of environ-
mental stressors (Karr, 1981), as found in several
Brazilian streams (Terra et al., 2013; Carvalho et al.,
2017).

Brazilian streams have a rich fish diversity with
more than 1900 stream fish species registered (Castro,
1999; Reis et al., 2016), including many species with
restricted distribution or threatened by human activ-
ities (Nogueira et al., 2010; Reis et al., 2016). This
high diversity and great number of threatened stream
fish species, has attracted the researchers’ attention to
these ecosystems (Dias et al., 2016; Junqueira et al.,
2020; Tourinho et al., 2020). Although the number of
studies about stream fish has increased in recent years
(see Junqueira et al., 2020), this knowledge is not
uniformly distributed (neither temporally, spatially, or
between research fields). This bias affects our under-
standing of this ecosystem and impedes implementing
effective conservation measures on a broader spatial
scale (Hortal et al., 2015). Therefore, to develop
measures aimed at the conservation of stream fish, it is
necessary to acquire detailed information on the
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ecosystems (Dudgeon et al., 2006; Barletta et al.,
2010).

Scientometric analysis has become an important
and low-cost tool for assessing the trends and knowl-
edge gaps in taxonomic groups or research areas
(Nabout et al,, 2012). The synthesis of existing
knowledge provides valuable insights for guiding
future scientific research and subsidies that decision-
makers can use in the implementation of effective
measures towards biodiversity conservation (Pullin &
Stewart, 2006; Nesshover et al., 2016; Pullin et al.,
2016). Recent studies provided a scientometric review
about stream fishes and showed (i) an increase in the
number of studies in the last years, (ii) most published
studies are descriptive, and (iii) most studies are
conducted mainly at small spatial and temporal scales
(Dias et al.,, 2016; Junqueira et al., 2020). Using
articles published until 2012, Dias et al. (2016)
showed an increased number of studies with stream
fish assemblage and a predominance of studies with
small spatial scales. In turn, Junqueira (2020), using
published articles until 2016, corroborated these
results and showed that sampling effort is still low
considering the number of streams sampled in all river
basins studied. However, filling biodiversity knowl-
edge gaps on stream fish remains a major challenge.

Here, we followed the similar path of the studies
mentioned above, using a dataset with published
articles until 2020, and explored mainly questions
about biodiversity knowledge gaps in stream fish
studies, encompassing all knowledge fields. Thus, our
objective was to analyze stream fish studies in Brazil
to answer the following questions: (i) Concerning the
published studies on stream fish, are there increases in
the number of published studies, the number of
sampled streams, and the study area’s size? (ii) In
which regions, biomes, and basins were these studies
focused? (iii) What questions did the researchers
attempt to answer? (vi) What were the major research
fields addressed? (v) What were the biodiversity
knowledge gaps addressed?

Material and methods

Literature review

We conducted a literature search on stream-dwelling
fish in two databases, Web of Science (WoS) and

Scopus, to increase our research coverage. We
performed searches by topic (article title, abstract,
and keywords) for the following strings ((fish* OR
ichthyofauna OR pisces) AND (stream* OR headwa-
ters) AND (Brazil)) in both databases. Our searches
were conducted initially in January 2018, with an
update on May 20, 2020. In our analysis, we included
only articles with publication dates through 2019.

We constructed our database by searching the
scientific literature on stream fish, published in
journals indexed in the WoS and Scopus platforms.
While we recognize that grey literature also provides
some information about stream fish studies, we chose
to restrict our survey to articles published in indexed
journals, since the peer review process guarantees a
minimum level of data reliability and transparency.
After that, we refined the database by: (i) consolidating
the search results from both platforms into a single
database to remove duplicates; (ii) using the ab-
stract_screener function from the metagear R package
(Lajeunesse, 2016) to read the titles and abstracts to
restrict our database to articles with study areas in
Brazil and exclude items about other animals associ-
ated with stream environments (e.g., insects, amphib-
ians, mammals, and birds), as well as articles
exclusively focusing on fish occurring in other aquatic
environments (e.g., rivers, lakes, and reservoirs); and
(iii)) conducting full-text screening on all articles
selected at the previous stage. We included in our
database articles about other aquatic environments
(e.g., rivers and lakes) that included streams in their
sampling sites when it was possible to extract the
stream information separately. Through the above
steps, we identified 690 relevant studies (Online
Resource 1, Fig. S1).

Data collection

From each of the 690 studies we identified, we
extracted the following information: (i) the year of
publication; (ii) the number of studied streams
(streams sampled in multiple stretches were counted
only once); (iii) the geographical coordinates of
sampling sites, either as stated in the study or as
inferred from adequately georeferenced maps using
WebPlotDigitizer (https://automeris.io/
WebPlotDigitizer/) when site coordinates were not
available in the text; (iv) the Brazilian biome; (vi) the
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river basin, according to the National Water Agency
(ANA, 2015) and (viii) the objectives addressed.

While most of the defined objectives were self-
explanatory, some needed to be clarified. To achieve
this, we read the full texts of all the objectives, isolated
the most pertinent information and identified sets of
texts with similar aims. For example, studies with
objectives such as “description of the occurrence of
intersexuality in populations,” “reproductive biol-
ogy,” “reproductive behavior,” and “reproductive
strategies” were all included in a single category
called “reproductive aspects.” The list of studies
utilized in our review and the information extracted for
each study is shown in the Supplementary Material
(Online Resource 2).

We also categorized each article according to the
following research fields: behavior, conservation,
ecology, evolution, genetics, histology, morphology,
parasitology, physiology, systematics, and toxicology
(Online Resource 1; Table S1). Some articles involved
more than one research field. To check which biodi-
versity knowledge gaps the studies addressed, we read
and classified each article according to the seven
shortfalls proposed by Hortal et al. (2015), and here
again, some articles belonged to more than one
category. (For more details, see Online Resource 1;
Table S2).

To assess the spatial scale of each study, we
considered the longest linear distance (km) calculated
from the pairwise comparison between geographic
coordinates of sampling sites. For articles that pro-
vided only a figure of the study area with a scale bar,
we measured the distance in centimeters between the
farthest points on the maps and converted it to
kilometers using the scale bar provided (see Dias
et al., 2016).

Data analysis

We fitted two models that represented competing
hypotheses to evaluate the growth in the number of
publications over time: a non-saturating function
(exponential) that modeled a continuous growth, and
a saturating function (logistic) that modeled a dynamic
of growth and stabilization. We fitted the models using
non-linear least squares regression (Pinheiro & Bates,
2000), and their performance was compared using
Akaike’s Information Criteria (AIC) (Burnham &
Anderson, 2002). To ensure that the temporal trends in
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publication on stream-dwelling fish were not a result
of the overall increase in the scientific literature, we
performed data standardization by dividing the num-
ber of articles published each year by the number of
articles present in the WoS database that year (Nabout
et al., 2012). We used the annual number of publica-
tions from WoS because that information was only
available in that database, and WoS is widely recog-
nized as a major database of research publications and
citations (Li et al., 2018).

To check for an increase in the number of studied
streams and the spatial scale over the period studied,
we used quantile regressions (Koenker & Bassett,
1978; Cade & Noon, 2003). The quantile regression
approach allows the relationship between the response
variable and the predictor to be estimated for any
proportion of data distribution rather than just the
mean response (Cade & Noon, 2003), and it is less
sensitive to the presence of outliers and heterogeneity
in data distribution (Koenker & Bassett, 1978; Cade &
Noon, 2003). To identify potential changes over time
in the magnitude of the extreme values of the variables
mentioned above, we used the median (50th per-
centile), two measures of the upper extreme values
(75th and 95th percentiles), and a measure of the lower
extreme values (25th percentile) (t = 0.25, 0.5, 0.75,
and 0.95). We used the confidence intervals con-
structed by the kernel estimation from the covariance
matrix to test the significance of each quantile
(Koenker & Machado, 1999). We tested the analyses’
assumptions observing the distribution of the residual
plots, and we standardized the data using log10(x + 1)
when needed. Finally, we analyzed the number of
articles published by region, biome, river basins,
objective categories, research fields, and type of
biodiversity knowledge gaps addressed by counting
their respective frequencies.

To test whether there was a temporal trend in the
diversity of the objectives of the articles, we used
Pearson correlation (r) to test for association between
the year of publication and the Shannon diversity
index. We used the Shannon diversity index, a tool
widely used in scientometric studies (Rousseau, 1998;
Carvalho et al., 2005; Carneiro et al., 2008), to
measure the existent diversity in some scientometric
variables (e.g., the diversity of journals, the diversity
of objectives, and the diversity of keywords in the
published articles). First, we built an objective
frequency matrix using objective categories as
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columns and years as rows (sites). Then, we calculated
the diversity of objectives for each year using the
Shannon index. We performed all the analyses using R
version 3.4.2 (R Core Team, 2017), with a significance
level of 5% (o =0.05). For quantile regression
calculations, we used the quantreg package (Koenker,
2018), and for drawing the figures, we used the
ggplopt2 package (Wickham, 2009).

Results

Our searches returned 1899 articles, of which 1259
came from the WoS database and 640 from Scopus.
After filtering and removing the duplicates, our final
database was composed of 690 articles. We found a
more rapid increase in the number of articles on the
topic between 1999 and 2009, with an asymptotic
trend where the number of articles published annually
corresponds to ~ 0.00092% of global publication
(Fig. 1a).

We found an increase in the number of streams per
study over the years for the percentiles above the
median, the 75th (regression coeffi-
cient = 0.033 £ 0.004 SE; r=28.930; P < 0.001)
and 95th percentile (regression coeffi-
cient = 0.038 &+ 0.008 SE; r=4.406; P < 0.001)
(Fig. 1b), while for the 25th percentile, we found no

significant relationship (regression coeffi-
cient = 0.000 £ 0.003 SE, ¢=0.000, P = 1.000,
Fig. 1b).

We found no evidence of increase in the spatial
scale of studies for the upper limit (95th percentile) of
the  data  distribution  (regression  coeffi-
cient = 0.012 £ 0.009 SE, r=1.288; P =0.198;
Fig. 1c). In contrast, we observed a positive relation-
ship between spatial scale and time for the other
percentiles analyzed (75th percentile: coeffi-
cient = 0.048 £ 0.008 SE; r = 5.48; P < 0.001; 25th
percentile: coefficient = 0.038 £ 0.010 SE; ¢ = 3.67
P < 0.001; Fig. lc).

The number of streams by study varied from studies
with only one stream to study with 659 streams
(mean = 12.03, sd = 35.60). Around 35.65% of the
studies (n = 246) covered only one stream, and
approximately 11.88% (n = 82) of the articles covered
more than 25 streams (Fig. 2a). The size of the
articles” study area was, on average, equal to
111.27 km (sd = 275.92). However, most of the

studies assessed a relatively small study area;
2449% (n =169) with a study area of less than
1 km and 14.05% (n=97) with a study area of
1-10 km (Fig. 2b).

As for the number of articles published by the
Brazilian regions, the Southeastern was the region
with the highest number of studies (n = 284; 38.6%),
followed by the Southern (n = 161; 21.9%) and the
Midwest (n = 144, 19,6%). The North (n = 101;
13.7%) and Northeastern regions (n = 45; 6.1%) had
the lowest number of studies. Considering the pro-
duction of articles by Brazilian biome, the Atlantic
Forest had more than half of the published studies
(n = 417), followed by the Cerrado, and Amazon
Forest, with 168 and 117 studies, respectively (Fig. 3).
The Brazilian watershed with the highest number of
studies was the Parana River basin, with 295 studies,
followed by the Southeast Atlantic and Amazon basin
with 128 and 104 studies, respectively (Fig. 3).

We found many objective categories (n = 88). The
most frequent categories were: “trophic ecology”
(n = 110; 9.39%), “describing the structure of the fish
community” (n = 86; 7.34%), “genetic diversity”
(n=84; 7.17%), “species description” (n = 83;
7.08%) “spatial distribution” (n = 80; 6.83%), and
“environmental influence variables” (n = 73, 6.23%).
Together, these categories represented about 44.04%
of the objectives (Fig. 4). We also found a temporal
increase in the diversity of objectives for studies of
stream fish over the studied period (Online resource 1;
Fig. S2;r = 0.915; P < 0.001). Regarding the number
of stream fish studies per research field, “ecology”
(n = 361, 58.4%), “genetics” (n =75, 12.1%), and
“systematics” (n = 69; 11.2%) produced the highest
number of studies. Although objective categories for
some research fields are shared, this association is
generally weak (Online resource 1; Fig. S3).

We found that most of the articles addressed the
Hutchinsonian (n = 300, 43.47%), Wallacean
(n = 214, 31%), and Raunkizran shortfalls (n = 160,
23.18%) (Fig. 5). We also found some articles dealing
with the Linnean (n = 84, 12.17%), the Eltonian
(n = 36,5.21%), and the Prestonian shortfalls (n = 30,
4.34%).
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Fig. 1 Temporal trends in articles on stream fish in Brazil
between 1982 and 2019. a Relationship between annual
proportion of publications on stream-dwelling fish and the year
of publication; b quantile regression for the relationship
between the number of streams sampled by studies; and
¢ increase in the extent of study areas of the articles and the

Discussion
Historical perspectives

The number of studies about stream fish in Brazil has
increased over the years, with a tipping point around
the year 2001, followed by a trend of stabilization over
the last years (Fig. 1a). This stabilization trend was not
reported by previous studies (Dias et al., 2016;
Junqueira et al. 2020), showing the importance of
continuously conducting scientometric analysis for
assessing the trends and knowledge gaps in taxonomic
groups or research areas (Nabout et al., 2012). The
increasing number of publications has been reported in
several areas of knowledge or taxonomic groups
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year of publication. The barplot in figure a represents the total
number of studies on stream-dwelling fish published by year. In
figures b, c, the dotted line represents the linear regression
model (OLS), while the turquoise, black, blue, and yellow lines
represent quantile regressions at 0.25, 0.50, 0.75, and 0.95
percentiles, respectively

(Carneiro et al., 2008; Lima et al., 2015; Guerra et al.,
2018). More investments in research, the establish-
ment of new graduate programs in areas distant from
previously existing research centers, and the rise of a
new generation of researchers (Azevedo et al., 2010)
may explain such growth. Brazil underwent an
expansion of public universities from 2003 to 2014
(Brasil, 2017) with an increase in the number of jobs
for teacher-researchers, which directly influenced the
number of articles published (Leta et al., 1998;
Borges, 2008). We suppose that such stabilization
did not occur due to knowledge about fish streams
reached a very high level. Stabilization is likely
associated with financial support limitations. It is
essential to highlight that Brazilian researchers have
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faced problems related to budget reductions that have
affected grants and scholarships in recent years
(Martelli-Janior et al., 2019; Escobar, 2019). Besides,
much of the research on stream fish is carried out by
postgraduate students funded by public institutions
(Junqueira et al., 2020). Therefore, if the reduction in
funding continues, it is probable that we will see
stagnation or even a decline in the annual number of
stream fish studies published in Brazil.

Bias in addressed objectives

Corroborating previous studies, the most frequent
categories of objectives reflect interest in species
composition, genetic diversity, distribution patterns,
land use effects, and natural history (Peres-Neto, 2004;
Dias et al.,, 2016). The prominence of descriptive
objectives in most of the studies may explain the
predominance of articles in journals with a low impact
factor (Junqueira et al., 2020). In general, the
predominance of studies with descriptive objectives
and conducted at small spatial scales is not attractive
to the international scientific community (Dias et al.,
2016). However, studies with descriptive purposes are
necessary because Brazil holds the greatest fish
diversity in the world. We know little about the basic
biological aspects of the species, and many of them
need to be formally described. Studies at local scales
(for example, descriptions of population structures and

behavioral aspects) help fill essential knowledge gaps
such as the Raunkizran shortfall or planning conser-
vation measures. Finally, the knowledge about the
natural history of species is helpful to understand
global (large-scale) threats such as climate change
(Vorosmarty et al., 2010) and the establishment of
non-native species (Ruaro et al., 2018; Eros et al.,
2020). Despite the importance of descriptive studies,
we recommend that Brazilian ichthyologists expand
their research objectives to include other experimental
approaches. Combining observational and experimen-
tal studies may provide helpful methods for testing
more complex questions, and this approach warrants
the attention of the international scientific community
(Espirito-Santo et al., 2011, Ilha et al. 2018).
Although there was an increase in the number of
objective categories over time, surveys on stream fish
still face some barriers. For example, in the ecology
field of study, most studies seek to understand local
patterns (Aquino et al., 2009; Aradjo & Tejerina-
Garro, 2009; Dias et al., 2016). There are still few
studies that attempt to address regional issues, such as
macroecological patterns (Frederico et al., 2014;
Vieira et al., 2018), the structure of metacommunities
(Almeida & Cetra, 2016; Dala-Corte et al., 2017),
climate change effects (Taniwaki et al., 2017), and
both functional and phylogenetic diversity (Peres-
Neto, 2004; Teresa & Casatti, 2017; Leitdo et al.,
2018). One approach absent from the Brazilian stream

@ Springer
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fish studies is the study of indigenous or traditional
ecological knowledge. Because of their dependence
on fisheries resources, indigenous or traditional peo-
ples often have detailed information about species
biology that is not yet recorded in the scientific
literature (Silvano et al., 2008). The integration
between research fields (for example, parasitology
and ecology, or behavior and ecology) is also lacking;
although there are shared objectives among research
fields, this association remains weak (Online resource
1; Fig. S3). Interactions between study areas and
researchers are essential for the emergence of new
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ideas. All the topics cited above are critical research
avenues that merit further exploration.

Bias in spatial scale

Corroborating previous studies, there is a predomi-
nance of articles with relatively small study areas (less
than 10 km; Fig. 3b) (see Dias et al., 2016; Junqueira
et al., 2020). However, our findings indicated a trend
of increasing spatial extent. The predominance of
studies on small spatial scales is not exclusive to the
scientific literature on freshwater aquatic ecosystems
in Brazil. The scale issues emerged during the 80’s,
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and gradually influenced biodiversity research
(Wiens, 1989; Levin, 1992). Questions, patterns, and
processes are scale-dependent (Wiens, 1989), and we
need to pay attention to this fact in the research design
process. Studies with a large spatial scale are required
to improve the understanding of macroecological
issues. However, in a megadiversity country like
Brazil, studies requiring small spatial scales (e.g.,
natural history) are essential in filling some biodiver-
sity knowledge gaps that need improvement (see next
section). To solve the bias in spatial scale, we highlight
that standardization of sampling protocols (Junqueira
et al., 2020), collaboration among researchers, avail-
ability of the databases of biological collections (i.e.,

museums) through a digital repository, and complete
sharing of data are also essential measures to fill these
gaps. We recognize the importance of studies requir-
ing small spatial scales, but we reinforce the necessity
to encourage large-scale studies to improve our
knowledge on these ecosystems.

Bias in the spatial distribution

Corroborating previous studies, our results showed an
asymmetry in the published articles among regions
(Dias et al., 2016; Junqueira et al., 2020), Brazilian
biomes, and Brazilian basins distribution. The best-
studied basins and biomes are located in the Southern
and Southeastern regions. One of the possible expla-
nations for this asymmetry is the major economic
development of these regions and the concomitantly
greater resources of their research agencies, research
centers, and universities, as well as a higher number of
graduate programs and students located in these
regions (Azevedo et al., 2010; Junqueira et al.,
2020). Another relevant factor is the ease of access
to study areas by roads or trails (Oliveira et al., 2016),
which are scarcer in other regions (e.g., remote
Amazon regions).

On the other hand, the knowledge is most lacking in
biomes that have historically been neglected by
conservation policies, such as Caatinga, Cerrado,
Pampa, and Pantanal (Overbeck et al., 2015).
Although our findings showed a recent increase in
studies in some basins, mainly in the Amazon and
Tocantins-Araguaia basins (Fig. 3b), they occurred
near large centers (e.g., Manaus and Belém) or near
hydropower projects (Lees et al., 2016; Winemiller
et al., 2016), because of the need of systematic fauna
surveys to build such dams. In particular, in the
Northeast region are located five of six less-studied
Brazilian basins (Fig. 3a). The scarcity of ichthyolog-
ical studies in these basins is probably because these
basins are partially or totally inserted in a region of
semi-arid climates (Caatinga). In this region, most
streams are intermittent or seasonal, making ichthy-
ological studies more difficult to develop (Rosa et al.,
2003; Lima et al.,, 2017). We recommend new
sampling efforts in under-served regions to best
understand stream fish biodiversity to solve this bias
concerning the spatial distribution of studies. With
this, future research will reduce both the Linnean and
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Wallacean shortfalls (Bini et al., 2006; Hortal et al.,
2015).

Bias in filling knowledge shortfalls

Our findings indicated a bias in filling knowledge gaps
in stream fish studies from Brazil (see Fig. 5). In
general, all shortfalls are interrelated, and linked to the
Linnean shortfall (Hortal et al., 2015). Nevertheless,
filling the Linnean shortfall remains a challenge
(Hortal et al., 2015).

The Linnean shortfalls can have two distinct
origins; (i) species yet to be sampled and described,
(ii) species collected but not still described (Hortal
et al., 2015). Although the rate of description of new
fish species in freshwater ecosystems in Brazil has
increased in recent years (Reis et al., 2016), progress is
still slow. In this context, reducing the Linnean
shortfall requires (i) improving sampling protocol
and targeting undersampled regions (Mora et al.,
2008; Hortal et al., 2015). (ii) To use species collected
but not still described as a source to taxonomic review
studies. Taxonomic reviews are responsible for re-
identifying material deposited in the collections,
updating the database (Meier & Dikow, 2004; Simkins
et al., 2020). For example, Ferrer and Malabarba
(2020) described six new Neotropical catfish genus
Scleronema from Pampa grasslands using the taxo-
nomic review approach. Thus, increased investment in
the training of taxonomists and surveys of under-
sampled regions is fundamental to reduce the Linnean
shortfall.

Our results showed an increase in the number of
studies addressed to fill the Wallacean shortfall
(Fig. 5). However, the number of the studies along
Brazilian river basins is asymmetrical, considering
that intensely sampled basins also have poorly-sam-
pled sites (Fig. 3). Reducing the Wallacean shortfall is
directly related to the capacity of ichthyologists in
improving the Linnean shortfall. The formal descrip-
tion of species allows assigning at least one location to
the taxon, thus beginning to fill in the Wallacean
shortfall (Freitas et al., 2020). Improving the basic
knowledge about species distribution, reinforcing the
importance of descriptive studies, is needed to solve
the bias in biodiversity knowledge shortfalls.

Though also our results showed an increase in the
number of studies addressed to fill Raunkizran
shortfall (Fig. 5). However, due the high diversity of
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fish species in Neotropical streams, this gap still needs
a better understanding (Vitule et al., 2017). Functional
traits can be an essential tool because they can predict
how species, populations, and functionally-similar
communities respond to environmental conditions
(Laughlin & Laughlin, 2013). However, the functional
approach is sensitive to the lack of detailed data on a
representative subset of populations, as knowledge of
within-population trait variability is essential to
determine functional effects and responses (Hortal
et al.,, 2015; Vitule et al., 2017). Besides, the
Raunki®ran shortfall can be influenced by the Wal-
lacean shortfall (Hortal et al., 2015). For example, the
within-species variation of feeding habits, body shape,
or behavior aspects can be affected by where fishes are
caught. Manna et al. (2012) reported the variation in
Astyanax taeniatus (Jenyns, 1842) feeding habits
within the same stream, with herbivory or insectivory
tendencies depending on environmental conditions.
Thus, to reduce the Raunkiaran shortfall, more studies
about life history (e.g., feeding habits, descriptions of
population structures, behavioral aspects, and repro-
ductive aspects such as fecundity, oocyte size) of
fishes are still needed.

The knowledge about the patterns of interaction
between species and population dynamics is essential
to target conservation measures. However, we found
no increase in trends towards filling gaps related to
species interactions (the Eltonian shortfall) or species
population dynamics (the Prestonian shortfall). The
improvement of this knowledge shortfall in streams
fish demands a herculean effort, mainly in a megadi-
verse country, like Brazil. In particular, the Prestonian
shortfall results mainly from difficulties related to data
gathering (Hortal et al., 2015). For example, some
studies showed that most studies on stream fish
assemblages have been short-term (Dias et al., 2016;
Junqueira et al., 2020), and this pattern is explained
mainly due most projects are funded for short periods
(< 3 years) (Dias et al., 2016). Thus, we highlight the
importance of long-term projects such as Long-Term
Ecological Programs to reduce the Prestonian shortfall
in stream fish species.

Conclusions

Our scientometric review found bias related to
addressed objectives, spatial scale, spatial distribution
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in stream fish studies. These findings were also
observed by other review studies that addressed
Brazilian stream fish (Dias et al., 2016; Junqueira
et al., 2020). Besides the previously mentioned bias,
our work innovates in showing (i) the stabilization
trend in the number of studies on stream fish published
annually and (ii) unequal efforts to address biodiver-
sity knowledge shortfalls. Although studies should be
planned according to their objectives, grants, logistics,
and previous knowledge, future collection efforts
should be directed to under-sampled regions to address
the most significant shortfalls. Reducing these gaps
will require a concerted and joint effort of tax-
onomists, ecologists, and biogeographers. Finally,
our study about knowledge shortfalls on the stream
fish provides a guide to future studies to fill distinct
biodiversity gaps in these ecosystems.
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