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Abstract

To understand the relationship between environmental factors and black fly (Simuliidae) species’
distributions, we sampled immature individuals in Pedra Branca State Park, Rio de Janeiro, Brazil,
during the dry season in June 2018. We then correlated environmental variable values with black
fly larvae abundances via redundancy analyses. The abundances of Simulium pertinax Kollar 1832,
Simulium subpallidum Lutz 1910, Simulium (Thyrsopelma) spp., Simulium (Psaroniocompsa) spp., and
Simulium (Inaequalium) spp. were negatively correlated with light and temperature, while Simulium
(Hemicne tha) spp.’s abundance correlated positively with these variables. The abundances of
Simulium pertinax Kollar 1832, Simulium (Hemicnetha) spp., and Simulium (Thyrsopelma) spp.
were positively associated with altitude, while the abundances of the other species revealed negative
correlations with this factor. Species richness was determined using pupae in a linear regression
with the Ephemeroptera, Plecoptera Trichoptera (EPT) index. This analysis showed that the most
deteriorated sites have a higher species richness than more conserved sites within Pedra Branca State
Park. Our results suggest that simuliid species richness reflects habitat integrity, thus becoming a
reliable indicator of habitat conservation status.

Keywords: Bioindicators; Community ecology; Macroinvertebrates; Simuliids

1. Introduction

In the past few decades, lotic and lentic systems have been strongly affected by several
anthropogenic factors [1], including increased pollution from sediments and chemical and solid
waste, as well as disturbances due to plumbing and soil impermeabilization. These factors have
altered ecological community structures and ecosystem processes [2, 3]. Consequently, water
quality has markedly decreased, leading to aquatic biodiversity impoverishment and changes in
the dynamics of biological communities [2, 4].

Different organisms serve as bioindicators to assess environmental impacts on aquatic ecosystems,
for instance black flies (Diptera: Simuliidae). Distributed worldwide, Simuliids include 2 415
known species, most of which are hematophagous and act as vectors of diseases such as
onchocerciasis, mansonellosis, and pemphigus foliaceus [5, 6]. The geographic range of simulid
species is limited to sites with appropriate lotic conditions for breeding and development of
black fly immature forms [7]. Black fly larvae are filter-feeders that are strongly dependent on
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the conditions of the water flow due to their morphological adaptations to fixation and feeding
[8, 9, 10]. Therefore, their local microdistribution is limited to sites within streams and rivers
with suitable water current velocity and substrate type [11, 12, 13, 14, 15].

These insects are considered key organisms in the boreal biome [17] due to their role as a trophic
link in lotic food webs, transforming tiny particles of organic matter into larger fecal pellets
that are rich in organic matter due to blackflies’ low digestive efficiency, thus making resources
available to a wide spectrum of other filter-feeding organisms [18, 19], thus impacting lotic system
biodiversity. Another feature of black flies that makes them key organisms in lotic systems is the
secretion of silk strands from their salivary glands that form “silk pads™ [20], which facilitate the
recovery of macroinvertebrate communities [21].

Simuliid species ecology and their potential as bioindicators remain poorly studied in the
Neotropical Region [5]. Although these organisms are seen as bioindicators [22, 23], few studies
have actually approached this aspect of their biology (e.g., [23, 24, 25, 26, 27]), focusing instead
on their vectorial activity [28], behavior [29, 30, 31], natural infections [32, 33, 34] or ecological
patterns [35, 36, 37, 38, 39, 40, 41, 42]. The fauna of Pedra Branca State Park (in the state of Rio
de Janeiro - Brazil) is abundant, harboring abundant black flies. Currently most of the faunal
studies in this park focus on its vertebrates (e.g., [43]; [44]), and only a handful focus on its
invertebrates (e.g., [45]) with only one addressing its simuliid fauna [37].

The present study investigated the relationships between environmental factors and black fly larvae
distribution and between habitat quality and black fly species richness in Pedra Branca State Park.
To this end, we tested the following hypotheses: (i) Black fly species have different microhabitat
requirements and are thus associated with other abiotic factors. (ii) Habitat integrity determines
black fly larvae species richness, and (iii) land use influences black fly larvae community structure.

2. Materials and methods
2.1. Study area

The Pedra Branca State Park is one of the world’s largest urban forests. It was established in
1974 in the Rio de Janeiro municipality. It is an important protected area that comprises eight
hydrological basins and 53 microbasins that divide the area into three different hillsides: North
(Guanabara Bay), East (Coastal lagoons), and West (Sepetiba Bay) [46].

2.2. Sampling sites

Larvae sampling was conducted in the Divisa/Moinho River (sites 1-4) and Grande River (sites
5-7) during the dry season in June 2018 (Fig. 1). The Divisa/Moinho River is located at Vargem
Grande, where it is protected and managed by the regional Institute of Environmental Studies
(INEA) and the Quilombola Community Cafunda Astrogilda. In this area, the Quilombola
population practices sustainable agriculture involving environmental conservation activities and
ecotourism. The Grande River is located at Pau da Fome, in the neighborhood of Taquara, where
it feeds a water catchment system managed by INEA and the State Company for Water and Waste
Management (CEDAE). Access to this area is less restricted than in the Divisa/Moinho River and
is also subject to environmental conservation activities and ecotourism.
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Figure 1. Collection sites within Pedra Branca State Park, Rio de Janeiro, Brazil. Map created in QGIS 3.34.5 using
the ESRI cartographic base.

2.3. Larvae sampling and environmental factor assessment

Immature black flies and their associated macroinvertebrate fauna were hand-sampled and
immediately stored in 70% ethanol, following previously described methods [47]. Final instar black
fly larvae were stored for later morphological study, while pupae were kept for later identification.
At each sampling site, which consisted of 15-m stream/river sections, ten randomly placed quadrats
(30 cm x 30 cm) were sampled. Luminosity was determined using a luximeter (EQUITHERM
LUX 204), temperature was recorded using a digital thermometer, and pH was measured using a
portable pH meter (HANNA INSTRUMENTS HI 98130). Altitude was determined using a GPS
GARMIN eTREX 30, and water depth was measured with a ruler.

2.4. Larval identification

Macroinvertebrate specimens were identified and quantified using pertinent literature [48, 49,
50, 51, 52, 53, 54, 55, 56]. Black fly larvae were first sorted into different morphotypes in the
laboratory and then identified to species level, whenever possible, or to subgenus level where
species-level identification was not possible using the available taxonomic guides [57, 58]. Pupae
were identified to species level following a previous report [59]. Larvae identified only to subgenus
level were treated as taxonomic entities.
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2.5. Statistical analyses

To test the first hypothesis, namely the relationships between later instar black fly larvae and the
assessed environmental factors, we conducted redundancy and detrended correspondence analyses,
both of which were performed in CANOCO 4.5. Significant variables were determined after
5000 Monte Carlo permutations. To test the second hypothesis, we evaluated habitat integrity
with the EPT index [60], which was calculated using macroinvertebrate data (from at least 200
macroinvertebrate specimens per site) (Table 1). Black fly species richness was determined based
on the identified pupae (Table 2) and used as the dependent variable in a linear regression with EPT
index values, as the independent variable. This analysis was conducted in Prism 5. We identified
and excluded outliers based on Cook’s distances. To test the third hypothesis, we submitted later
instar black fly larvae abundances (Table 3) to non-metric multidimensional scaling (NMDS),
using the Bray—Curtis index to compare the different areas of the park, and subsequently subjected
the with Bray-Curtis index data to a one-way PERMANOVA with 999 permutations. A cluster
analysis was used with the same aim. These latter analyses were performed in PAST 4.1.

Table 1. Abiotic factor values and EPT index scores from Vargem Grande (1-4) and Pau da Fome (5-7) in Pedra
Branca State Park, Brazil.

Area Site  Altitude pH Tempera- Luminosity Depth EPT
(m) ture (°C) (Lux) (cm) index
Vargem Grande 1 131 7.4 22 1011.8 21 6
Vargem Grande 2 178 6.3 24 3261.9 44 5
Vargem Grande 3 154 5.8 23 2543 27 7
Vargem Grande 4 149 5.6 25 1501.1 11 6
Pau da Fome 5 115 53 19.2 1738.3 10 3
Pau da Fome 6 148 5.8 19.8 498.9 10 6
Pau da Fome 7 151 5.7 18.2 3433.6 30 3

Table 2. Black fly species presence (1) and absence (0) determined using identified pupae from Vargem Grande
(1-4) and Pau da Fome (5-7) in Pedra Branca State Park, Brazil.

Species/ Sites 1 2 3 4 5 6 7
Simulium pertinax Kollar 1832 1 1 1 1 1 1 1
Simulium anamariae Vulcano 1962 1 1 0 1 1 1 0
Simulium limbatum Knab 1915 1 1 0 1 1 1 0
Simulium inaequale Peterson & Shannon 1927 1 1 0 1 1 1 1
Simulium subnigrum Lutz 1910 1 1 0 1 1 1 1
S. rubrithorax Lutz 1909 0 1 0 0 1 1 1
Simulium botulibranchium Lutz 1910 0 0 0 0 1 1 1
Simulium brachycladum Lutz & Pinto 1931 0 0 0 0 1 1 1
Simulium scutistriatum Lutz 1909 0 0 0 0 1 1 1
Simulium subpallidum Lutz 1910 0 0 0 0 0 1 1
Species Richness 5 6 1 5 9 10 8
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Table 3. Black fly larvae species and taxonomic entity frequencies in the sampling sites from Vargem Grande (1-4)
and Pau da Fome (5-7) in Pedra Branca State Park, Brazil.

Species/ Sites 1 2 3 4 5 6 7
Simulium pertinax Kollar 1832 5 3 1 6 1 20 27
Simulium sp. 9 2 1 1 4 0 0
Simulium (Inaequalium) sp. 4 4 0 2 14 39 2
Simulium (Trichodagmia) sp. 0 1 0 0 3 152 19
Simulium (Psaroniocompsa) sp. 0 0 0 0 1 26 0
Simulium subpallidum Lutz 1910 0 0 0 0 0 13 1

3. Results and Discussion

The redundancy analysis on identified black fly larvae revealed that the abundances of Simulium
pertinax Kollar 1832, Simulium subpallidum, S.(Thyrsopelma) spp., Simulium (Psaroniocompsa)
spp., and Simulium (Inaequalium) spp. were negatively correlated with luminosity (p = 0.0018)
and temperature (p = 0.0016); in contrast, Simulium (Hemicnetha) spp. correlated positively with
these two variables. The abundance of Simulium pertinax Kollar 1832, Simulium (Hemicnetha)
spp., and Simulium (Thyrsopelma) spp. correlated positively with altitude (p = 0.0012), and the
opposite was observed for Simulium subpallidum Lutz 1910, Simulium (Psaroniocompsa) spp.,

and Simulium (Inaequalium) spp. (Fig. 2).
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Figure 2. Redundancy Analysis (RDA) results indicating that the presence of Simulium pertinax Kollar 1832,
Simulium subpallidum Lutz 1910, Simulium (Thyrsopelma) spp., Simulium (Psaroniocompsa) spp. and Simulium
(Inaequalium) spp. larvae were negatively correlated with luminosity (p=0.0018) and temperature (p=0.0016), while
Simulium (Hemicnetha) spp. correlated positively with those variables; Simulium pertinax Kollar 1832, Simulium
(Hemicnetha) spp. and Simulium (Thyrsopelma) spp. correlated positively with altitude (p=0.0012), while Simulium
subpallidum Lutz 1910, Simulium (Psaroniocompsa) spp. and Simulium (Inaequalium) spp correlated negatively

with this factor.
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Redundancy analysis outcomes corroborated our first hypothesis that different species have
different associations with abiotic factors, highlighting that luminosity, altitude, and temperature
were the only variables significantly determining the distribution of collected simuliid species.
Interestingly, most black fly species were abundant in dim places, as aligned with previous studies
[30, 47, 62]. Our redundancy analysis also revealed altitude-dependent species composition
variation. Temperature, water current speed, pH, and luminosity can influence species composition,
and several previous studies have approached different abiotic variable sets and consistently found
that high-altitude regions harbor different species compared to the lower-altitude areas [47, 63].

The association between luminosity and black fly larvae from different species has often been
reported as one of the most important factors influencing their spatial distribution. Some authors
have noted that a small canopy likely benefits black flies, contrary to the most common findings
in the literature [61], because it buffers temperature changes, as more exposed sites are prone to
daily temperature fluctuations [47]. However, other authors have found that denser canopy covers,
and hence lower luminosity, are better for black fly species since a denser canopy cover is also
correlated with higher levels of riffle litter, a substrate often harboring black fly larvae.

Simuliid species are widely tolerant to a wide range of environmental factors, with species
occurring in water bodies of different temperatures (0 °C to 35 °C) and within variable altitude
environments, from sea level to altitudes above 4,000 meters [64]. Thus, black flies respond to
given factors, which determine their dominance in a particular location [65]. The study of aquatic
environment communication suggests that an optimal thermal regime exists for each species
and directly interferes with adult size and fertility [66]. Temperature is one of the main factors
influencing simuliid microdistribution [67].

The linear regression of EPT scores versus black fly species richness showed a significant negative
correlation (r> = 0.97, p < 0.001, r = —0.98), indicating that more deteriorated sites contain
higher black fly species richness than more preserved sites (Fig. 3).

-

Species Richness

| I 1

I
3.0 35 40 45 5.0 5.5 6.0 6.5 7.0
EPT index

Figure 3. Linear regression on EPT index scores versus black fly species richness suggesting a pattern towards
higher species richness values at lower habitat quality sites (> = 0,97, p < 0,001, r = -0.98).
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The obtained linear regressions corroborated our second hypothesis. The patterns observed in
this study agreed with those in the literature on black fly community composition to evaluate
the conservation status of lotic systems, indicating that environments with different degrees of
habitat integrity harbor different black fly assemblages [23, 68]. Rather than assemblage attributes,
population indicators should be used to assess the conservation status in rural areas [16].

Our cluster analysis using black fly presence/absence (Fig. 4) corroborated the pattern observed
by NMDS, while the cluster analysis using the EPT index scores showed that Site 6 was more
similar, regarding habitat quality as revealed by its EPT index, to the sites from the Vargem
Grande group, which showed better habitat integrity.

The pattern revealed by our linear regression is a likely consequence of this study being held in a
protected area. Previous studies have shown black flies to be absent in extremely deteriorated
areas [16, 39]. Therefore, the negative correlation between the conservation status, according
to the EPT index and Simuliidae species richness possibly can only be observed within a range
limited to low to moderately deteriorated sites. While most of the literature on the relationship
between black flies and habitat integrity focuses on the community composition rather than the
species richness, most of the previous studies on this topic have shown blackflies to be ubiquitous,
being absent only in extremely deteriorated sites [23, 68].

NMDS application to our dataset resulted in two significantly distinct groups, as shown by the
one-way PERMANOVA (F =3.18, p = 0.028). One group included the sites from Vargem Grande
and the other consisted of the sites from Pau da Fome (Fig. 5.), revealing more dissimilarity
among sites from Pau da Fome than among the sites from Vargem Grande (stress = 0.05, R2 axis
1 =0.94, R2 axis 2 = 0.53).

Pau da Fome

i degraded
| ® sites

Vargem Grande Less degraded sites

Figure 4. Cluster analyses indicating that the black fly fauna from Vargem Grande (sites 1-4) and Pau da Fome
(Sites 5-7) fall into two different groups (A), and that in relation to habitat quality measures by the EPT index site 6
from Pau da Fome is grouped in the better quality group (formed by the sites in Vargem Grande) (B).
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Figure 5. Non-metric multidimensional scaling (NMDS) showing that Vargem Grande and Pau da Fome differ
significantly and that black fly species composition differed more in sites within Pau da Fome than within Vargem
Grande (Stress = 0,05, R? Axis 1 = 0,95, R? Axis 2 = 0,53).

The third hypothesis was corroborated via NMDS, resulting in significant differences between the
Vargem Grande and Pau da Fome areas within the park. This outcome implies that while both
areas are protected, the Pau da Fome (Rio Grande) area, open to visitors, is more disturbed than
Vargem Grande (Rio da Divisa/Moinho), which is home to native Quilombola populations and who
conduct subsistence practices within their area. The difference between black fly assemblages in
both areas is consistent with the relationship between land use and black fly composition reported
in previous studies [22, 24], as these areas differ markedly in their land use, even though both are
located within the same protected area.

The patterns of associations of simulids with abiotic factors found in this study was similar to that
of previously published studies, highlighting the consistency of these relationships in different
ecological and geographic contexts [23, 47, 62].

4. Conclusion

The patterns of black fly associations with abiotic factors were consistent with those in previous
studies, with some species abundances correlating positively and negatively with abiotic factors,
as previously seen in the literature. In contrast to most studies, species richness patterns suggested
that they may vary significantly with the degree of habitat integrity. Therefore, the observed
species richness patterns represent a potential indicator of conservation status in addition to
composition assemblage. Although further studies are needed to effectively test the efficiency and
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ease of application of black fly species richness as bioindicators, the results of the present study
suggest that the number of black fly subgenera/species is an alternative to current lotic systems
biomonitoring metrics.
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Distribucion espacial de taxocenosis inmaduras de moscas negras (Diptera: Simuliidae)
en el Parque Estatal de Pedra Branca, Brasil

Resumen: Para comprender la relacion entre los factores ambientales y la distribucién de
especies de moscas negras (Simuliidae), realizamos un muestreo de individuos inmaduros en
el Parque Estatal de Pedra Branca, Rio de Janeiro, Brasil, durante la temporada seca de junio
de 2018. Luego, correlacionamos los valores de las variables ambientales con los valores
de abundancia de larvas de mosca negra mediante analisis de redundancia. Los valores de
abundancia de Simulium pertinax Kollar 1832, Simulium subpallidum Lutz 1910, Simulium
(Thyrsopelma) spp., Simulium (Psaroniocompsa) spp. y Simulium (Inaequalium) spp. se
correlacionaron negativamente con la luz y la temperatura, mientras que la abundancia de
Simulium (Hemicnetha) spp. se correlacion6 positivamente con estas variables. Los valores
de abundancia de Simulium pertinax Kollar 1832, Simulium (Hemicnetha) spp. y Simulium
(Thyrsopelma) spp. se asociaron positivamente con la altitud, mientras que los valores de las
otras especies revelaron correlaciones negativas con este factor. La riqueza de especies se
determind mediante una regresion lineal con el indice Ephemeroptera, Plecoptera Trichoptera
(EPT) utilizando los valores de las pupas. Este andlisis mostrd que los sitios mas deteriorados
tienen una mayor riqueza de especies que los sitios mas conservados dentro del Parque
Estatal de Pedra Branca. Nuestros resultados sugieren que la riqueza de especies de simiilidos
refleja la integridad del hébitat, convirtiéndose asi en un indicador confiable del estado de
conservacion del mismo.

Palabras Clave: Bioindicadores; Ecologia comunitaria; Macroinvertebrados; Simulidos
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Distribuicao espacial de taxocenoses imaturas de moscas negras (Diptera: Simuliidae)
no Parque Estadual da Pedra Branca, Brasil

Resumo: Para compreender a relag@o entre os fatores ambientais e a distribuicdo das espécies
de moscas negras (Simuliidae), realizamos uma amostragem de individuos imaturos no Parque
Estadual da Pedra Branca, Rio de Janeiro, Brasil, durante a estacdo seca em junho de 2018. Em
seguida, correlacionamos os valores das varidveis ambientais com os valores de abundancia
das larvas de mosca negra por meio de analises de redundancia. Os valores de abundancia de
Simulium pertinax Kollar 1832, Simulium subpallidum Lutz 1910, Simulium (Thyrsopelma)
Spp., Simulium (Psaroniocompsa) spp. € Simulium (Inaequalium) spp. apresentaram uma
correlagdo positiva com a luz e a temperatura, enquanto que a abundancia de Simulium
(Hemicnetha) spp. apresentou uma correlacdo negative com essas variaveis. Os valores de
abundancia de Simulium pertinax Kollar 1832, Simulium (Hemicnetha) spp. e Simulium
(Thyrsopelma) spp. apresentaram om corralagdo positiva com a altitude, enquanto os valores
das outras espécies revelaram correlacdes negativas com esse fator. A riqueza de espécies
foi determinada por meio de uma regressao linear com o indice Ephemeroptera, Plecoptera
Trichoptera (EPT) utilizando os valores das pupas. Essa andlise mostrou que os locais mais
deteriorados apresentam uma maior riqueza de espécies do que os locais mais conservados
dentro do Parque Estadual da Pedra Branca. Nossos resultados sugerem que a riqueza de
espécies de simuliideos reflete a integridade do habitat, tornando-se assim um indicador
confiavel do estado de conservacdo do mesmo.

Palavras-chave: Bioindicadores; Ecologia de comunidades; Macroinvertebrados;
Simuliideos
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