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Abstract: Benthic macroinvertebrates Functional Feeding Group (FFG) have been used to determine aquatic
assemblage dynamics and as a biomonitoring tool. The main goals of this study were to assess the effects of stream
variables on the abundance and richness of FFGs and evaluate ecosystem attributes (FFG ratios) as a tool to assess
ecological conditions of Atlantic Rainforest streams. We sampled 146 sites with different impairment conditions in
Rio de Janeiro, Brazil. Richness was significantly different among impairment conditions for all FFGs. Mixed-effect
models show that aquatic macroinvertebrate FFGs differed in their responses to abiotic variables for abundance
and richness. Also, they were reduced in the impaired sites when compared to intermediate and reference sites. The
FFQG ratio indicated significant differences along the impairment gradient. The FFG ratio analysis was shown to be
a fast and cheap tool that can be used for monitoring aquatic ecosystems in the Atlantic Forest biome. However,
further studies are required to calibrate the method specifically for the Atlantic Forest region.

Keywords: Macroinvertebrate; streams; ecosystem attributes; impairment.

Composicio e atributos de Grupos Funcionais Alimentares: avaliacio de ecossistemas
de agua doce na Mata Atlantica, Brasil

Resumo: Os Grupos Funcionais de Alimentagdo (GFA) sdo utilizados para determinar a dindmica da comunidade
de macroinvertebrados benténicos e como uma ferramenta de biomonitoramento. Os principais objetivos
deste estudo foram: avaliar os efeitos de variaveis de riacho na abundancia e riqueza de GFAs e os atributos
do ecossistema (razdo GFA) como uma ferramenta para avaliar as condi¢des ecoldgicas dos corregos da Mata
Atlantica. Foram amostrados 146 locais com diferentes condigdes de impacto no Rio de Janeiro, Brasil. A riqueza
foi significativamente diferente com as condigdes de impacto entre todos os GFA. Os modelos de efeito misto
mostraram que os GFA diferiam em suas respostas as variaveis abioticas quanto a abundancia e riqueza. Além
disso, eles diferem nas areas impactadas quando comparados as areas intermediaria e de referéncia. A razdo de
GFA encontrou diferencas significativas ao longo do gradiente de impacto. A analise da razdo de GFA evidenciou-
se uma ferramenta rapida e barata, com potencial para ser utilizada no monitoramento de ecossistemas aquaticos
no bioma Mata Atlantica. No entanto, mais estudos serdo necessarios para calibrar o método especificamente
para a regido da Mata Atlantica.

Palavras-chave: Macroinvertebrados; rios; atributos do ecossistema; impacto.
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Introduction

Streams and rivers exhibit a high biological diversity and provide
critical ecological functions and services. However, they are among
the most threatened ecosystems due to anthropogenic activities, such
as human settlements, industries pollution, and agriculture, which
have led to increased habitat loss, higher pollution levels, invasions
of exotic species, and the changing climate (Allan & Castilho 2007,
Ceneviva-Bastos et al. 2017). Climate change tends to exacerbate
anthropogenic stress due to increased water temperature, salinity,
and changes in hydrological cycles, which results in shifting rainfall
patterns and flow fluctuations (Durance 2007).

Biomonitoring has long been recognized as a tool to screen
environmental health changes taking place in the environment
(Barbour et al. 1999). Benthic macroinvertebrate is among the most
used organisms to assess the ecological condition. Macroinvertebrates
are a primary food source for fishes and other organisms (Rosenberg
& Resh 1993). They are abundant in most streams, even small ones,
have species at different trophic levels, with a wide range of pollution
tolerance, and sampling is relatively easy at a low cost (Barbour et
al. 1999, Bonada et al. 2006, Henriques-Oliveira & Nessimian 2010,
Gieswein et al. 2019).

Two main approaches have been used in biomonitoring programs
to assess freshwater macroinvertebrates: one uses richness and
diversity indices. and the other uses functional attributes (Cummins
1973, Cummins & Klug 1979, Merritt et al. 1999, Merritt et al. 2002,
Cummins 2018). The functional attributes based on morphology and
feeding behavior. According to Dedieu et al. (2015), biological traits
of freshwater organisms, such as feeding behavior, are useful tools
for detecting change along gradients of anthropogenic disturbance. In
freshwater ecology, macroinvertebrates Functional Feeding Groups
(FFGs) have been used to conceptualizing community dynamics and
assessing ecological status (Vannote et al. 1980). The attributes related
to the structure and function give indicators of aquatic ecosystem
conditions (Hawkins & Sedell 1981, Ceneviva-Bastos et al. 2017,
Fugére et al. 2018). According to Vannote et al. (1980), trophic
interactions can affect ecological processes by directly influencing flows
of'the distribution of energy and resources within the assemblage. Thus,
functional analysis focuses on the type of food and food acquisition.
FFGs are defined by the way organisms feed: (1) gathering collectors
— feed on small organic matter particles deposited in the river bed; (2)
filtering collectors — capture, by filtration, small organic matter particles
suspended in the water column; (3) scrapers — scrape hard surfaces
and feed on algae, bacteria, fungi, and dead organic matter adsorbed
on substrates, (4) predators — swallow whole prey or body tissue fluids
and (5) shredders — chew leaves or tissue from living vascular plant or
dead wood and debris (Cummins 1973).

According to Merritt et al. (1996), the use of FFG ratio can estimate
attributes related to the stream ecosystem. The FFG ratio serves as a
surrogate for stream ecosystem attributes. These attributes include
a trophic state (Autotrophy/Heterotrophy), the linkage between to
functioning the riparian vegetation and the shredder, relative amounts of
coarse and organic particles (transported and stored in the environment),
the stability of the habitat, and ascendant control for predators to be driven
by prey availability. The FFG ratio is a rapid and integrating technique
used to establish a protocol for characterizing the ecological condition.
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This approach has been used to assess river conditions in Brazil.
Cummins et al. (2005) used an FFG ratio to evaluate the sites ecological
conditions in Southern Brazil, and Couceiro et al. (2011) assessed
streams located in Brazil’s Amazon forest. Multimetric and predictive
indices for larger-scale protocols also used FFG components in South
America (Baptista et al. 2007, Buss et al. 2015, Macedo et al. 2016,
Oliveira et al. 2019, Souza et al. 2019).

This study’s main goals were to evaluate all FFG categories and
the effects of abiotic variables on abundance, richness, and FFG ratio
to assess the ecological conditions of Atlantic Forest streams. In this
context, this study used FFG and their ratios to assess the ecological
conditions of Atlantic Forest streams.

Material and Methods

1. Study area

The Atlantic Forest region in Rio de Janeiro State is classified as the
tropical state with a rainy summer season, with the most mountainous
areas and plateaus classified as humid subtropical, with a hot summer
and without a dry season or a dry winter (Alvares et al. 2013).
Temperatures oscillate between 15°C and 28°C, and annual rainfall is
around 1,000-1,500 mm.

The Rio de Janeiro state is composed of a group of coastal plains
separated by hills and two mountain chains that run parallel to the
ocean (Serra do Mar, ranging from altitudes 0-2000 ma s.l and Serra da
Mantiqueira, ranging from 800 to 2500 m.a.s.1). The coastal plains are
located at the piedmont of Serra do Mar mountain range, with altitudes
about 200 ma.s.l.. It is a depositional zone formed by marine, lacustrine,
and fluvial sedimentation processes (Brasil 1983). This region is affected
by high impact by urban areas or agriculture and livestock grazing,
making minimally impacted areas (reference) scarce. The mountain
chains are located at higher altitudes (from >200 ma.s.l. to around
1,800 ma.s.l) with high slope and steep scarps. Most sites were sampled
within or near protected areas (conservation units), which had a low to
moderate impact on agricultural activities. For this reason, this region
presents the most extensive riparian vegetation and forest fragments.

The Neotropical Atlantic Forest is one of the biodiversity hotspots
worldwide. However, the biome has lost 88% of'its original extent, and
remnants are mostly spread throughout the higher parts of mountains,
interspersed with agriculture and pasture (Ribeiro et al. 2011).

We selected sites based on the ad hoc indication and previous
knowledge of the area to represent sites classified, a posteriori, as a
reference, intermediate, or impaired. Sites classified as “reference”
should meet all the following criteria: “optimal” or “good”
environmental conditions according to the Habitat Assessment Protocol
(HAP) (Barbour et al. 1999 — see rationale below); dissolved oxygen
concentration >6 mg/1, pH between 6 and 8, absence of channelization,
and <40% of the upstream area affected by urban areas. For a site
to be classified as “impaired,” the following criteria should be met:
“poor” classification according to the HAP; dissolved oxygen <6
mg/l. Intermediate sites had characteristics between these two classes.
We sampled 146 sites of the Atlantic Forest region in Rio de Janeiro
State (74 references, 38 intermediates, and 34 impaireds) during the
dry season. Sampled sites ranged from Ist to 5th order according to
Strahler classification (Figure 1).
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Figure 1. Map of the study area, showing the sampling sites in the Rio de Janeiro State, Brazil, indicating gradient of impairment (reference, intermediate and impaired).

2. Sample site evaluation

In each sampling site, the following physicochemical variables
were recorded in the field: dissolved oxygen (DO; YSI 550A
equipment), pH (LabConte MPA 210p), and Conductivity (Cond;
using a LabConte MCA 150p). Water samples were preserved in
sterile plastic bags (whirl-pak), according to APHA (2000). In the
laboratory, the concentration of Ammonia (NH,) was determined
using a HACH (DR 2500). Chloride (Ch), total alkalinity (TA),
total hardness (TH), and calcium (Ca) were determined by the
titrimetric method following APHA (2000). Sampling sites were also
classified in the field by the HAP (Barbour et al. 1999). The HAP
has ten environmental parameters, such as substrate availability for
colonization by benthic fauna, water velocity, embeddedness (pool
variability for low-gradient streams), channel condition (sinuosity
for low-gradient streams), sediment deposition, margin stability,
and riparian vegetation. For each variable, a score between 0 and
20 was assigned. Sites were classified conforming to the mean
score obtained, as follows: 0-5 “Poor,” 5.1-9.9 “Regular,” 10-14.9
“Good,” and 15-20 “Excellent” environmental condition (Barbour
et al. 1999).

https://doi.org/10.1590/1676-0611-BN-2020-1016

3. Biological samples

Macroinvertebrates were sampled by using a kick-net with a mesh
size of 500 pm. For this, 20 samples (20 m?) were taken proportionally
to the substrates available at each site, according to the multi-habitat
method (Barbour et al. 1999). Samples were conserved in the field
in 80% ethanol and taken to the laboratory. In the lab, samples were
washed to remove coarse organic matter, such as leaves and twigs.
The remaining material was deposited into a sampler (64x36 cm),
divided into 24 quadrants, each measuring 10.5x8.5 cm (Fiocruz,
Patent application number PCT/BR2011/000144). This method is used
to assure the randomness of biological assessments, as it is less subject
to the variability of team members (Oliveira et al. 2011).

4. Functional Feeding Group classification and ratios

Fauna and FFGs were attributed to each taxon based on keys from
regional entomofauna studies (Nessimian 1997, Baptista et al. 2006,
Henriques-Oliveira & Nessimian 2010, Fernandes 2015) in Neotropical
studies (Velasques & Miserendino 2003, Tomanova et al. 2006, Brasil
et al. 2014) and the USA reference (Merritt & Cummins 1996). Also,
five FFG ratios, adapted from Merritt et al. (1996), were used (Table

1.
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Table 1. Functional Feeding Group (FFG) ratios modified from Merritt & Cummins (1996).

Ecosystem attributes Symbols FFG ratios Criteria levels
Autotrophy/Heterotrophy index A/H Scraper/shredder + total collector ~Autotrophic >0.75
Shredder index CPMO/FPOM Shredder/total collector Shredder availability >0.25
Filtering-collector index TFPOM/BFPOM Filtering collector/gathering TFPOM higher than normal
collector >0.50

Habitat Stability index HSI Scraper + filtering collector/ Stable substrates >0.50
shredder + gathering collector

Predator-prey index Predator Predator/ total collector + scraper Predator to prey balance

+ shredder 0.10-0.20

The autotrophy and heterotrophy index (A/H) relates primary productivity
to total community respiration. The A/H serves as indicated that the stream
is autotrophy (autochthonous organic matter derived algae or rooted
vascular aquatic plants) or heterotrophy (allochthonous organic matter
resultant from the riparian zone). The ratio between coarse particulate
organic matter and fine particulate organic matter (CPOM/FPOM)
provides insights into the quality of the riparian zone cover and the
availability of litter used by shredders. The ratio of fine particulate organic
matter and benthic fine particulate organic matter (TFPOM/BFPOM)
measure the availability of relative amounts of coarse and organic particles
(transported and stored in the environment). The habitat stability index
(HSI) indicates the abundance of bottom substrates for the colonization
of macroinvertebrates such as stones, wood, and aquatic plants. The
predator-prey index (Predator) reflects top-down control by predators.

5. Data analysis

Abundance and richness of the FFG in each sampled site were
calculated to characterize the differences in community trophic structure
along the gradient of impairment. Taxa that could be assigned to more
than one FFG were equally divided among the possible groups (Mendes
etal. 2017). Differences among these groups were estimated by contrasts
of the expected mean marginal values obtained from multivariate mixed
linear models fitted using the maximum likelihood estimator.

The fixed/systematic component of models included the impairment
gradient, while the random component included the river basin of
each sampled stream. Also, to eliminate the dependence among the
closest sampled stream, a Gaussian spatial correlation structure was
considered. For the adjusted models, a graphical analysis of residuals
was performed to confirm their randomness. In analyses of model
marginal mean estimates contrasts, adjustments of the confidence level

were made by Sidak’s method, and p-value adjustments were made by
multiple comparisons using Tukey’s method. Stepwise searches based
on the minimization of the Akaike Information Criterion (AIC), in both
forward and backward directions, were used to select the optimal, non-
redundant, mixed-effect model (similar to the one described above) of
abiotic variables (i.e., Stream Width, Altitude, DO, pH, Cond, NH,, Ch,
TH, TA, Ca and, HAP) on the abundance and richness of each FFG. The
level of significance, alpha = 0.05, was used in the analyses. Analyses
were performed in R software version 3.6.1 (R Development Core Team,
2018, http://www.r-project.org/) with functionalities augmented by the
packages ‘emmeans’ (Russell & Lenth 2020), used in the obtainment
of estimated marginal means of the fitted mixed models, and ‘nlme’
(Pinheiro et al. 2020), used in the fitting of those models.

Results

A total of 108,282 aquatic benthic macroinvertebrates distributed
in 176 taxa were collected during the study. In general, contrasts after
the multivariate mixed linear model estimated marginal means showed
significant differences along with the impairment gradient sites (a, reference
- intermediate; b, reference - impaired; and, c, intermediate - impaired).

Filtering collector was the most abundant FFG regardless of
impairment classes, and Simuliidae was the dominant taxa along the
impairment gradient (reference, intermediate, and impaired sites).
Figure 2 shows that estimated marginal mean abundance differed along
the impairment gradient for scrapers (b = 99.97, p<0.000001; and, ¢ =
87.35, p=0.006) and shredders (a = 29.83, p=0.0005; and, b = 46.86,
p<0.000001). Gathering and filtering collectors, and predators had their
highest mean values at intermediate sites, while scrapers and shredders
had higher mean values at reference sites.

Figure 2. Distributions of samples and estimatives for FFG abundance along the impairment gradient (Ref — Reference, Int - Intermediate, and Imp - Impaired).
Box-and-whisker and strip plots (gray) representing samples distribution of FFG abundance. Dots and lines (black) representing estimated means and 95% confidence
intervals obtained after multivariate mixed linear models fitted using the maximum likelihood estimator.
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A significant decrease for marginal mean estimates of all FFG
richness was observed along the impairment gradient (Figure 3). All
FFGs showed differences along the impairment gradient: gathering
collector (a = 2.97, p=0.001; b = 8.72, p<0.000001; and, ¢ = 5.76,
p<0.000001); filtering collector (b = 1.60, p<0.000001; and, ¢ = 1.15,
p=0.0001); scraper (a = 2.62, p=0.002; b = 7.10, p<0.000001; and, c =
4.49, p<0.000001); predator (a = 1.93, p=0.01; b = 6.15, p<0.000001;
and, ¢ =4.22, p<0.000001); and shredders (a = 1.57, p<0.000001; b =
3.49, p<0.00001; and, c = 1.91, p<0.000001). Similarly, mean richness
numbers of all FFGs decreased along the impairment gradient.

As expected, abiotic variables, i.e., DO, pH, Cond, TH, TA, Ca,
and HAP, were significantly different along the impairment gradient
(Supplementary Material: Appendix 1). Stepwise searches showed
the most relevant among these abiotic variables on the abundance
and richness variance of aquatic macroinvertebrate FFG (Table 2).
Overall, the coefficients of determination (R?) of the optimal models
selected were low for the abundance of macroinvertebrate FFG, ranging
from 0.14 to 0.34 (p<0.001 for all), suggesting lower importance than
anticipated of these abiotic variables on the FFG abundance variation
among sites.

Estimated marginal means based on regression analyses (mixed-
effect models) showed that the altitude was a significant abiotic variable
for all FFG abundance (except for the filtering collector). Nonetheless,
for the filtering collector and the predator, we observed a positive linear
correlation between abundance along the impairment gradient (e.g.,
NH, and Calcium).

Different results were found for abiotic variables and richness of
FFGs (Table 3). Optimal models selected for the richness of FFG the R?
were moderate, ranging from 0.36 to 0.52 (p<0.001 for all), suggesting
higher importance of abiotic variables on the variation of FFG richness
than for abundance variance. Reductions were correlated to the increase
of NH, for all FFG. Calcium (Ca) also was negatively correlated
with richness among predators and shredders. The better tendencies
were also observed for Total Hardness (TH) for gathering collectors,
filtering collectors, and scrapers, and for Chloride (Ch) for gathering
collectors, filtering collectors, scrapers, and predators. As expected,
these reductions in the richness of FFG were significantly between
the intermediate and impaired sites and the reference sites (Figure 3).

In general, estimated marginal means for FFG ratios showed
significant differences among the impairment gradient sites.
Significant differences along the impairment gradient were found
for the Autotrophic/Heterotrophic index (A/H) (Figure 4A; a =
0.16, p=0.02; b = 0.26, p<0.001). Regardless of the position along
the impairment gradient, most sites were below the A/H level of
0.75 being Heterotrophic (91.1%), indicating the dependence of
the stream food web on the availability of allochthonous riparian
organic matter. For A/H numbers for reference, intermediate and
impaired were 0.49, 0.33, and 0.23, respectively. Coarse Particulate
Organic Matter/Fine Particulate Organic Matter index (CPOM/
FPOM) is an indicator of the availability of food resources for
shredders. For this index (Figure 4B) we found a significant
difference along the impairment gradient (b = 0.17, p=0.006).

Figure 3. Distributions of samples and estimatives for FFG richness along the impairment gradient (Ref — Reference, Int - Intermediate, and Imp - Impaired). Box-
and-whisker and strip plots (gray) representing samples distribution of FFG richness. Dots and lines (black) representing estimated means and 95% confidence
intervals obtained after multivariate mixed linear models fitted using the maximum likelihood estimator.

Figure 4. Distributions of samples and estimatives for FFG ratios along the impairment gradient (Ref — Reference, Int - Intermediate, and Imp - Impaired). Box-
and-whisker and strip plots (gray) representing samples distribution of A/H (Autotrophy and Heterotrophy index), CPOM/FPOM (Coarse Particulate Organic Matter
and Fine Particulate Organic Matter index), TFPOM/BFPOM (Transport of Fine Particles Organic Matter, and Benthic Fine Particles Organic Matter index), HSI
(Habitat Stability index), and Predator (Predator-prey index) along the impairment gradient. Dots and lines (black) representing estimated means and 95% confidence
intervals obtained after multivariate mixed linear models fitted using the maximum likelihood estimator.
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Reference sites had a mean CPOM/FPOM ration of 0.23, close to the ratio
level cut (> 0.25). Intermediate sites showed lower shredder interaction
with the riparian vegetation (mean = 0.13), and, as expected, impaired
sites had shredders very underrepresented (mean = 0.06). For the
Transport of Fine Particles Organic Matter/Benthic Fine Particles Organic
Matter index (TFPOM/BFPOM) no differences were found along the
impairment gradient (Figure 4C). TFPOM/BFPOM indexes were of
good quality independently of the impairment gradient (according to

the criteria ratio level > 0.50), with estimated mean marginal values
of 1.36, 1.66, and 1.27, for reference, intermediate, and impaired sites
respectively. For the Habitat Stability index (HSI) (Figure 4D), a
significant difference along the impairment gradient was found (b = 0.82,
p <0.001), with estimated mean values of 2.11 and 1.92 for reference,
and intermediate sites, respectively, which indicates an abundance of
stable substrates. The estimated marginal mean value was 1.29 for
impaired sites above the ratio level cut (> 0.50) for a stable substrate.

Table 2. Stepwise searches based on the Akaike information criterion (AIC) minimization, in both forward and backward directions, of abiotic variables on the
abundance of macroinvertebrate Functional Feeding Groups (FFG).

FFG Variables p Std.Error DF t.value p-value
Gathering-collector (Intercept) 372.957 90.637 134 4.115 <0.001
AIC=1828.64; Width (m) 2.225 1.145 134 1.944 0.054
R*=0.17; Altitude (m) 0.117 0.027 134 4.300 <0.001
L. Ratio=22.99; pH -31.791 12.112 134 -2.625 0.010
p<0.001 Logl10_Ch (mg/L) -190.588 76.806 134 -2.481 0.014
Filtering-collector (Intercept) -280.649 169.998 131 -1.651 0.101
AIC=2109.13; Width (m) 8.631 2217 131 3.894 <0.001
R>=0.24; Logl0_NH, (mg/L) 1945.715 370.471 131 5252 <0.001
L. Ratio= 63.75; DO (mg/L) 44.067 13.699 131 3.217 0.002
p<0.001 Logl0_Ca (mg/L) 1276.571 269.336 131 4.740 <0.001

Logl0_TA -287.848 198.065 131 -1.453 0.149
HAP -14.916 2.813 131 -5.302 <0.001
Logl10_Cond (S/cm) 468.123 127.368 131 3.675 <0.001
Scraper (Intercept) 286.510 79.610 131 3.599 <0.001
AIC=1801.01; Width (m) 1.671 0.698 131 2.394 0.018
R*>=0.14; Altitude (m) 0.092 0.033 131 2.766 0.006
L. Ratio=52.07; DO (mg/L) -13.712 4.358 131 -3.146 0.002
p<0.001 pH -24.231 9.417 131 -2.573 0.011
Logl0_Ch -117.153 51.677 131 -2.267 0.025
HAP 3.897 1.091 131 3.571 <0.001
Log10_Cond (S/cm) 91.922 51.444 131 1.787 0.076
Predator (Intercept) 328.199 122.679 133 2.675 0.008
AIC=1929.17; Altitude (m) 0.087 0.044 133 1.978 0.050
R=0.21; Logl0_NH, (mg/L) 712.903 360.219 133 1.979 0.050
L. Ratio=33.52; pH -34.548 16.472 133 -2.097 0.038
p<0.001 Logl0_Ca (mg/L) 479.868 121.618 133 3.946 <0.001
Logl10_Cond (S/cm) -142.137 69.245 133 -2.053 0.042
Shredder (Intercept) -59.243 17.263 132 -3.432 0.001
AIC= 1466.86; Altitude (m) 0.030 0.009 132 3.504 0.001
R*=0.34; Logl0_NH, (mg/L) -132.232 67.989 132 -1.945 0.054
L. Ratio= 69.46; DO (mg/L) 3.375 1.461 132 2.311 0.022
p<0.001 Logl0_Ca (mg/L) -46.292 29.530 132 -1.568 0.119
Logl0_TA (mg/L) 60.436 17.327 132 3.488 0.001
HAP 2.898 0.609 132 4.758 <0.001

AIC- Akaike Information Criterion, R*- Coefficient of Determination, L.Ratio— Likelihood Ratio, p-value— p-value after Likelihood Ratio Test, DF — Degrees of
Freedom. Log10_NH, - Ammonia; Log10_TH- Total Hardness, Log10_Ch— Chloride, HAP- Habitat Assessment Protocol DO- Dissolved Oxygen and Log10_TA-
Total Alkalinity and Logl0_Ca— Calcium.
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Finally, for the predator-prey index (Predator) (Figure 4E) significant and intermediate sites (0.23). Most ratios were within the range of
differences were found along the impairment gradient (b = -0.29, criteria levels for reference and intermediate sites and an overabundance
p<0.000001; ¢ =-0.30, p<0.000001). Impaired sites showed the highest of predators at impaired sites.

estimated marginal mean value, 0.52, compared to the reference (0.23)

Table 3. Stepwise searches based on the Akaike information criterion (AIC) minimization, in both forward and backward directions, of abiotic variables on the
richness of macroinvertebrate Functional Feeding Groups (FFG).

FFG Variables B Std.Error DF t.value p.value
Gathering- (Intercept) 9.743 1.078 133 9.034 <0.001
collector
AIC=804.63; Altitude (m) 0.002 0.001 133 2.325 0.022
R2=10.52;

L. Ratio=111; logl0_NH3 -22.917 7.174 133 -3.194 0.002
p<0.001 (mg/L)
logl0_TH (mg/L) -4.755 0.991 133 -4.797 <0.001
log10_Ch (mg/L) -4.530 2.188 133 -2.070 0.040
HAP 0.503 0.056 133 8.987 <0.001
Filtering- (Intercept) 3.998 0.375 133 10.657 <0.001
collector
AIC=440.02; Width (m) -0.013 0.004 133 -3.263 0.001
R2=10.36;
L. Ratio=81.26;  logl0_NH, -8.742 2.004 133 -4.362 <0.001
p<0.001 (mg/L)
log10_TH (mg/L) -0.627 0.397 133 -1.579 0.117
log10_Ch (mg/L) -1.409 0.646 133 -2.180 0.031
HAP 0.104 0.016 133 6.642 <0.001
Scraper (Intercept) 7.896 1.625 132 4.861 <0.001
AIC=788.85; logl0_NH, -30.211 6.164 132 -4.901 <0.001
R2=10.52; (mg/L)
L. Ratio=107.12; DO (mg/L) -0.232 0.125 132 -1.860 0.065
p<0.001
logl0 TH (mg/L) -6.407 1.490 132 -4.300 <0.001
log10_Ch (mg/L) -6.062 2.112 132 -2.870 0.005
log10_TA (mg/L) 4.935 1.897 132 2.602 0.010
HAP 0.600 0.043 132 14.044 <0.001
Predator (Intercept) 7.116 0.939 133 7.578 <0.001
AIC=772.52; Altitude (m) 0.003 0.001 133 3.366 0.001
R2=0.42;
L. Ratio=75.08;  logl0_NH, -12.633 6.259 133 -2.018 0.046
p<0.001 (mg/L)
log10_Ca (mg/L) -7.705 1.705 133 -4.520 <0.001
log10_Ch (mg/L) -4.168 2.128 133 -1.959 0.052
HAP 0.329 0.052 133 6.321 <0.001
Shredder (Intercept) 1.876 0.391 134 4.803 <0.001
AIC=557.39; Altitude (m) 0.001 0.000 134 2.188 0.030
R2=0.51;
L. Ratio=104.05;  logl0_NH, -14.241 3.124 134 -4.558 <0.001
p<0.001 (mg/L)
log10_Ca (mg/L) -2.305 1.397 134 -1.649 0.101
HAP 0.216 0.025 134 8.739 <0.001

AIC- Akaike Information Criterion, R*>~ Coefficient of Determination, L.Ratio— Likelihood Ratio, p-value— p-value after Likelihood Ratio Test, DF — Degrees of
Freedom. Log10_NH, - Ammonia; Log10_TH- Total Hardness, Logl10_Ch~— Chloride, HAP- Habitat Assessment Protocol, DO- Dissolved Oxygen, Logl0_TA-
Total Alkalinity and Logl0_Ca— Calcium.
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Discussion

Anthropogenic activities may impact stream ecosystems by causing
habitat fragmentation, degradation, sedimentation, which consequently
increase the abundance of tolerant species and a decrease of sensitive
species (Mangadze et al. 2019). In our study, the abundance of gathering
and filtering collectors and predators were higher at intermediate sites. In
contrast, abundance and richness of scrapers and shredders were negatively
correlated with the impairment gradient. Gathering collectors are often
recognized as generalists and are considered dominant along the impairment
gradient (Leslie & Lamp 2017). They can also transform the decomposition
of Fine Particulate Organic Matter (FPOM) and carbon availability within
the sediment (Leslie & Lamp 2017). In our study, filtering collectors were
the most abundant FFG along the impairment gradient, due to large numbers
of Simuliidae in urban areas. These organisms are reasonably resistant to
disturbance (Feld et al. 2002). Furthermore, significant differences were
found for scraper abundance between reference, intermediate, and impaired
sites. According to Jun et al. (2011), scrapers are sensitive to impairment
because they mainly consume attached algae that grow on the cobbles and
pebbles of undisturbed streams. As for predators, we found lower mean
abundance at impaired sites than the intermediate site. Predator abundance
appears to be driven mainly by prey availability and have studies found
an increased abundance in streams affected by human activities (Rawer-
Jost et al. 2000). As expected, the abundance of shredders was reduced
along the stream impairment gradient because of reduced quantities of
riparian vegetation. Similar results were found by Oliveira & Nessimian
(2010) that reported lower relative participation of this FFG on impaired
sites. Although shredder abundance was very low, we found significant
differences between reference and impaired sites.

Richness numbers displayed the best response and highest
sensitivity to detect impairment. Richness numbers of all FFG were
significantly reduced along the impairment gradient stream. Richness
can have an essential function in characterizing stream ecosystem
condition (Kaboré et al. 2016, Couceiro et al. 2011, Drover et al. 2020).

Estimated marginal means based on regression analyses (mixed-effect
models) showed that the altitude was a significant abiotic variable for all
FFG abundance, except for the filtering collector. According to Jacobsen
(2008), one possible explanation is that at higher altitudes, streams tend
to have lower temperatures and higher slopes, contributing to higher
concentrations of DO. Tomanova et al. (2007) showed that altitude
combined with position along the longitudinal gradient is an important
factor controlling the FFG assemblages of stream macroinvertebrates in
neotropical streams. In this study, the richness of all FFGs was reduced
along the impairment gradient. These reductions were correlated
to the increase of NH, for all FFG. According to Camargo (2019),
physicochemical alterations, such as the increase of ammonia (NH,), can
be toxic to sensitive macroinvertebrate taxa. Also, it is well known that
large-scale agriculture and urbanization may decrease water quality leading
to alterations as the loss of riparian vegetation with a significant effect on
the FFG structure and function (Gieswein et al. 2019). Streams in this
region are subject to different pressures, including intensive urbanization
and untreated sewage discharges. Most sites suffered the influence of
multiple chemical and physical anthropogenic stressors. Agriculture
and urban land-use practices reduce water quality due to inputs of fine
sediments, nutrients, and pesticides. Alterations to the river channel’s
physical structure may cause a loss in riparian vegetation, which would be
expected to produce a significant effect on FFG structure (Fu et al. 2016).

http://www.scielo.br/bn

FFG ratios showed a variable response along the impairment
gradient. The Autotrophic/Heterotrophic index (A/H) serves as a
surrogate of Production/Respiration (P/R), which was significantly
different along the impairment gradient. P/R has been used as the
relative importance of energy fixed by primary producers (Vannote
et al. 1980), i.e., P/R ratios among ecosystems are proxies of
allochthonous ratio/autochthonous organic matter. According to this
criterium, even though reference sites had higher estimated marginal
mean values, almost sites in our study were classified as heterotrophic,
independent of their position along the impairment gradient. These
results follow Cummins et al. (2005), who also found that all sampled
sites on their study of the Atlantic Forest stream of Southern Brazil
could be characterized as heterotrophic. Other tropical/subtropical
streams in Kenya also classified close-canopy streams as heterotrophic
(Masese et al. 2014). According to the Coarse Particulate Organic
Matter/Fine Particulate Organic Matter index (CPOM/FPOM), a
shallow shredder interaction with riparian vegetation was found in
impaired sites. According to Cummins et al. (1989), this decline is
most probably related to the removal of riparian vegetation from
agricultural and urban areas. We also found a TFPOM/BFPOM index
unresponsive to the impairment gradient, which agrees with Couceiro
et al. (2011). Moreover, the Habitat Stability index (HSI) indicated
stable substrates that were more abundant in intermediate sites. One
explanation for these results would be the intermediate disturbance
hypothesis (Ward & Stanford 1983, Ward et al. 1999). Intermediate
sites were submitted to constant sewage discharges. It seems to
generate moderate mortality in the species not in such numbers that
a recovery is impossible, but at the same time, sufficient to limit the
growth of competitive species. For the Predator index, it was observed
a low top-down control in reference and intermediate sites. Almost
all FFG ratios showed significant differences along the impairment
gradient. This observation does not agree with Kabor¢ et al. (2016),
which found inconsistent results in different land use in West Africa.

FFG ratios as a surrogate of the ecosystem attributes may reduce the
time and costs of the evaluation being fast, cheaper, and an integrated
tool based on morphological and behavioral mechanisms of food
acquisition. Moreover, this study evaluated marginal mean estimates
for FFG ratio, abundance, and mostly for richness, as a useful tool to
assess the ecological conditions of Atlantic Forest streams. Despite
the almost FFG ratio being able to discriminate along the impairment
gradient, further studies would be necessary to calibrate the method
specifically for the Atlantic Forest region.

Supplementary Material

The following online material is available for this article:
Appendix 1 - Summary of the abiotic variables (mean value +
standard error) investigated along the impairment gradient.
Appendix 2 - Functional Feeding Groups (FFG) for Atlantic Forest taxa.
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