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A B S T R A C T

Local factors, such as riparian vegetation and stream type, affect the structure and composition of benthic
macroinvertebrate assemblages in streams. To better understand the effects of biomes on lotic ecosystems, we
evaluated whether Atlantic Forest (AF) and Neotropical Savanna (NS) biomes showed distinct patterns in (i)
benthic macroinvertebrate assemblage structure and (ii) the shredder functional feeding group. We predicted
that (i) richness, density, biomass, instant secondary production, eco-exergy, and specific eco-exergy would be
higher for benthic macroinvertebrate assemblages in AF stream sites than in NS sites. We also predicted that (ii)
length, density, biomass, instant secondary production, eco-exergy, and specific eco-exergy would be higher for
shredders in AF stream sites. We found that benthic macroinvertebrate assemblage composition and taxa rich-
ness were significantly different between stream sites in the two biomes, with the AF biome being the richest. But
we found no differences in density, biomass, instant secondary production, eco-exergy, or specific eco-exergy
between AF and NS stream sites. For AF shredders, the mean length, density, biomass, secondary production and
eco-exergy were significantly higher than for NS stream sites. These differences were attributed to the quality of
leaf litter, which was generally higher in AF than in NS stream sites. This indicates that the intrinsic char-
acteristics of the AF and NS biomes act as structuring factors for benthic macroinvertebrate assemblages, in-
fluencing the structure and functioning of tropical lotic ecosystems.

1. Introduction

Headwater streams (1st to 3rd order; Strahler, 1957) are ecosystems
with high biotic diversity and species richness (Meyer et al., 2007).
These ecosystems represent ∼80% of the channel length in a hydro-
graphic basin (Datry et al., 2014). Because they are small, they are
easily influenced by local variation in geomorphology, lithology, soil,
and the species composition of riparian vegetation (Vannote et al.,
1980).

In general, the riparian vegetation of headwater streams acts as a
buffer between terrestrial and aquatic ecosystems (Naiman and
Decamps, 1997; Tonkin et al., 2018). The vegetation stabilizes river
banks and increases shading (Kaylor and Warren, 2017), limiting the
entrance of radiant energy into the ecosystem while introducing al-
lochthonous material as leaf litter (Rezende et al., 2017). The de-
gradation of this material occurs with the transformation of coarse
particulate organic matter (CPOM) into fine particulate organic matter
(FPOM) through decomposition (Graça, 2001). The rate of this process
depends on the chemical content and physical characteristics of the
leaves of different plant species (Gonçalves et al., 2006; Rezende et al.,

2018).
Allochthonous organic matter is considered the main energy source

for heterotrophic organisms in shaded headwater streams (Kiffer et al.,
2018; Vannote et al., 1980). Aquatic organisms, such as shredder
macroinvertebrates, feed on leaf litter by breaking it into smaller par-
ticles and making it available to other aquatic invertebrates (Graça,
2001). Also, shredders are sensitive to environmental changes because
they are reduced in abundance or may disappear in heavily disturbed
streams (Sánchez-Bayo and Wyckhuys, 2019).

Shredder activity depends on leaf litter quality and tropical plant
species have highly lignified leaves that are low in nutrients (Biasi
et al., 2019; Boyero et al., 2016; Kiffer et al., 2018). In Brazil, the
proportion of shredders in benthic macroinvertebrate assemblages
varies between biomes. In the Neotropical Savanna (NS) they are gen-
erally less abundant (∼1%) (Gonçalves et al., 2007; Moretti et al.,
2007a,b), whereas in Atlantic Forest (AF) streams they are more
common (∼20%) (Mendes et al., 2017). Presumably, this is because of
the differing quality of the leaf litter available in these biomes. Plants
from the NS usually have hard, coriaceous leaves of poor nutritional
quality with high levels of secondary compounds (Ligeiro et al., 2010)
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and slow decomposition rates (e.g., Gomes et al., 2018; Gonçalves et al.,
2007). Native riparian plant species in the Atlantic Forest (AF), on the
other hand, often have larger, softer leaves with lower amounts of
secondary compounds, higher nutritional content (Tromboni et al.,
2018), and faster decomposition rates than those of the NS (Gonçalves
et al., 2012).

Local differences in riparian vegetation composition and stream
type affect the structure and composition of benthic macroinvertebrate
assemblages (Ferreira et al., 2014). For example, dense riparian vege-
tation limits light entry to streams and limits local primary production
and grazing macroinvertebrates (Neres-Lima et al., 2017; Vannote
et al., 1980), but facilitates shredder diversity and abundance (Sánchez-
Bayo and Wyckhuys, 2019). Stream size, substrate type, and water
quality also affect the composition, richness, and abundance of aquatic
macroinvertebrate assemblages (Agra et al., 2019; Silva et al., 2014).

In addition to assessing assemblage structure and composition it is
useful to assess local effects on ecosystem functioning. One way to do so
is by measuring secondary production, which is the rate of formation of
heterotrophic biomass in a population or community and provides an
estimation of the energy flow through a system (Benke and Huryn,
2010). Ecosystems with higher secondary production rates allow the
energy present in the ecosystems to flow through a greater number of
trophic levels and to support a greater diversity of organisms (Benke,

1993; Dolbeth et al., 2012). However, higher secondary production
does not always indicate a healthy ecosystem, because some dis-
turbances simply increase production of opportunistic species (Dolbeth
et al., 2012; Huryn and Wallace, 2000).

Secondary production is difficult to estimate for natural assem-
blages, because it requires data about population growth and mortality,
which requires intensive field sampling (Dolbeth et al., 2012). Because
secondary production is such an energy-demanding variable to mea-
sure, models were created to estimate it (Aguiar et al., 2015; Linares
et al., 2018a,b). Instant secondary production is of such estimates of
secondary production. This approach evaluates secondary production
from the biomass, density, and estimates of the growth of organisms at
a single time in an ecosystem (Aguiar et al., 2015).

An alternative approach for evaluating local effects on ecosystem
processes is the use of thermodynamic oriented ecological indicators
(Linares et al., 2018a,b; Molozzi et al., 2013). Thermodynamic in-
dicators also indicate ecosystem condition in a holistic way (Jørgensen,
2006; Zhang et al., 2010). Two examples of thermodynamic indicators
are eco-exergy and specific eco-exergy (Jørgensen and Mejer, 1977).
Eco-exergy is the energy of all living things present in an ecosystem that
is available to do useful work (Jørgensen et al., 2005; Lu et al., 2015).
This energy is quantified by measuring the biomass and genetic in-
formation of the system (Jørgensen, 2006; Linares et al., 2018a;

Fig. 1. Location of sampling sites in the Atlantic Forest and Neotropical Savanna biomes, Minas Gerais, Brazil.
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Molozzi et al., 2013; Silow and Mokry, 2010). Specific eco-exergy is a
measure of the genetic information present in living things. Thus spe-
cific eco-exergy reflects the complexity and stability of living things in
the ecosystem (Lu et al., 2015; Silow and Mokry, 2010).

Therefore, the aim of this study was to quantify the difference in
function, structure and composition between headwater streams in two
major Brazilian biomes: AF and NS. We sought to answer this question:
What are the differences in the structure and function of benthic mac-
roinvertebrate and shredder assemblages in headwater streams in the
AF and NS biomes? We expected higher taxa richness, biomass, instant
secondary production, eco-exergy and specific eco-exergy in benthic
macroinvertebrate assemblages in AF biome sites than in NS biome sites
because of the higher quality of leaf litter in the AF (Gonçalves et al.,
2014). Also, we expected that the length, biomass, instant secondary
production, eco-exergy and specific eco-exergy would be higher for
shredders in the AF because of the better quality leaves and the greater
abundance of shredders in AF streams (Gonçalves et al., 2007; Mendes
et al., 2017; Moretti et al., 2007a).

2. Material and methods

2.1. Study area

In each biome, we selected 10 headwater stream sites (1st to 3rd
order) in reference condition, constituting a subset of 20 streams.
Reference conditions were defined as being in least-disturbed condition
(LDC) for streams across the landscape (Stoddard et al., 2008), in-
cluding the absence of anthropogenic alterations and the presence of
dense riparian vegetation (Bailey et al., 2014; Hughes et al., 1986). The
sites were selected amongst potential sites to be least-disturbed based
on the interpretation of a combination of fine resolution images
(0.6–5m spatial resolution) and Landsat Thematic Mapper multi-
spectral satellite images (Macedo et al., 2014).

The sites were located in the Araguari (NS) and Rio das Velhas (AF)
River Basins, both in Minas Gerais state, Brazil (Fig. 1). Both the NS and
AF are considered biodiversity hotspots (Myers et al., 2000), but both
biomes have been substantially altered by changes in land use (Joly
et al., 2014; Strassburg et al., 2017). The NS biome has a dry tropical
climate, with annual precipitation between 1200 and 1800mm. The
soils are old red and yellow latosols, acidic (pH 4–6) with low fertility,
and have high levels of iron and aluminum (Bueno et al., 2018). The AF
is the second largest Brazilian forest and has lost much of its natural
cover area (Joly et al., 2014; Ribeiro et al., 2009). The AF climate is
humid tropical, with annual rainfall between 1000 and 4200mm. The
soils are shallow with acidic pH and low fertility (Ribeiro et al., 2009).

At each site, measures of physical habitat were obtained following
the USA Environment Protection Agency protocol (US-EPA; Lazorchak
et al., 1998), adapted to tropical headwater streams (Agra et al., 2019).
Measures of electrical conductivity (µS/cm), pH, total dissolved solids
(mg/L), turbidity (nephelometric turbidity units, NTU) and water
temperature (°C) were carried out in situ with a portable multiprobe
(YSI 6600). Mean width (m) and mean canopy cover (%) were obtained
with a measuring tape and a densiometer, respectively. In the labora-
tory, dissolved oxygen (mg/L) was determined by the Winkler (1888)
method and total alkalinity (µEq/L of CO2) was determined using the
Gran method (Carmouze, 1994; Table 1).

2.2. Benthic macroinvertebrate sampling

The macroinvertebrate assemblages were sampled in September of
2013 and 2014, during the dry season. Each site was divided into six
equidistant transects. In each transect, a kick-net sampler (30 cm
opening, 500 μm sieve) was used, resulting in six sub-samples in each
site for a total area of 0.54m2 sampled (Agra et al., 2019; Martins et al.,
2018). Organisms from each sub-sample were stored in plastic bags,
fixed in 10% formalin, and then washed in a sieve (0.5 mm mesh) in the Ta
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laboratory. Individuals were identified to family level under a stereo-
microscope and by using specialized literature (Hamada et al., 2014;
Merritt and Cummins, 1996; Mugnai et al., 2010). The specimens were
fixed in 70% alcohol and deposited in the Reference Collection of
Benthic Macroinvertebrates, Instituto de Ciências Biológicas, Uni-
versidade Federal de Minas Gerais. Individuals belonging to the fol-
lowing families were classified as shredders: Calamoceratidae and
Leptoceridae (Trichoptera), Dryopidae (Coleoptera), Gripopterygidae
(Plecoptera) and Pyralidae (Lepidoptera) (Merritt and Cummins, 1996;
Tomanova et al., 2006).

2.3. Biomass estimation

Up to 100 individuals of each taxon were randomly selected and
photographed in a stereomicroscope (Leica M80) equipped with a di-
gital camera (Leica IC 80 HD). The length of each individual was
measured using Motic Image Plus 2.0 software. We estimated dry bio-
mass (g/m2) for each site by using length-mass equations (Benke et al.,
1999; Johnston and Cunjak, 1999; Miserendino, 2001; Smock, 1980;
Stoffels et al., 2003). Based on those measurements we estimated the
mean dry- biomass for each taxon in each site as well as the total dry-
biomass for each sampling site.

2.4. Estimation of instant secondary production

We estimated instant secondary production (IP) (mg/m2/day) for
each site, following the equation of Morin (1997):

∑= ∗ ∗IP D W GR

where D is the density of each taxon, W is the mean dry weight for each
taxon and GR is the instant growth rate (Supplementary Material Table
S1), estimated from individual equations for each taxon found in the
literature (Edgar, 1990; Morin and Dumont, 1994; Plante and Downing,
1989). The empirical models used to estimate GR were:

= + +Log (GR) a b Log (IW) c (T)10 10 (1)

= + − − +Log (GR) 0.06 0.79 Log (IW) 0.16 Log (IW) 0.05 (T)10 10 10

(2)

= + +Log (GR) a b Log (IW) c Log (T)10 10 10 (3)

where a, b and c correspond to specific coefficients, T corresponds to
the water temperature and IW corresponds to the individual dry
weight. Eq. (1) was used for insect taxa (Morin and Dumont, 1994), Eq.
(2) for Annelida (Plante and Downing, 1989) and Eq. (3) for Mollusks
and Platyhelminthes (Edgar, 1990).

2.5. Calculation of exergy indicators

We calculated eco-exergy and specific eco-exergy for each site. Eco-
exergy was calculated using the following equation (Jørgensen et al.,
2010):

∑=
=

EX βici
i

i 0

where βi is a weighting factor based on the genetic information con-
tained in the components (i) of the ecosystem, based on the number of
codifying genes as defined by Jørgensen et al. (2005), and ci is the
biomass of component i in the ecosystem (Supplementary Material
Tables S2 and S3).

Specific eco-exergy is given by:

=SpEX EX
BM

where EX is the total eco-exergy and BM is the total biomass.

2.6. Data analysis

To test the hypothesis that benthic assemblage composition, struc-
ture, and function differ between the headwater sites of the two biomes
we used a generalized linear model (GLM) with Poisson distribution
corrected for overdispersion (quasipoisson). Model significance was
tested by an F test (Kaur et al., 1996). We used AF and NS as in-
dependent variables and the total taxa richness, density, biomass, in-
stant secondary production, eco-exergy and specific eco-exergy as de-
pendent variables.

For the differences in family composition between the benthic
macroinvertebrate assemblages of both biomes, we ran their abundance
data (log (x+ 1)) in a Permutational Multivariate Analysis of Variance
(PERMANOVA), using Gower’s (taxa relative abundance; as modified
by Anderson et al. (2006)) coefficient as the distance metric. We used
Non-Metric Dimensional Scaling (NMDS) model to plot the variability
in macroinvertebrate family composition among the sites in each
biome. To test the hypothesis that shredders differed between sites of
the two biomes we also used a generalized linear model (GLM) with
Poisson distribution corrected for overdispersion (quasipoisson). Model
significance was tested by an F test (Kaur et al., 1996). We again used
the AF and NS as independent variables and length, density, biomass,
instant secondary production, eco-exergy and specific eco-exergy of
shredders as dependent variables. We used length instead of taxa
richness because we had previously determined shredder taxa richness.

All calculations were performed through use of R software, version
3.2.3 (R Core Team, 2017) and the vegan package (Oksanen, 2018).

3. Results

3.1. Benthic macroinvertebrate assemblages

We sampled a total of 11,909 benthic macroinvertebrates, 7540 in
the AF and 4369 in the NS. Family richness was significantly higher in
AF sites compared to NS sites (F1,18= 7.28; P=0.014; n= 20). Family
composition varied significantly between the biomes (Permanova
(Gower) F1,18= 5.43; P < 0.001; stress= 0.15; R2= 0.23; n=20)
(Fig. 2). We did not observe significant differences in assemblage
density, instant secondary production, eco-exergy, or specific eco-ex-
ergy (Table 2).

3.2. Shredders

Shredders averaged 61.8 (SE ± 13.7) individuals (8.2%) in the AF
assemblages, and 6.0 (SE ± 2.5) individuals (1.3%) in the NS

Fig. 2. Non-Metric Dimensional Scaling (NMDS) results for benthic macro-
invertebrate assemblage composition in the Atlantic Forest (green) and
Neotropical Savanna (brown) sites. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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assemblages. AF sites exhibited significantly greater shredder numbers
m−2 than NS sites (AF − 114.44 ± 25.41; NS – 11.11 ± 4.68;
F1,18= 25.98; p= 0.00007527; n= 20) (Fig. 3). The shredders in AF
also exhibited significantly greater mean lengths (AF – 5.11 ± 0.65; NS

– 2.51 ± 0.53; F1,18= 9.18; p=0.007188; n=20) than in NS sites.
Shredder biomass was significantly greater in the AF than in the NS (AF
− 0.09 gm−2 ± 0.02; NS – 0.006 gm−2 ± 0.003; F1,18= 19.04;
p=0.0003744; n=20). Likewise, instant secondary production in AF

Table 2
Mean values and standard error for the measured biological metrics for benthic macroinvertebrate assemblages in the Atlantic Forest and Neotropical Savanna sites.

Metrics Biome Fdf p value n

Atlantic Forest Neotropical Savanna

Taxa richness 31.30 ± 2.12 23.60 ± 1.89 F1,18= 7.28 0.01* 20
Density (ind/m2) 1396.29 ± 285.21 1102.68 ± 160.13 F1,18= 3.22 0.08 20
Biomass (g/m2) 0.81 ± 0.17 0.62 ± 0.10 F1,18= 3.30 0.08 20
Instant secondary production (g/m2/day) 146.24 ± 52.25 121.12 ± 38.42 F1,18= 0.59 0.44 20
Eco-exergy 147.39 ± 32.16 110.14 ± 18.38 F1,18= 4.04 0.05 20
Specific Eco-exergy 179.99 ± 12.32 173.61 ± 2.29 F1,18= 1.03 0.32 20

* Statistically significant results.

Fig. 3. Biological metrics measured for shredder functional feeding group in headwater streams in Atlantic Forest and Neotropical Savanna sites (A) Density (ind/
m2), (B) Biomass (g/m2), (C) Instant Secondary Production (g/m2/day), (D) Mean length (mm), (E) Eco-exergy and (F) Specific Eco-exergy.
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sites was significantly higher than in NS sites (AF − 1.59 gm−2

day−1 ± 0.43; NS – 0.14 gm−2 day−1 ± 0.08; F1,18= 16.15;
p=0.0008047; n=20). Regarding eco-exergy, the AF shredders had
significantly higher values than those in NS sites (AF − 16.63 ± 4.72;
NS – 1.05 ± 0.65; F1,18= 18.89; p=0.0003887; n=20). There was
no significant biome difference in specific eco-exergy (AF −
168.99 ± 1.52; NS – 143.73 ± 24.83; F1,18= 0.94; p=0.3429;
n=20).

4. Discussion

Family composition and richness of benthic macroinvertebrate as-
semblages differed significantly between AF and NS sites, but did not
result in significant differences in eco-exergy or secondary production
at the assemblage level. On the other hand, both indicators differed
significantly between the two biomes for shredders, suggesting that the
functioning of benthic macroinvertebrate assemblages of the AF and NS
biomes differs significantly in response to the intrinsic characteristics of
streams in those biomes. This is further supported by significant dif-
ferences in shredder lengths, abundances, densities, and biomasses
between AF and NS sites.

The biome differences in benthic macroinvertebrate assemblage
composition and the higher shredder density in AF sites suggest that
allochthonous material is the main structuring factor of macro-
invertebrate assemblages in AF streams. Headwater streams in the AF
biome are surrounded by dense vegetation with leaves containing fewer
phenolic compounds than those in surrounding NS sites (Gonçalves
et al., 2012). Consequently, leaf litter in AF sites is rapidly leached and
conditioned by bacteria and fungi, facilitating the ability of shredders to
use it as a food source compared with NS sites (Casotti et al., 2015;
Gonçalves et al., 2014; Kiffer et al., 2018). This also suggests that
shredders may have more resilience and greater potential to maintain
their structure and composition in AF streams than in NS streams.
Therefore, riparian vegetation is important for aquatic communities,
especially shredder assemblages (Boyero et al., 2011; Graça et al.,
2015), which also produce fine particulate organic matter for other
aquatic invertebrates (Graça, 2001; Aguiar et al., 2018). The greater
densities, lengths, and biomasses of shredders in the AF sites also in-
dicate greater availability and quality of leaf litter (Ferreira et al., 2014;
Tomanova and Usseglio-Polatera, 2007) leading to more efficient
growth (Benke et al., 1999; Benke and Huryn, 2010; Mendes et al.,
2017).

Although family composition of benthic macroinvertebrate assem-
blages differed significantly between AF and NS streams, eco-exergy,
specific eco-exergy, and instant secondary production did not. Eco-ex-
ergy allows evaluating the distance between an ecosystem’s present
state and its potential state at thermodynamic equilibrium, representing
the useful energy in the form of biomass and genetic information
(Zhang et al., 2010). This constitutes to some degree the resilience
potential of an ecosystem. Our results suggest that stream macro-
invertebrate assemblages in the two biomes may have similar effi-
ciencies in maintaining their biological complexities. This further sug-
gests that stream types or habitat types may be more important than the
intrinsic energy characteristics of the two biomes in structuring benthic
macroinvertebrate assemblages (Agra et al., 2019; Martins et al., 2018).

5. Conclusions

Our results demonstrate that benthic macroinvertebrate assem-
blages differ between Atlantic Forest and Neotropical Savanna streams
in assemblage composition as well as shredder biomass and function
because of differences in riparian vegetation. These results should be
interpreted with caution, because they show patterns of assemblage
structuring at relatively small spatial extents and few sites; therefore,
we recommend greater numbers of sites throughout both biomes.
Future studies should also include thermodynamic indicators to clarify

ecosystem processes and resilience. Our results also show the im-
portance of shredders as sensitive indicators of environmental condi-
tions and trends in tropical streams. Given the importance of al-
lochthonous organic matter to these organisms, we suggest that
experiments of feeding preference should be conducted using plant
species with different levels of secondary compounds.

Acknowledgements

This study was supported by National Council for Scientific and
Technological Development (Conselho Nacional de Desenvolvimento
Científico e Tecnológico — CNPq) that granted a master's degree
scholarship GMS and a productivity grant to MC (303380/2015-2), by
the Portuguese Foundation for Science and Technology through the
strategic project UID/MAR/04292/2019 granted to MARE, and by the
Coordenação de Aperfeiçoamento de Pessoal de Nível Superior – Brasil
(CAPES) – Finance Code 001. It was also financially supported by the
Minas Gerais Power Company (Companhia Energética de Minas Gerais
— CEMIG) and P&D ANEEL/CEMIG GT-599. Finally, the authors are
indebted to the of Benthic Ecology Laboratory/UFMG team, for field
sampling and sample processing, Diego Macedo for geographical in-
formation and map preparation, SISBIO for licensing the collection of
zoological material (10635-2), and Robert Hughes, Marcelo Moretti,
Pedro Giovâni and Tatiana Cornelissen for their contributions on an
earlier version of this manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecolind.2019.105495.

References

Agra, M.J., Ligeiro, R., Macedo, R.D., Hughes, R., Callisto, M., 2019. Ecoregions and
stream types help us understanding ecological variability of neotropical reference
streams. Mar. Freshw. Res. 70 (4), 594–602. https://doi.org/10.1071/MF18309.

Aguiar, A.C.F., Gücker, B., Brauns, M., Hille, S., Boëchat, I.G., 2015. Benthic invertebrate
density, biomass, and instantaneous secondary production along a fifth-order human-
impacted tropical river. Environ. Sci. Pollut. Res. 22 (13), 9864–9876. https://doi.
org/10.1007/s11356-015-4170-y.

Aguiar, A.C.F., Neres-Lima, V., Moulton, T.P., 2018. Relationships of shredders, leaf
processing and organic matter along a canopy cover gradient in tropical streams. J.
Limnol. 77 (1), 109–120. https://doi.org/10.4081/jlimnol.2017.1684.

Anderson, M.J., Ellingsen, K.E., McArdle, B.H., 2006. Multivariate dispersion as a mea-
sure of beta diversity. Ecol Lett. 9 (6), 683–693. https://doi.org/10.1111/j.1461-
0248.2006.00926.x.

Bailey, R.C., Linke, S., Yates, A.G., 2014. Bioassessment of freshwater ecosystems using
the Reference Condition Approach: comparing established and new methods with
common data sets. Freshw. Sci. 33 (4), 1204–1211. https://doi.org/10.1086/678771.

Benke, A.C., 1993. Concepts and patterns of invertebrate production in running waters.
Edgardo Baldi Memorial Lecture 25 (1), 15–38. https://doi.org/10.1080/03680770.
1992.11900056.

Benke, A.C., Huryn, A.D., 2010. Benthic invertebrate production—facilitating answers to
ecological riddles in freshwater ecosystems. J. North Am. Benthol. Soc. 29 (1),
264–285. https://doi.org/10.1899/08-075.1.

Benke, A.C., Huryn, A.D., Smock, L.A., Wallace, J.B., 1999. Length-mass relationships for
freshwater macroinvertebrates in North America with particular reference to the
southeastern United States. J. North Am. Benthol. Soc. 18 (3), 308–343. https://doi.
org/10.2307/1468447.

Biasi, C., Cogo, G.B., Hepp, L.U., Santos, S., 2019. Shredders prefer soft and fungal-con-
ditioned leaves, regardless of their initial chemical traits. Iheringia. Ser. Zool. 109.
https://doi.org/10.1590/1678-4766e2019004.

Boyero, L., Pearson, R.G., Gessner, M.O., Barmuta, L.A., Ferreira, V., Graça, M.A.S.,
Dudgeon, D., Boulton, A.J., Callisto, M., Chauvet, E., Helson, J.E., Bruder, A.,
Albariño, R.J., Yule, C.M., Arunachalam, M., Davies, J.N., Figueroa, R., Flecker, A.S.,
Ramírez, A., Death, R.G., Iwata, T., Mathooko, J.M., Mathuriau, C., Gonçalves, J.F.,
Moretti, M.S., Jinggut, T., Lamothe, S., M’Erimba, C., Ratnarajah, L., Schindler, M.H.,
Castela, J., Buria, L.M., Cornejo, A., Villanueva, V.D., West, D.C., 2011. A global
experiment suggests climate warming will not accelerate litter decomposition in
streams but might reduce carbon sequestration. Ecol. Lett. 14 (3), 289–294. https://
doi.org/10.1111/j.1461-0248.2010.01578.x.

Boyero, L., Pearson, R.G., Hui, C., Gessner, M.O., Pérez, J., Alexandrou, M.A., Graça,
M.A.S., Cardinale, B.J., Albariño, R.J., Arunachalam, M., Barmuta, L.A., Boulton,
A.J., Bruder, A., Callisto, M., Chauvet, E., Death, R.G., Dudgeon, D., Encalada, A.C.,
Ferreira, V., Figueroa, R., Flecker, A.S., Gonçalves, J.F., Helson, J., Iwata, T., Jinggut,

G.M.d. Santos, et al. Ecological Indicators 106 (2019) 105495

6

https://doi.org/10.1016/j.ecolind.2019.105495
https://doi.org/10.1016/j.ecolind.2019.105495
https://doi.org/10.1071/MF18309
https://doi.org/10.1007/s11356-015-4170-y
https://doi.org/10.1007/s11356-015-4170-y
https://doi.org/10.4081/jlimnol.2017.1684
https://doi.org/10.1111/j.1461-0248.2006.00926.x
https://doi.org/10.1111/j.1461-0248.2006.00926.x
https://doi.org/10.1086/678771
https://doi.org/10.1080/03680770.1992.11900056
https://doi.org/10.1080/03680770.1992.11900056
https://doi.org/10.1899/08-075.1
https://doi.org/10.2307/1468447
https://doi.org/10.2307/1468447
https://doi.org/10.1590/1678-4766e2019004
https://doi.org/10.1111/j.1461-0248.2010.01578.x
https://doi.org/10.1111/j.1461-0248.2010.01578.x


T., Mathooko, J., Mathuriau, C., M'Erimba, C., Moretti, M.S., Pringle, C.M., Ramírez,
A., Ratnarajah, L., Rincon, J., Yule, C.M., 2016. Biotic and abiotic variables influ-
encing plant litter breakdown in streams: a global study. Proc. R. Soc. B Biol. Sci. 283
(1829), 20152664. https://doi.org/10.1098/rspb.2015.2664.

Bueno, M.L., Dexter, K.G., Pennington, R.T., Pontara, V., Neves, D.M., Ratter, J.A.,
Oliveira-Filho, A.T., 2018. The environmental triangle of the Cerrado domain: eco-
logical factors driving shifts in tree species composition between forests and sa-
vannas. J. Ecol. 106 (5), 2109–2120. https://doi.org/10.1111/1365-2745.12969.

Carmouze, J.P., 1994. O Metabolismo dos Ecossistemas Aquáticos: Fundamentos
Teóricos, Métodos de Estudo e Análises Químicas. Edgard Blucher/FAPESP, São
Paulo.

Casotti, C.G., Kiffer, W.P., Costa, L.C., Rangel, J.V., Casagrande, L.C., Moretti, M.S., 2015.
Assessing the importance of riparian zones conservation for leaf decomposition in
streams. Nat. Conservação. 13 (2), 178–182. https://doi.org/10.1016/j.ncon.2015.
11.011.

Datry, T., Larned, S.T., Tockner, K., 2014. Intermittent rivers: a challenge for freshwater
ecology. BioScience 64 (3), 229–235. https://doi.org/10.1093/biosci/bit027.

Dolbeth, M., Cusson, M., Sousa, R., Pardal, M.A., Prairie, Y.T., 2012. Secondary pro-
duction as a tool for better understanding of aquatic ecosystems. Can. J. Fish. Aquat.
Sci. 69 (7), 1230–1253. https://doi.org/10.1139/f2012-050.

Edgar, G.J., 1990. The use of the size structure of benthic macrofaunal communities to
estimate faunal biomass and secondary production. J. Exp. Mar. Bio. Ecol. 137 (3),
195–214. https://doi.org/10.1016/0022-0981(90)90185-F.

Ferreira, W.R., Ligeiro, R., Macedo, D.R., Hughes, R.M., 2014. Importance of environ-
mental factors for the richness and distribution of benthic macroinvertebrates in
tropical headwater streams. Freshw. Sci. 33 (3), 860–871. https://doi.org/10.1086/
676951.

Gomes, P.P., Ferreira, V., Tonin, A.M., Medeiros, A.O., Júnior, J.F.G., 2018. Combined
effects of dissolved nutrients and oxygen on plant litter decomposition and associated
fungal communities. Microb. Ecol. 75 (4), 854–862. https://doi.org/10.1007/
s00248-017-1099-3.

Gonçalves, J.F., Graça, M.A.S., Callisto, M., 2006. Leaf-litter breakdown in 3 streams in
temperate, Mediterranean, and tropical Cerrado climates. J. North Am. Benthol. Soc.
25 (2), 344–355. https://doi.org/10.1899/0887-3593(2006) 25[344:LBISIT]2.0.
CO;2.

Gonçalves, J.F., Graça, M.A.S., Callisto, M., 2007. Litter decomposition in a Cerrado sa-
vannah stream is retarded by leaf toughness, low dissolved nutrients and a low
density of shredders. Freshw. Biol. 52 (8), 1440–1451. https://doi.org/10.1111/j.
1365-2427.2007.01769.x.

Gonçalves, J.F., Rezende, R.S., Martins, N.M., Gregório, R.S., 2012. Leaf breakdown in an
Atlantic Rain Forest stream. Austral Ecol. 37 (7), 807–815. https://doi.org/10.1111/
j.1442-9993.2011.02341.x.

Gonçalves, J.F., Souza Rezende, R., Gregório, R.S., Valentin, G.C., 2014. Relationship
between dynamics of litterfall and riparian plant species in a tropical stream.
Limnologica 44, 40–48. https://doi.org/10.1016/j.limno.2013.05.010.

Graça, M.A.S., 2001. The role of invertebrates on leaf litter decomposition in streams – a
review. Int. Rev. Hydrobiologia 86 (4), 383–393. https://doi.org/10.1002/1522-
2632(200107)86:4/5<383::AID-IROH383>3.0.CO;2-D.

Graça, M.A.S., Ferreira, W.R., Firmiano, K., França, J., Callisto, M., 2015.
Macroinvertebrate identity, not diversity, differed across patches differing in sub-
strate particle size and leaf litter packs in low order, tropical Atlantic forest streams.
Limnetica 34 (1), 29–40.

Hamada, N., Nessimian, J.L., Querino, R.B., 2014. Insetos Aquáticos na Amazônia
Brasileira: Taxonomia, Biologia e Ecologia. Editora do INPA, Manaus.

Hughes, R.M., Larsen, D.P., Omernik, J.M., 1986. Regional reference sites: a method for
assessing stream potentials. Environ. Manag. 10 (5), 629–635.

Huryn, A.D., Wallace, J.B., 2000. Life history and production of stream insects. Annu.
Rev. Entomol. 45 (1), 83–110. https://doi.org/10.1146/annurev.ento.45.1.83.

Johnston, T.A., Cunjak, R.A., 1999. Dry mass-length relationships for benthic insects: a
review with new data from Catamaran Brook, New Brunswick, Canada. Freshw. Biol.
41 (4), 653–674. https://doi.org/10.1046/j.1365-2427.1999.00400.x.

Joly, C.A., Metzger, J.P., Tabarelli, M., 2014. Experiences from the Brazilian Atlantic
Forest: ecological findings and conservation initiatives. New Phytol. 204 (3),
459–473. https://doi.org/10.1111/nph.12989.

Jørgensen, S.E., 2006. An integrated ecosystem theory. Ann. Eur. Acad. Sci. 19–33.
Jørgensen, S.E., Ladegaard, N., Debeljak, M., Marques, J.C., 2005. Calculations of exergy

for organisms. Ecol. Model. 185 (2), 165–175. https://doi.org/10.1016/j.ecolmodel.
2004.11.020.

Jørgensen, S.E., Ludovisi, A., Nielsen, S.N., 2010. The free energy and information em-
bodied in the amino acid chains of organisms. Ecol. Model. 221 (19), 2388–2392.
https://doi.org/10.1016/j.ecolmodel.2010.06.003.

Jørgensen, S.E., Mejer, H., 1977. Ecological buffer capacity. Ecol. Modelling 3 (1), 39–61.
https://doi.org/10.1016/0304-3800(77)90023-0.

Kaur, A., Gregori, D., Patil, G.P., Taillie, C., 1996. Ecological applications of generalized
linear models and quasi-likelihood methods. Stat. Appl. 8 (1), 59–82.

Kaylor, M.J., Warren, D.R., 2017. Linking riparian shade and the legacies of forest
management to fish and vertebrate biomass in forested streams. Ecosphere. 8 (6),
e01845. https://doi.org/10.1002/ecs2.1845.

Kiffer, W.P., Mendes, F., Casotti, C.G., Costa, L.C., Moretti, M.S., 2018. Exotic Eucalyptus
leaves are preferred over tougher native species but affect the growth and survival of
shredders in an Atlantic Forest stream (Brazil). Plos One 13 (1), 1–17. https://doi.
org/10.1371/journal.pone.0190743.

Lazorchak, J.M., Klemm, D.J., Peck, D.V., 1998. Environmental Monitoring and
Assessment Program Surface Waters: Field operations and methods for measuring the
ecological condition of wadeable streams. Washington, DC.

Ligeiro, R., Moretti, M.S., Gonçalves, J.F., Callisto, M., 2010. What is more important for

invertebrate colonization in a stream with low-quality litter inputs: exposure time or
leaf species? Hydrobiologia. 654 (1), 125–136. https://doi.org/10.1007/s10750-010-
0375-8.

Linares, M.S., Callisto, M., Marques, J.C., 2018a. Compliance of secondary production
and eco-exergy as indicators of benthic macroinvertebrates assemblages’ response to
canopy cover conditions in Neotropical headwater streams. Sci. Total Environ. 613,
1543–1550. https://doi.org/10.1016/j.scitotenv.2017.08.282.

Linares, M.S., Callisto, M., Marques, J.C., 2018b. Thermodynamic based indicators il-
lustrate how a run-of-river impoundment in neotropical savanna attracts invasive
species and alters the benthic macroinvertebrate assemblages’ complexity. Ecol.
Indic. 88, 181–189. https://doi.org/10.1016/j.ecolind.2018.01.040.

Lu, H., Fu, F., Li, H., Campbell, D.E., Ren, H., 2015. Eco-exergy and emergy based self-
organization of three forest plantations in lower subtropical China. Sci. Rep-UK 5,
15047. https://doi.org/10.1038/srep15047.

Macedo, D.R., Pompeu, P.S., Morais, L., Castro, M.A., Alves, C.B.M., França, J.S., Sanches,
B., Uchôa, J., Callisto, M., 2014. Sampling site selection, land use and cover, field
reconnaissance and sampling. In: Callisto, M., Alves, C.B.M., Lopes, J.M., Castro, M.A.
(Eds.), Ecological conditions in hydropower basins. Companhia Energética de Minas
Gerais, Belo Horizonte – MG, pp. 61–83.

Martins, I., Ligeiro, R., Hughes, R.M., Macedo, D.R., Callisto, M., 2018. Regionalization is
key to establish reference conditions for neotropical savanna streams. Mar. Freshw.
Res. 69 (1), 82–94. https://doi.org/10.1071/MF16381.

Mendes, F., Kiffer, W.P., Moretti, M.S., 2017. Structural and functional composition of
invertebrate communities associated with leaf patches in forest streams: a compar-
ison between mesohabitats and catchments. Hydrobiologia 800 (1), 115–127.
https://doi.org/10.1007/s10750-017-3249-5.

Merritt, R.W., Cummins, K.W., 1996. An Introduction to the Aquatic Insects of North
America, third ed. Kendall/Hunt Publishing, Dubuque, Iowa.

Meyer, J.L., Strayer, D.L., Wallace, J.B., Eggert, S.L., Helfman, G.S., Leonard, N.E., 2007.
The contribution of headwater streams to biodiversity in river networks. J. Am.
Water Resour. As. 43 (1), 86–103. https://doi.org/10.1111/j.1752-1688.2007.
00008.x.

Miserendino, M.L., 2001. Length-mass relationships for macroinvertebrates in freshwater
environments of Patagonia (Argentina). Austral Ecol. 11 (1), 3–8.

Molozzi, J., Salas, F., Callisto, M., Marques, J.C., 2013. Thermodynamic oriented ecolo-
gical indicators: application of eco-exergy and specific eco-exergy in capturing en-
vironmental changes between disturbed and non-disturbed tropical reservoirs. Ecol.
Indic. 24, 543–551. https://doi.org/10.1016/j.ecolind.2012.08.002.

Moretti, M., Gonçalves, J.F., Callisto, M., 2007a. Leaf breakdown in two tropical streams:
differences between single and mixed species packs. Limnologica 37 (3), 250–258.
https://doi.org/10.1016/j.limno.2007.01.003.

Moretti, M.S., Gonçalves, J.F., Ligeiro, R., Callisto, M., 2007b. Invertebrates colonization
on native tree leaves in a neotropical stream (Brazil). Int. Rev. Hydrobiol. 92 (2),
199–210. https://doi.org/10.1002/iroh.200510957.

Morin, A., 1997. Empirical models predicting population abundance and productivity in
lotic systems. J. North Am. Benthol. Soc. 16 (2), 319–337. https://doi.org/10.2307/
1468021.

Morin, A., Dumont, P., 1994. A simple model to estimate growth rate of lotic insect larvae
and its value for estimating population and community production. J. North Am.
Benthol. Soc. 13 (3), 357–367. https://doi.org/10.2307/1467365.

Mugnai, R., Nessimian, J.L., Baptista, D.F., 2010. Manual de Identificação de
Macroinvertebrados Aquáticos do Estado do Rio de Janeiro. Technical Books Editora,
Rio de Janeiro.

Myers, N., Mittermier, A.R., Mittermier, C.G., Fonseca, G.A.B., Kent, J., 2000. Biodiversity
hotspots for conservation priorities. Nature 403 (6772), 853–858. https://doi.org/10.
1038/35002501.

Naiman, R.J., Decamps, H., 1997. The ecology of interfaces: riparian zones. Annu. Rev.
Ecol. Syst. 28 (1), 621–658. https://doi.org/10.1146/annurev.ecolsys.28.1.621.

Neres-Lima, V., Machado-Silva, F., Baptista, D.F., Oliveira, R.B., Andrade, P.M., Oliveira,
A.F., Sasada-Sato, C.Y., Silva-Junior, E.F., Feijó-Lima, R.F., Angelini, R., Camargo,
P.B., Moulton, T.P., 2017. Allochthonous and autochthonous carbon flows in food
webs of tropical forest streams. Freshw. Biol. 62 (6), 1012–1023. https://doi.org/10.
1111/fwb.12921.

Oksanen, J., 2018. Vegan: ecological diversity. https://cran.r-project.org/web/packages/
vegan/vignettes/diversity-vegan.pdf. (accessed 18 July 2018).

Plante, C., Downing, J.A., 1989. Production of freshwater invertebrate populations in
lakes. Can. J. Fish. Aquat. Sci. 46 (9), 1489–1498. https://doi.org/10.1139/f89-191.

R Core Team, 2017. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.
(accessed 18 July 2018).

Rezende, R.S., Leite, G.F.M., Ramos, K., Torres, I., Tonin, A.M., Gonçalves Júnior, J.F.,
2018. Effects of litter size and quality on processing by decomposers in a tropical
savannah stream. Biotropica 50 (4), 578–585. https://doi.org/10.1111/btp.12547.

Rezende, R.S., Sales, M.A., Hurbath, F., Roque, N., Gonçalves, J.F., Medeiros, A.O., 2017.
Effect of plant richness on the dynamics of coarse particulate organic matter in a
Brazilian savannah stream. Limnologica 63, 57–64. https://doi.org/10.1016/j.limno.
2017.02.002.

Ribeiro, M.C., Metzger, J.P., Martensen, A.C., Ponzoni, F.J., Hirota, M.M., 2009. The
Brazilian Atlantic Forest: how much is left, and how is the remaining forest dis-
tributed? Implications for conservation. Biol. Conserv. 142 (6), 1141–1153. https://
doi.org/10.1016/j.biocon.2009.02.021.

Sánchez-Bayo, F., Wyckhuys, K.A., 2019. Worldwide decline of the entomofauna: a re-
view of its drivers. Biol. Conserv. 232, 8–27. https://doi.org/10.1016/j.biocon.2019.
01.020.

Silow, E.A., Mokry, A.V., 2010. Exergy as a tool for ecosystem health assessment. Entropy
12 (4), 902–925. https://doi.org/10.3390/e12040902.

G.M.d. Santos, et al. Ecological Indicators 106 (2019) 105495

7

https://doi.org/10.1098/rspb.2015.2664
https://doi.org/10.1111/1365-2745.12969
https://doi.org/10.1016/j.ncon.2015.11.011
https://doi.org/10.1016/j.ncon.2015.11.011
https://doi.org/10.1093/biosci/bit027
https://doi.org/10.1139/f2012-050
https://doi.org/10.1016/0022-0981(90)90185-F
https://doi.org/10.1086/676951
https://doi.org/10.1086/676951
https://doi.org/10.1007/s00248-017-1099-3
https://doi.org/10.1007/s00248-017-1099-3
https://doi.org/10.1899/0887-3593(2006) 25[344:LBISIT]2.0.CO;2
https://doi.org/10.1899/0887-3593(2006) 25[344:LBISIT]2.0.CO;2
https://doi.org/10.1111/j.1365-2427.2007.01769.x
https://doi.org/10.1111/j.1365-2427.2007.01769.x
https://doi.org/10.1111/j.1442-9993.2011.02341.x
https://doi.org/10.1111/j.1442-9993.2011.02341.x
https://doi.org/10.1016/j.limno.2013.05.010
https://doi.org/10.1002/1522-2632(200107)86:4/5<383::AID-IROH383>3.0.CO;2-D
https://doi.org/10.1002/1522-2632(200107)86:4/5<383::AID-IROH383>3.0.CO;2-D
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0125
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0125
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0125
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0125
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0135
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0135
https://doi.org/10.1146/annurev.ento.45.1.83
https://doi.org/10.1046/j.1365-2427.1999.00400.x
https://doi.org/10.1111/nph.12989
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0155
https://doi.org/10.1016/j.ecolmodel.2004.11.020
https://doi.org/10.1016/j.ecolmodel.2004.11.020
https://doi.org/10.1016/j.ecolmodel.2010.06.003
https://doi.org/10.1016/0304-3800(77)90023-0
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0175
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0175
https://doi.org/10.1002/ecs2.1845
https://doi.org/10.1371/journal.pone.0190743
https://doi.org/10.1371/journal.pone.0190743
https://doi.org/10.1007/s10750-010-0375-8
https://doi.org/10.1007/s10750-010-0375-8
https://doi.org/10.1016/j.scitotenv.2017.08.282
https://doi.org/10.1016/j.ecolind.2018.01.040
https://doi.org/10.1038/srep15047
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0215
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0215
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0215
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0215
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0215
https://doi.org/10.1071/MF16381
https://doi.org/10.1007/s10750-017-3249-5
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0230
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0230
https://doi.org/10.1111/j.1752-1688.2007.00008.x
https://doi.org/10.1111/j.1752-1688.2007.00008.x
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0240
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0240
https://doi.org/10.1016/j.ecolind.2012.08.002
https://doi.org/10.1016/j.limno.2007.01.003
https://doi.org/10.1002/iroh.200510957
https://doi.org/10.2307/1468021
https://doi.org/10.2307/1468021
https://doi.org/10.2307/1467365
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0270
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0270
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0270
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
https://doi.org/10.1146/annurev.ecolsys.28.1.621
https://doi.org/10.1111/fwb.12921
https://doi.org/10.1111/fwb.12921
https://cran.r-project.org/web/packages/vegan/vignettes/diversity-vegan.pdf
https://cran.r-project.org/web/packages/vegan/vignettes/diversity-vegan.pdf
https://doi.org/10.1139/f89-191
https://www.R-project.org/
https://doi.org/10.1111/btp.12547
https://doi.org/10.1016/j.limno.2017.02.002
https://doi.org/10.1016/j.limno.2017.02.002
https://doi.org/10.1016/j.biocon.2009.02.021
https://doi.org/10.1016/j.biocon.2009.02.021
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.3390/e12040902


Silva, D.R., Ligeiro, R., Hughes, R.M., Callisto, M., 2014. Visually determined stream
mesohabitats influence benthic macroinvertebrate assessments in headwater streams.
Environ. Monit. Assess. 186 (9), 5479–5488. https://doi.org/10.1007/s10661-014-
3797-3.

Smock, L.A., 1980. Relationships between body size and biomass of aquatic insects.
Freshw. Biol. 10 (4), 375–383.

Stoddard, J.L., Herlihy, A.T., Peck, D.V., Hughes, R.M., Whittier, T.R., Tarquinio, E.,
2008. A process for creating multimetric indices for large-scale aquatic surveys. J. N.
Am. Benthol. Soc. 27 (4), 878–891. https://doi.org/10.1899/08-053.1.

Stoffels, R.J., Karbe, S., Paterson, R.A., 2003. Length-mass models for some common New
Zealand littoral-benthic macroinvertebrates, with a note on within-taxon variability
in parameter values among published models. New Zeal. J. Mar. Fresh. 37 (2),
449–460. https://doi.org/10.1080/00288330.2003.9517179.

Strahler, A.N., 1957. Quantitative analysis of watershed geomorphology. Trans. Am.
Geophysical Union 38 (6), 913–920.

Strassburg, B.B.N., Brooks, T., Feltran-Barbieri, R., Iribarrem, A., Crouzeilles, R., Loyola,
R., Latawiec, A.E., Oliveira Filho, F.J.B., De Scaramuzza, C.A.M., Scarano, F.R.,
Soares-Filho, B., Balmford, A., 2017. Moment of truth for the Cerrado hotspot. Nature
Ecol. Evol. 1 (4), 0999. https://doi.org/10.1038/s41559-017-0099.

Tomanova, S., Goitia, E., Helešic, J., 2006. Trophic levels and functional feeding groups

of macroinvertebrates in neotropical streams. Hydrobiologia 556 (1), 251–264.
https://doi.org/10.1007/s10750-005-1255-5.

Tomanova, S., Usseglio-Polatera, P., 2007. Patterns of benthic community traits in neo-
tropical streams: relationship to mesoscale spatial variability. Fundam. Appl. Limnol.
170 (3), 243–255. https://doi.org/10.1127/1863-9135/2007/0170-0243.

Tonkin, J.D., Merritt, D.M., Olden, J.D., Reynolds, L.V., Lytle, D.A., 2018. Flow regime
alteration degrades ecological networks in riparian ecosystems. Nature Ecol. Evol. 2
(1), 86–93. https://doi.org/10.1038/s41559-017-0379-0.

Tromboni, F., Thomas, S.A., Gücker, B., Neres-lima, V., 2018. Nutrient limitation and the
stoichiometry of nutrient uptake in a tropical rain forest stream. J. Geophys. Res-
Biogeo. 123 (7), 2154–2167. https://doi.org/10.1029/2018JG004538.

Vannote, R.L., Minshall, W.G., Cummins, K.W., Sedell, J.R., Cushing, C.E., 1980. The river
continuum concept. Can. J. Fish. Aquat. Sci. 37 (1), 130–137. https://doi.org/10.
1139/f80-017.

Winkler, L.W., 1888. Die Bestimmung des im Wasser gelösten Sauerstoffes. Ber. Dtsch.
Chem. Ges. 21 (2), 2843–2854. https://doi.org/10.1002/cber.188802102122.

Zhang, J., Gurkan, Z., Jørgensen, S.E., 2010. Application of eco-exergy for assessment of
ecosystem health and development of structurally dynamic models. Ecol. Model. 221
(4), 693–702. https://doi.org/10.1016/j.ecolmodel.2009.10.017.

G.M.d. Santos, et al. Ecological Indicators 106 (2019) 105495

8

https://doi.org/10.1007/s10661-014-3797-3
https://doi.org/10.1007/s10661-014-3797-3
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0335
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0335
https://doi.org/10.1899/08-053.1
https://doi.org/10.1080/00288330.2003.9517179
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0350
http://refhub.elsevier.com/S1470-160X(19)30480-7/h0350
https://doi.org/10.1038/s41559-017-0099
https://doi.org/10.1007/s10750-005-1255-5
https://doi.org/10.1127/1863-9135/2007/0170-0243
https://doi.org/10.1038/s41559-017-0379-0
https://doi.org/10.1029/2018JG004538
https://doi.org/10.1139/f80-017
https://doi.org/10.1139/f80-017
https://doi.org/10.1002/cber.188802102122
https://doi.org/10.1016/j.ecolmodel.2009.10.017

	Two tropical biodiversity hotspots, two different pathways for energy
	Introduction
	Material and methods
	Study area
	Benthic macroinvertebrate sampling
	Biomass estimation
	Estimation of instant secondary production
	Calculation of exergy indicators
	Data analysis

	Results
	Benthic macroinvertebrate assemblages
	Shredders

	Discussion
	Conclusions
	Acknowledgements
	Supplementary data
	References




