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ARTICLE INFO ABSTRACT

Keywords: Water level regulation is one of the most common anthropogenic disturbances of lentic ecosystems, which is
Benthic macroinvertebrates especially evident in shallow lakes. The objective of this study was to assess the ecological effects of water level
Diversity regulation in a shallow lake using thermodynamic indicators to support decision makers in a dam decom-
Eco-exergy

missioning process. For that we tested three hypotheses: 1) the regulated lake supports lower taxonomic di-
versity than the naturally fluctuating lake; 2) the structure of the benthic macroinvertebrate assemblage is
different in the regulated lake than in the naturally fluctuating lake; 3) the regulated lake supports less complex
benthic macroinvertebrate assemblages than the naturally fluctuating lake. Our results show that the first hy-
pothesis, tested using taxa richness, Shannon-Wiener and Simpson diversity indices, was not validated. The
second hypothesis was tested using taxonomic composition and was validated, with the two types of lakes
exhibiting dissimilar macroinvertebrate assemblages. The third hypothesis, tested using two thermodynamic
based indicators, eco-exergy and specific eco-exergy, was partially supported, which was illustrated, overall, by
higher eco-exergy (degree of complexity) of the benthic assemblages in the naturally fluctuating lake, although
the specific eco-exergies (capacities to use external energy resources) were similar. As a whole, our results
endorse the importance of natural water level fluctuations as a driving force in shallow lake ecosystems and
reinforced the idea that dam decommissioning is a good option for restoring natural conditions in this type of
ecosystem.

Tropical shallow lakes
Water level fluctuation

1. Introduction especially evident in shallow lakes, in which even small variations in

the water level can cause significant shifts in nutrient loads, water

Water level fluctuation is an essential factor in structuring lentic eco-
systems (Wantzen et al., 2008). This process can enhance the production
of a lake, carrying nutrients from rivers or surrounding terrestrial eco-
systems, leading to accumulation and resuspension of nutrient-rich organic
matter (Gownaris et al., 2018). This is especially true for floodplain lakes,
the smaller ones of which are often called lagoons or alcoves. Lake water
level fluctuation patterns depend on many natural factors, such as fre-
quency and intensity of precipitation, floodplain topography, and eva-
poration rates (Kutyta, 2015), as well as human uses.

Water level regulation, typically involving the construction of dams,
is one of the most common anthropogenic disturbances of lentic and
lotic ecosystems (e.g., Bednarek, 2001; Poff et al., 1997; Stanford and
Ward, 2001). Extreme drawdowns of reservoirs and lakes, including
those from climate change, may be indicators of anthropogenic dis-
turbance (USEPA, 2016). The impacts of water level regulation are
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quality and physical habitat condition (Terborgh et al., 2018). Such
changes often result in altered species composition, community struc-
ture, and energy flow, which are highly complex and difficult to predict
(Cott et al., 2008). Most studies focusing on the effects of changes in
patterns of water level fluctuation focus on aquatic macrophytes (e.g.,
Agostinho et al., 2004; Brundu, 2015; dos Santos and Thomaz, 2007;
Fleming and Dibble, 2015) and plankton assemblages (e.g., Agostinho
et al., 2009; da Motta Marques et al., 2019; Fantin-Cruz et al., 2011),
while the effects on other taxa, such as benthic macroinvertebrates,
have been relatively unexplored, particularly in tropical lakes (but see
Ruocco et al., 2018; Klein et al., 2018).

Benthic macroinvertebrates are among the most ubiquitous and
diverse taxa in freshwater ecosystems and are widely used as bioindi-
cators because of their ability to rapidly respond to changes in their
environments (Cummins et al., 2005; Macedo et al., 2016; Merritt et al.,

E-mail addresses: mslinares@ufmg.br (M.S. Linares), callistom@ufmg.br (M. Callisto), jemimar@ci.uc.pt (J.C. Marques).

https://doi.org/10.1016/j.ecolind.2019.105832

Received 19 June 2019; Received in revised form 9 October 2019; Accepted 13 October 2019

1470-160X/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2019.105832
https://doi.org/10.1016/j.ecolind.2019.105832
mailto:mslinares@ufmg.br
mailto:callistom@ufmg.br
mailto:jcmimar@ci.uc.pt
https://doi.org/10.1016/j.ecolind.2019.105832
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2019.105832&domain=pdf

M.S. Linares, et al.

2008; Morais et al., 2016). Assessments of structural characteristics of
benthic macroinvertebrate assemblages can provide insights into eco-
system functioning (Azevédo et al., 2015; Linares et al., 2018a).

Both eco-exergy and specific eco-exergy have been used as ecolo-
gical indicators in recent decades (Marques et al., 2003; Verissimo
et al.,, 2016; Xu et al., 1999). Eco-exergy has been widely and suc-
cessfully used in assessments of estuaries (Marques et al., 1997;
Verissimo et al., 2016), rivers (Linares et al., 2018a), streams (Linares
et al., 2018b; Nguyen et al., 2014), lakes (Marchi et al., 2012; Zhang
et al., 2003) and reservoirs (Linares et al., 2017; Molozzi et al., 2013).

Eco-exergy is an estimation of both the assemblage biomass in an
ecosystem and the genetic information embedded in that biomass
(Jorgensen and Marques, 2001). Thus, it constitutes a proxy of eco-
system complexity and stability (Li et al., 2016; Linares et al., 2017; Xu
et al., 1999). On the other hand, specific eco-exergy is defined as the
total eco-exergy divided by the total assemblage biomass, which is an
estimate of the potential of an assemblage to use the energy and ma-
terials available to it, independently of its biomass (Jgrgensen, 2007;
Jorgensen et al., 1995; Susani et al., 2006). Eco-exergy and specific eco-
exergy have been used as complementary ecological indicators to assess
ecosystem state and complexity, expressing shifts in species composi-
tion and trophic structure (Linares et al., 2018a; Marques et al., 2003;
Molozzi et al., 2013). Assemblages with high values of both indicators
are presumed to have greater biological diversity, functional re-
dundancy, stability and resilience, which are characteristics of more
complex ecosystems (Salas et al., 2005). Thus, a disturbed ecosystem is
expected to exhibit lower eco-exergy and specific eco-exergy when
compared to an undisturbed ecosystem (Jgrgensen, 2007).

This study is part of a large joint scientific assessment of the ecological
effects of a run-of-river dam in the Pandeiros River Basin, in Brazil. That
assessment aims to develop ecological assessment methodologies to sup-
port decision making regarding a possible decommissioning of the
Pandeiros Dam, which if realized will be the first in South America.
Previous results (e.g. Linares et al., 2018a, 2019) are being discussed with
members of the local community, state agencies, public prosecutor’s office,
river basin committee and Brazil’s national hydropower regulation agency
(ANEEL). These environmental stakeholders are defining the best sus-
tainable options for decommissioning the Pandeiros Dam. This study will
help close the gap of this management decision about rehabilitation of
river natural flow using benthic thermodynamic indicators.

In this context, our objective was to provide additional ecological in-
formation to decision makers by assessing the ecological condition of a
regulated lake using thermodynamic oriented indicators applied to the
benthic assemblages. We compared the structure and composition of the
benthic macroinvertebrate assemblages from a regulated lake and a
naturally fluctuating one, downstream of the run-of-river hydropower
reservoir. Three hypotheses were tested. 1) The regulated lake supports
lower assemblage diversity than the naturally fluctuating lake, thus pre-
dicting that the regulated lake would display lower taxa richness and
lower Shannon-Wiener and Simpson index scores than the naturally
fluctuating lake. 2) The structure of benthic macroinvertebrate assem-
blages is different in the regulated lake than in the naturally fluctuating
lake, thus predicting that benthic macroinvertebrate assemblages in the
two lakes would differ in taxonomic composition and functional feeding
group abundances. 3) The regulated lake supports less complex benthic
macroinvertebrate assemblages than the naturally fluctuating lake, thus
predicting that the eco-exergy and specific eco-exergy of the benthic
macroinvertebrate assemblage would be lower in the regulated lake than
in the naturally fluctuating lake.

2. Material and methods
2.1. Study area

This study was conducted in marginal lakes of the Pandeiros River
Basin, Minas Gerais state, Brazil. The Pandeiros River is an important
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left bank tributary of the Sao Francisco River, with an approximate
length of 145km. An Area of Environmental Protection (AEP) with
almost 4000 km?, the largest unit for sustainable use in Minas Gerais
state, covers the entire Pandeiros River Basin in the municipalities of
Januaria, Bonito de Minas, and Cénego Marinho (Lopes et al., 2010).
The Pandeiros River Basin floodplains are among the top priority areas
for conservation in the neotropical savanna, considered by Minas Gerais
state law to be of “Special Biological Importance” because of their
unique nature regarding its state and high biodiversity (Drummond
et al., 2005). The AEP-Pandeiros was created to protect the Pandeiros
wetlands and the biological diversity in the surrounding area, which are
considered the nursery of most migratory fish species of the Sdo Fran-
cisco River Basin (Santos et al., 2015). The Pandeiros hydropower dam
was installed in 1957, and its reservoir covers 280 ha, with a free-crest
dam height of 10.3 m (Fonseca et al., 2008). The powerhouse was de-
activated in 2007 and since then, all economic activities of the dam and
reservoir have ceased.

Multidisciplinary teams have been studying the Pandeiros River
Basin, with a special focus on the prospect of a future dam decom-
missioning project (Linares et al., 2018a, 2019). A strategic site for the
decommissioning process is a single marginal shallow lake (P1; Fig. 1)
linked to the reservoir by a series of channels. This lake has an area of
14.93 ha and a maximum depth of 2 m. Because of the presence of the
reservoir, its water level fluctuation is regulated, varying less than
30cm between dry and wet seasons and constituting a unique en-
vironment in the Pandeiros River Basin. Recovery of its natural fluc-
tuation regime and its proximity to human populations make this lake a
strategic target for ecological assessment prior to dam decom-
missioning.

To assess the effects of water level regulation on benthic macro-
invertebrate assemblages we compared the unique regulated lake with
another marginal lake in the Pandeiros River floodplain (P2; Fig. 1),
located 35 km downriver and not influenced by the dam (Linares et al.,
2018a,b; Linares et al., 2019). This other lake has natural water level
fluctuations typical of non-regulated shallow lakes in the region, with a
variation of more than 1 m between dry and wet seasons (Drummond
et al., 2005). This lake has an area of 13.25 ha and a maximum depth of
2m. Due to the constrains of the Pandeiros dam project, our team was
only able to sample one naturally fluctuating lake, which therefore
limits our capacity for generalization based on these results.

In order to characterize the habitat of the sampled lakes, physical
and chemical variables of the water column were measured (Table 1).
At each lake water temperature, turbidity, pH, conductivity and total
dissolved solids (TDS) were measured in situ by a portable multiprobe
model YSI 6600. Water samples were taken to measure in laboratory
the water contents of phosphate, total nitrogen, nitrate and nitrites.

2.2. Benthic macroinvertebrate sampling and processing

We sampled the macroinvertebrate assemblages in both lakes six
times, covering both the dry (September 2015, April 2016, June 2016)
and the rainy (December 2015, January 2016, February 2016) seasons.
Each time, at each lake, we sampled a single 15 m transect, randomly
selected along the margin, with the point of entrance randomly selected
through satellite images. The transects were oriented from the margin
to the center of the lakes, and we sampled the same transects each visit.
Four kick net sub-samples, 5m apart from each other, were collected
along the transect through use of a D-net (30 cm opening, 500 um mesh)
in an area of 0.09 m2 The sub-samples were combined into a single
sample in the data analysis, representing a total area of 0.36 m? per site
visit. Organisms collected from each sub-sample were stored in plastic
bags, fixed in 10% formalin, and later washed in the laboratory,
through a sieve with 500 pm mesh size.

We sorted and identified all macroinvertebrates specimens under a
stereomicroscope using appropriate taxonomic keys (Hamada et al.,
2014; Merritt and Cummins, 1996; Mugnai et al., 2010). Non-native



M.S. Linares, et al.

Study Area

S&o Francisco ™
River Basin *

Brazil
0
0
s
s
S
0
/ 03

Minas Gerais 0

’0
State \‘ e,

\
0!

ALY

Pandeiros
Séo Francisco River Basin

River Basin

Pandeiros River
Basin

Belo Horizonte

(Capital State) ‘

N
aTatd
baned

.
Pandeiros River Basin "'--..., IPCTLLL L LT,

Ecological Indicators 109 (2020) 105832

o
0

® Sample Sites 0 15 3
~~~~ Drainage

Fig. 1. Locations of the Pandeiros River Basin, Pandeiros PCH and the sampling sites, the regulated lake (P1) and the non-regulated lake (P2).

Table 1
Physio-chemical variables of the studied lakes.
Variable P1 P2
Mean  Standard Deviation = Mean  Standard Deviation
Water Temperature  25.83 4.06 25.29 2.45
pH 7.32 0.36 6.85 0.32
Conductivity 71.15 6.03 94.05 14.93
Total Dissolved
Solids 35.47 22.14 34.55 4.97
Turbidity 2.34 1.35 15.05 21.99
Dissolved Oxygen 5.65 1.37 5.70 2.25
Alcalinity 588.68 164.36 615.62 50.82
Total Nitrogen 0.07 0.02 0.07 0.02
Total Phosphorus 9.12 5.13 12.99 5.58
Orthophosphate 4.97 2.30 6.04 3.08
Nitrates 0.01 0.01 0.01 0.01
Nitrites 0.06 0.02 0.07 0.04

invasive Melanoides tuberculata (Thiaridae, Gastropoda) individuals
were identified to species level. The other taxa were identified to family
(Insecta), class (Bivalvia) or subclass (Annelida), a taxonomic resolu-
tion that saves labour time without compromising the performance of
the indices used (Silva et al., 2017; Whittier and Van Sickle, 2010).
Additionally, the macroinvertebrate taxa were classified into functional
feeding groups (gathering-collectors, filtering-collectors, shredders,
scrapers, or predators) following specialized literature (Cummins et al.,
2005; Ramirez and Guitiérrez, 2014; Tomanova et al., 2006). Speci-
mens were fixed in 70% alcohol and deposited in the Reference Col-
lection of Benthic Macroinvertebrates, Instituto de Ciéncias Bioldgicas,

Universidade Federal de Minas Gerais, Brazil.
2.3. Biomass estimation

Dry-mass biomass (g/m?) was estimated for each sampling site visit
through use of length-weight equations (Benke et al., 1999; Johnston
and Cunjak, 1999; Miserendino, 2001; Smock, 1980; Stoffels et al.,
2003). Each specimen of each taxon, up to 100, was photographed in a
stereomicroscope (model Leica M80) equipped with a digital camera
(model Leica IC 80 HD). Each photographed specimen’s length was
measured using Motic Image Plus 2.0 software.

2.4. Eco-exergy calculation

Eco-exergy was calculated using the following equation (Jorgensen
et al., 2010):
i=0

EX = ) pici
i

where i is a weighting factor based on the genetic information con-
tained in the macroinvertebrate taxa (i). It was defined by Jgrgensen
et al. (2005) based on the number of codifying genes of each taxon
(Table 2). The factor ci is biomass of each macroinvertebrate taxon.
Specific eco-exergy is given by the following equation:

SpEX = EX

BM
where EX was the assemblage total eco-exergy and BM was the as-
semblage total biomass.
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Table 2

Exergy weighting factors for benthic macroinvertebrate assemblages,

based on Jgrgensen et al. (2005).

Organisms Energy Conversion Factor ()

Virus 1.01
Bacteria 8.5

Algae 20
Yeast 17.4

Cnidaria 91
Platyhelminthes 120
Gastropoda 312
Bivalvia 297
Crustacea 232
Coleoptera 156
Diptera 184
Hymenoptera 267
Lepidoptera 221
Other Insecta 167
Fish 499

2.5. Data analysis

To test for temporal differences in macroinvertebrate structure and
composition among sites, we ran a preliminary test using a Generalized
Linear Model (GLM) for all tested indices (taxa richness, Shannon-
Wiener, Simpson diversity, eco-exergy and specific eco-exergy), and
then tested model significance with an analysis of deviance. Because
these tests failed to detect significant temporal differences, we pooled
all six samples for each lake in our subsequent procedures.

To test if the regulated lake supported lower diversity than the
naturally fluctuating one, we estimated taxa richness, Shannon-Wiener
and Simpson diversity indices for both lakes. We then tested the dif-
ference between the values of these indices calculated for both lakes,
using a Generalized Linear Model (GLM) with a Poisson error structure
for richness and a Gaussian error structure for the other indices. The
model significance was tested by an Analysis of Deviance (chi-squared
and F test, respectively).

PERMANOVA (1000 permutations) was used to test if differences in
the structure of benthic macroinvertebrate assemblages between the
two lakes were significant. Moreover, differences in proportion of the
five functional feeding groups (gathering-collectors, filtering-collectors,
shredders, scrapers, and predators) between the two lakes were tested
using a General Linear Model (GLM) with a quasibinomial error
structure. The model’s significance was tested by an Analysis of
Deviance (F test).

Finally, to evaluate if macroinvertebrate assemblages are less
complex in the regulated lake than in the naturally fluctuating one, we
used a Generalized Linear Model (GLM) with a Gaussian error structure
to test the significance of differences in the values of eco-exergy and
specific eco-exergy calculated for each lake. Model significance was
tested by an Analysis of Deviance (F test).

Taxa Richness
Shannon-Wiener Index
o
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3. Results

We collected a total of 3460 benthic macroinvertebrates and 44
taxa. Regarding diversity, none of the indices tested (taxa richness,
Shannon-Wiener diversity index or Simpson diversity index) showed
significant differences between the two lakes, however richness was
consistently higher in the unregulated lake. (Fig. 2). Regarding as-
semblage structure, PERMANOVA results (F;; = 3.6986, p = 0.01898)
indicated that taxonomic composition was significantly different be-
tween the two lakes, as were the proportions of gathering-collectors,
filtering-collectors and scrapers (Fig. 3). In fact, gathering-collectors
were significantly more abundant (F;; = 14.683, p = 0.003309) in the
regulated  lake, whereas filtering-collectors (F11 = 6.1654,
p = 0.03237) and scrapers (F;; = 32.173, p = 0.0002061) were pre-
dominant in the naturally fluctuating one. Shredders (F;; = 0.17669,
p = 0.1541) and predators (F;; = 0.2914, p = 0.6012) did not exhibit
significant differences in abundance between the two lakes. Regarding
thermodynamic indicators, the benthic macroinvertebrate assemblages
had significantly higher eco-exergy values in the naturally fluctuating
lake (Fy; = 7.0621, p = 0.024) (Fig. 4), but we found no significant
difference in specific eco-exergy (F;; = 0.3606, p = 0.5619).

4. Discussion

Our three hypotheses were only partially supported. Our first hy-
pothesis, that regulated lakes support lower diversity than fluctuating
lakes, was not supported. Our second hypothesis, that assemblage
structure would differ between the two lakes, was confirmed. Finally,
our third hypothesis that regulated lakes support less complex benthic
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Fig. 3. Functional feeding group relative abundance at the sampled marginal
lakes, the regulated lake (P1) and the non-regulated lake (P2). Same letters
indicate lack of significant difference.
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Fig. 2. Taxonomic richness, Shannon-Wiener diversity index and Simpson diversity index at the sampled marginal lakes, the regulated lake (P1) and the non-
regulated lake (P2). Bold horizontal lines = medians; boxes = 25th and 75th percentiles; vertical lines = ranges; circles = outliers calculated from six site visits.

Same letters indicate lack of significant difference.
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Fig. 4. Eco-exergy and specific eco-exergy at the sampled marginal lakes, the regulated lake (P1) and the non-regulated lake (P2). Bold horizontal lines = medians;
boxes = 25th and 75th percentiles; vertical lines = ranges; circles = outliers calculated from six site visits. Same letters indicate lack of significant difference.

macroinvertebrate assemblages than naturally fluctuating ones, was
supported by eco-exergy, but not specific eco-exergy.

Differences in taxonomic composition illustrate the ecological con-
ditions to which the lakes are exposed. Gathering-collector taxa, such as
oligochaetes and chironomid larvae, were the dominant group in the
regulated lake, suggesting that the benthic macroinvertebrate assem-
blages depend largely on organic matter deposited in the sediment. This
can be explained by the lack of natural disturbances resulting from
water level fluctuations, which much more likely allows the accumu-
lation of fine particulate organic matter in the sediment, leaving it
available to burrowing benthic taxa (White et al., 2010). In the natu-
rally fluctuating lake, on the other hand, benthic macroinvertebrate
assemblages were dominated by filtering-collectors and also included a
significantly higher abundance of scrapers, which suggests that water
level fluctuations play an important role in the organic matter re-
suspension and resultant availability for consumers (Cott et al., 2008;
Gownaris et al., 2018; Magbanua et al., 2015).

The fact that benthic macroinvertebrate assemblages had higher
eco-exergy in the naturally fluctuating lake can also be explained by the
higher level of available energetic resources represented by re-
suspended organic matter, resulting in a higher overall degree of
complexity, stability and development of the macroinvertebrate as-
semblage (Jorgensen, 2007; Jorgensen and Fath, 2004; Ludovisi and
Jorgensen, 2009). Comparable situations have been observed in sys-
tems with non-excessive nutrient enrichment and other forms of higher
energy input, including headwater streams (Linares et al., 2018b), es-
tuaries (Marques et al., 1997) and hydropower reservoirs (Molozzi
et al., 2013).

The fact that the benthic macroinvertebrate assemblages did not
show significant differences in specific eco-exergy can be explained by
the predominance, in both lakes, of predator taxa such as Odonata
nymphs and Belostomatidae (Heteroptera), typical in lentic ecosystems
(Benke et al., 2001; Benke and Huryn, 2010; Cummins et al., 2005). The
high relative abundance of predator taxa in both lakes smoothed the
differences in the overall specific eco-exergy calculated, expressing
therefore, in average, relatively alike capacities to use external energy
resources and more or less similar complexities of the benthic macro-
invertebrate assemblages in the two types of lakes.

As a whole, our results illustrate the importance of natural water
level fluctuations as a driving force in shallow lake ecosystems, as
previously observed (Agostinho et al., 2004; Thomaz et al., 2015;
Wantzen et al., 2008). Regarding the perspective of a future dam de-
commissioning, we have shown that fluctuating water levels affect the

structure and function of benthic macroinvertebrates in shallow lakes.
In regulated lakes, benthic assemblages are dominated by taxa resistant
to anthropogenic disturbances (sensu Macedo et al., 2016; Silva et al.,
2017), exhibiting lower complexity and resilience (Liao et al., 2012;
Zhang et al., 2010). It is assumed that dam decommissioning and
subsequent return to natural water level fluctuations will shift macro-
invertebrate assemblages, structurally and functionally, to character-
istics similar to those occurring in a non-regulated lake in the same
basin. Therefore, this reinforces the idea that dam decommissioning can
probably be considered as a good option for restoring natural condi-
tions in this type of basin, as has been argued by others (Bednarek,
2001; Dynesius and Nilsson, 1994; Van Looy et al., 2014).

Our results should be analyzed carefully. Due to the limitations of a
two-site study, their capacity for inferences in larger scales is compro-
mised. It does fit our objectives, however, by focusing in the regulated
lake and the effects caused by the dam in this unique ecosystem.

5. Conclusions

Eco-exergy and functional groups were more sensitive to differences
in lake-level fluctuation than taxonomic richness, diversity, or specific
eco-exergy; therefore, we recommend their use in other bioassessments
employing macroinvertebrates as lentic ecological indicators.

We recommend the elimination of Pandeiros dam, which will allow
restoring natural water movements, organic matter dynamics, and en-
ergy flows in this ecosystem of special biological importance and un-
ique for the conservation of freshwater biodiversity in the neotropics. If
the Pandeiros Dam is removed, our study will be part of the first
comprehensive BACI (before-after-control-impact) study of dam re-
moval in South America; therefore, it will be important to track the
multiple ecological changes after removal.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

We thank the students of the Laboratdério de Ecologia de Bentos/
ICB-UFMG for their support in field activities and to Prof. Diego R.
Macedo for the cartographic support. This research was funded by



M.S. Linares, et al.

Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior/CAPES
and also supported by the Portuguese Foundation for Science and
Technology through the strategic project UID/MAR/04292/2019
granted to MARE; Fundacao de Apoio a Pesquisa do Estado de Minas
Gerais/FAPEMIG; P&D Aneel-Cemig GT-550, GT-599 and GT-611. MC
was awarded research productivity (CNPq 303380/2015-2) and
FAPEMIG (PPM-104-18) grants. We thank two anonymous reviewers
for improving the original manuscript.

References

Agostinho, A.A., Bonecker, C.C., Gomes, L.C., 2009. Effects of water quantity on con-
nectivity: the case of the upper Parana River floodplain. Ecohydrol. Hydrobiol. 9,
99-113. https://doi.org/10.2478/v10104-009-0040-x.

Agostinho, A.A., Thomaz, S.M., Gomes, L.C., 2004. Threats for biodiversity in the
floodplain of the Upper Parana River: effects of hydrological regulation by dams.
Ecohydrol. Hydrobiol. 4, 255-256.

Azevédo, D.J.S., Barbosa, J.E.L., Gomes, W.LA., Porto, D.E., Marques, J.C., Molozzi, J.,
2015. Diversity measures in macroinvertebrate and zooplankton communities related
to the trophic status of subtropical reservoirs: contradictory or complementary re-
sponses? Ecol. Indic. 50, 135-149. https://doi.org/10.1016/j.ecolind.2014.10.010.

Bednarek, A.T., 2001. Undamming rivers: a review of the ecological impacts of dam re-
moval. Environ. Manage. 27, 803-814. https://doi.org/10.1007/s002670010189.

Benke, A.C., Huryn, A.D., 2010. Benthic invertebrate production—facilitating answers to
ecological riddles in freshwater ecosystems. J. North Am. Benthol. Soc. 29, 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, 308-343. https://doi.org/
10.2307/1468447.

Benke, A.C., Wallace, J.B., Harrison, J.W., Koebel, J.W., 2001. Food web quantification
using secondary production analysis: predaceous invertebrates of the snag habitat in
a subtropical river. Freshw. Biol. 46, 329-346. https://doi.org/10.1046/j.1365-2427.
2001.00680.x.

Brundu, G., 2015. Plant invaders in European and Mediterranean inland waters: profiles,
distribution, and threats. Hydrobiologia 746, 61-79. https://doi.org/10.1007/
510750-014-1910-9.

Cott, P.A,, Sibley, P.K., Somers, W.M., Lilly, M.R., Gordon, A.M., 2008. A review of water
level fluctuations on aquatic biota with an emphasis on fishes in ice-covered lakes. J.
Am. Water Resour. Assoc. 44, 343-359. https://doi.org/10.1111/j.1752-1688.2007.
00166.x.

Cummins, K.W., Merritt, R.W., Andrade, P.C.N., 2005. The use of invertebrate functional
groups to characterize ecosystem attributes in selected streams and rivers in south
Brazil. Stud. Neotrop. Fauna Environ. 40, 69-89.

dos Santos, A.M., Thomaz, S.M., 2007. Aquatic macrophytes diversity in lagoons of a
tropical floodplain: the role of connectivity and water level. Austral Ecol. 32,
177-190. https://doi.org/10.1111/j.1442-9993.2007.01665.x.

Drummond, G.M., Martins, C.S., Machado, A.B.M., Sebaio, F., Antonini, Y., 2005.
Biodiversidade em Minas Gerais: um atlas para sua conservacdo. Fundacao
Biodiversitas, Belo Horizonte, pp. 222p.

Dynesius, M., Nilsson, C., 1994. Fragmentation and flow regulation of river systems in the
northern third of the world. Science (80-.) 266, 753-762. https://doi.org/10.1126/
science.266.5186.753.

Fantin-Cruz, 1., Loverde-Oliveira, S.M., Bonecker, C.C., Girad, P., Motta-Marques, D.Da.,
2011. Relationship between the structure of zooplankton community and the water
level in a floodplain lake from the Pantanal, Mato Grosso State, Brazil. Acta Sci. Biol.
Sci. 33. https://doi.org/10.4025/actascibiolsci.v33i3.6975.

Fleming, J.P., Dibble, E.D., 2015. Ecological mechanisms of invasion success in aquatic
macrophytes. Hydrobiologia 746, 23-37. https://doi.org/10.1007/5s10750-014-
2026-y.

Fonseca, E.M.B., Grossi, W.R., Fiorini, F.A., Prado, N.J.S., 2008. PCH Pandeiros: uma
complexa interface com a gestdo ambiental regional. VI Simpésio Brasileiro sobre
Pequenas e Médias Centrais Hidrelétricas, Belo Horizonte, Minas Gerais, Brazil.

Gownaris, N.J., Rountos, K.J., Kaufman, L., Kolding, J., Lwiza, K.M.M., Pikitch, E.K.,
2018. Water level fluctuations and the ecosystem functioning of lakes. J. Great Lakes
Res. 44, 1154-1163. https://doi.org/10.1016/j.jglr.2018.08.005.

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

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, 653-674. https://doi.org/10.1046/j.1365-2427.1999.00400.x.

Jorgensen, S.E., 2007. An integrated ecosystem theory. Ann. Eur. Acad. Sci. 2006-2007,
19-33.

Jorgensen, S.E., Fath, B.D., 2004. Application of thermodynamic principles in ecology.
Ecol. Complex. 1, 267-280. https://doi.org/10.1016/j.ecocom.2004.07.001.

Jorgensen, S.E., Ladegaard, N., Debeljak, M., Marques, J.C., 2005. Calculations of exergy
for organisms. Ecol. Modell. 185, 165-175. https://doi.org/10.1016/j.ecolmodel.
2004.11.020.

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

Jorgensen, S.E., Marques, J.C., 2001. Thermodynamics and ecosystem theory, case

Ecological Indicators 109 (2020) 105832

studies from hydrobiology. Hydrobiologia 445, 1-10. https://doi.org/10.1023/
A:1012205918964.

Jorgensen, S.E., Nielsen, S.N., Mejer, H., 1995. Emergy, environ, exergy and ecological
modelling. Ecol. Modell. 77, 99-109. https://doi.org/10.1016,/0304-3800(93)
E0080-M.

Klein, C.E., Pinto, N.S., Spigoloni, Z.A.V., de Bergamini, F.M., Melo, F.R., de Marco, J.P.,
Juen, L., 2018. The influence of small hydroelectric power plants on the richness and
composition of Odonata species in the Brazilian Savanna. Int. J. Odonatol. 21, 1-12.

da Motta Marques, D., Garnier, J., Vieira, L.C.G., 2019. Unraveling flooding dynamics and
nutrients’ controls upon phytoplankton functional dynamics in Amazonian floodplain
lakes. Water (Switzerland) 11. https://doi.org/10.3390/w11010154.

Kutyla, S., 2015. Characteristics of water level fluctuations in Polish lakes — a review of
the literature/Charakterystyka wahar poziomu wody w jeziorach polskich - przeglad
pi$miennictwa. Ochr. Sr. i Zasobéw Nat. 25, 27-34. https://doi.org/10.2478/0szn-
2014-0011.

Li, D., Erickson, R.A., Tang, S., Zhang, Y., Niu, Z,, Liu, H., Yu, H., 2016. Structure and
spatial patterns of macrobenthic community in Tai Lake, a large shallow lake, China.
Ecol. Indic. 61, 179-187. https://doi.org/10.1016/j.ecolind.2015.08.043.

Liao, W., Heijungs, R., Huppes, G., 2012. Thermodynamic analysis of human-environ-
ment systems: a review focused on industrial ecology. Ecol. Modell. 228, 76-88.
https://doi.org/10.1016/j.ecolmodel.2012.01.004.

Linares, M.S., Callisto, M., Marques, J.C., 2018a. 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.

Linares, M.S., Callisto, M., Marques, J.C., 2018b. 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.
613-614, 1543-1550. https://doi.org/10.1016/j.scitotenv.2017.08.282.

Linares, M.S., Callisto, M., Marques, J.C., 2017. Invasive bivalves increase benthic com-
munities complexity in neotropical reservoirs. Ecol. Indic. 75, 279-285. https://doi.
org/10.1016/j.ecolind.2016.12.046.

Linares, M.S., Assis, W., Solar, R.R.C., Leitdo, R.P., Hughes, R.M., Callisto, M., 2019. Small
hydropower dam alters the taxonomic composition of benthic macroinvertebrate
assemblages in a neotropical river. River Res. Applic. 2019, 1-10. https://doi.org/10.
1002/rra.3442.

Lopes, L.E., D’Angelo Neto, S., Leite, L.O., Moraes, L.L., Capurucho, J.M.G., 2010. Birds
from Rio Pandeiros, southeastern Brazil: a wetland in an arid ecotone. Rev. Bras.
Ornitol. 18, 267-282.

Ludovisi, A., Jgrgensen, S.E., 2009. Comparison of exergy found by a classical thermo-
dynamic approach and by the use of the information stored in the genome. Ecol.
Modell. 220, 1897-1903. https://doi.org/10.1016/j.ecolmodel.2009.04.019.

Macedo, D.R., Hughes, R.M., Ferreira, W.R., Firmiano, K.R., Silva, D.R.O., Ligeiro, R.,
Kaufmann, P.R., Callisto, M., 2016. Development of a benthic macroinvertebrate
multimetric index (MMI) for Neotropical Savanna headwater streams. Ecol. Indic. 64,
132-141. https://doi.org/10.1016/j.ecolind.2015.12.019.

Magbanua, F.S., Mendoza, N.Y.B., Uy, C.J.C., Matthaei, C.D., Ong, P.S., 2015. Water
physicochemistry and benthic macroinvertebrate communities in a tropical reservoir:
the role of water level fluctuations and water depth. Limnologica 55, 13-20. https://
doi.org/10.1016/j.1imno.2015.10.002.

Marchi, M., Jgrgensen, S.E., Bécares, E., Fernandez-Aléez, C., Rodriguez, C., Fernandez-
Alaez, M., Pulselli, F.M., Marchettini, N., Bastianoni, S., 2012. Effects of eu-
trophication and exotic crayfish on health status of two Spanish lakes: a joint ap-
plication of ecological indicators. Ecol. Indic. 20, 92-100. https://doi.org/10.1016/j.
ecolind.2012.02.005.

Marques, J.C., Nielsen, S.N., Pardal, M.A., Jorgensen, S.E., 2003. Impact of eutrophication
and river management within a framework of ecosystem theories. Ecol. Modell. 166,
147-168. https://doi.org/10.1016/50304-3800(03)00134-0.

Marques, J.C., Pardal, M.A., Nielsen, S.N., Jorgensen, S.E., 1997. Analysis of the prop-
erties of exergy and biodiversity along an estuarine gradient of eutrophication. Ecol.
Modell. 102, 155-167. https://doi.org/10.1016,/50304-3800(97)00099-9.

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

Merritt, R.W., Cummins, K., Berg, M., 2008. An Introduction to the Aquatic Insects of
North America, Fourth. ed. Kendall/Hunt Publishing, Dubuque.

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

Morais, L., Sanches, B.D.O., Santos, G.B., Kaufmann, P.R., Hughes, R.M., Molozzi, J.,
Callisto, M., 2016. Assessment of disturbance at three spatial scales in two large
tropical reservoirs. J. Limnol. 18. https://doi.org/10.4081/jlimnol.2016.1547.

Mugnai, R., Nessimian, J.L., Baptista, D.F., 2010. Manual de Identificacio de
Macroinvertebrados Aquéticos do Estado do Rio de Janeiro. Technical BooksEditora,
Rio de Janeiro.

Nguyen, T. Van, Cho, W.-S., Kim, H., Jung, L.H., Kim, Y., Chon, T.-S., 2014. Inferring
community properties of benthic macroinvertebrates in streams using Shannon index
and exergy. Front. Earth Sci. 8, 44-57. https://doi.org/10.1007/s11707-013-0420-9.

Poff, N.L., Allan, J.D., Bain, M.B., Karr, J.R., Prestegaard, K.L., Richter, B.D., Sparks, R.E.,
Stromberg, J.C., 1997. The natural flow regime. BioScience 47, 769-784. https://doi.
org/10.2307/1313099.

Ramirez, A., Guitiérrez, P., 2014. FFG of aquatic insect families in Latin America: a cri-
tical analysis and review of existing literature. Rev. Biol. Trop. 62, 155-167.

Ruocco, A.M.C., Portinho, J.L., Nogueira, M.G., 2018. Potential impact of small


https://doi.org/10.2478/v10104-009-0040-x
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0010
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0010
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0010
https://doi.org/10.1016/j.ecolind.2014.10.010
https://doi.org/10.1007/s002670010189
https://doi.org/10.1899/08-075.1
https://doi.org/10.2307/1468447
https://doi.org/10.2307/1468447
https://doi.org/10.1046/j.1365-2427.2001.00680.x
https://doi.org/10.1046/j.1365-2427.2001.00680.x
https://doi.org/10.1007/s10750-014-1910-9
https://doi.org/10.1007/s10750-014-1910-9
https://doi.org/10.1111/j.1752-1688.2007.00166.x
https://doi.org/10.1111/j.1752-1688.2007.00166.x
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0055
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0055
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0055
https://doi.org/10.1111/j.1442-9993.2007.01665.x
http://refhub.elsevier.com/S1470-160X(19)30826-X/h9015
http://refhub.elsevier.com/S1470-160X(19)30826-X/h9015
http://refhub.elsevier.com/S1470-160X(19)30826-X/h9015
https://doi.org/10.1126/science.266.5186.753
https://doi.org/10.1126/science.266.5186.753
https://doi.org/10.4025/actascibiolsci.v33i3.6975
https://doi.org/10.1007/s10750-014-2026-y
https://doi.org/10.1007/s10750-014-2026-y
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0080
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0080
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0080
https://doi.org/10.1016/j.jglr.2018.08.005
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0090
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0090
https://doi.org/10.1046/j.1365-2427.1999.00400.x
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0100
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0100
https://doi.org/10.1016/j.ecocom.2004.07.001
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/j.ecolmodel.2010.06.003
https://doi.org/10.1023/A:1012205918964
https://doi.org/10.1023/A:1012205918964
https://doi.org/10.1016/0304-3800(93)E0080-M
https://doi.org/10.1016/0304-3800(93)E0080-M
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0130
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0130
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0130
https://doi.org/10.3390/w11010154
https://doi.org/10.2478/oszn-2014-0011
https://doi.org/10.2478/oszn-2014-0011
https://doi.org/10.1016/j.ecolind.2015.08.043
https://doi.org/10.1016/j.ecolmodel.2012.01.004
https://doi.org/10.1016/j.ecolind.2018.01.040
https://doi.org/10.1016/j.scitotenv.2017.08.282
https://doi.org/10.1016/j.ecolind.2016.12.046
https://doi.org/10.1016/j.ecolind.2016.12.046
https://doi.org/10.1002/rra.3442
https://doi.org/10.1002/rra.3442
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0180
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0180
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0180
https://doi.org/10.1016/j.ecolmodel.2009.04.019
https://doi.org/10.1016/j.ecolind.2015.12.019
https://doi.org/10.1016/j.limno.2015.10.002
https://doi.org/10.1016/j.limno.2015.10.002
https://doi.org/10.1016/j.ecolind.2012.02.005
https://doi.org/10.1016/j.ecolind.2012.02.005
https://doi.org/10.1016/S0304-3800(03)00134-0
https://doi.org/10.1016/S0304-3800(97)00099-9
http://refhub.elsevier.com/S1470-160X(19)30826-X/h9010
http://refhub.elsevier.com/S1470-160X(19)30826-X/h9010
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0220
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0220
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0225
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0225
https://doi.org/10.1016/j.ecolind.2012.08.002
https://doi.org/10.4081/jlimnol.2016.1547
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0240
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0240
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0240
https://doi.org/10.1007/s11707-013-0420-9
https://doi.org/10.2307/1313099
https://doi.org/10.2307/1313099
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0260
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0260
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0265

M.S. Linares, et al.

hydroelectric power plants on river biota: a case study on macroinvertebrates asso-
ciated to basaltic knickzones. Braz. J. Biol. 78, 1-13.

Salas, F., Marcos, C., Pérez-Ruzafa, A., Marques, J.C., 2005. Application of the exergy
index as ecological indicator of organically enrichment areas in the Mar Menor la-
goon (south-eastern Spain). Energy 30, 2505-2522. https://doi.org/10.1016/j.
energy.2005.01.005.

Santos, U., Silva, P.C., Barros, L.C., Dergam, J.A., 2015. Fish fauna of the Pandeiros River,
a region of environmental protection for fish species in Minas Gerais state, Brazil.
Check List 11. https://doi.org/10.15560/11.1.1507.

Silva, D.R.O., Herlihy, A.T., Hughes, R.M., Callisto, M., 2017. An improved macro-
invertebrate multimetric index for the assessment of wadeable streams in the neo-
tropical savanna. Ecol. Indic. 81, 514-525. https://doi.org/10.1016/j.ecolind.2017.
06.017.

Smock, L.A., 1980. Relationships between body size and biomass of aquatic insects.
Freshw. Biol. 10, 375-383. https://doi.org/10.1111/j.1365-2427.1980.tb01211.x.

Stanford, J.A., Ward, J.V., 2001. Revisiting the serial discontinuity concept. Regul. Rivers
Res. Manag. 17, 303-310. https://doi.org/10.1002/rrr.659.

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. Freshw. Res. 37,
449-460. https://doi.org/10.1080/00288330.2003.9517179.

Susani, L., Pulselli, F.M., Jorgensen, S.E., Bastianoni, S., 2006. Comparison between
technological and ecological exergy. Ecol. Modell. 193, 447-456. https://doi.org/10.
1016/j.ecolmodel.2005.08.020.

Terborgh, J.W., Davenport, L.C., Belcon, A.U., Katul, G., Swenson, J.J., Fritz, S.C., Baker,
P.A., 2018. Twenty-three-year timeline of ecological stable states and regime shifts in
upper Amazon oxbow lakes. Hydrobiologia 807, 99-111. https://doi.org/10.1007/
510750-017-3384-z.

Thomaz, S.M., Kovalenko, K.E., Havel, J.E., Kats, L.B., 2015. Aquatic invasive species:
general trends in the literature and introduction to the special issue. Hydrobiologia
746, 1-12. https://doi.org/10.1007/s10750-014-2150-8.

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

Ecological Indicators 109 (2020) 105832

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

USEPA (U.S. Environmental Protection Agency). 2016. National Lakes Assessment 2012:
A Collaborative Survey of Lakes in the United States. EPA 841-R-16-113. https://
nationallakesassessment.epa.gov/.

Van Looy, K., Tormos, T., Souchon, Y., 2014. Disentangling dam impacts in river net-
works. Ecol. Indic. 37, 10-20. https://doi.org/10.1016/j.ecolind.2013.10.006.

Verissimo, H., Verdelhos, T., Baeta, A., van der Linden, P., Garcia, A.C., Marques, J.C.,
2016. Comparison of thermodynamic-oriented indicators and trait-based indices
ability to track environmental changes: response of benthic macroinvertebrates to
management in a temperate estuary. Ecol. Indic. https://doi.org/10.1016/j.ecolind.
2016.10.040.

Wantzen, K.M., Rothhaupt, K.-O., Mortl, M., Cantonati, M., G.-Téth, L., Fischer, P., 2008.
Ecological effects of water-level fluctuations in lakes: an urgent issue. Hydrobiologia
613, 1-4. https://doi.org/10.1007/s10750-008-9466-1.

White, M.S., Xenopoulos, M.A., Metcalfe, R.A., Somers, K.M., 2010. On the role of natural
water level fluctuation in structuring littoral benthic macroinvertebrate community
composition in lakes. Limnol. Oceanogr. 55, 2275-2284. https://doi.org/10.4319/1o.
2010.55.6.2275.

Whittier, T.R., Van Sickle, J., 2010. Macroinvertebrate tolerance values and an assem-
blage tolerance index (ATI) for western USA streams and rivers. J. N. Am. Benthol.
Soc. 29, 852-866. https://doi.org/10.1899/09-160.1.

Xu, F.-L., Jorgensen, S.E., Tao, S., 1999. Ecological indicators for assessing freshwater
ecosystem health. Ecol. Modell. 116, 77-106. https://doi.org/10.1016/50304-
3800(98)00160-4.

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

Zhang, J., Jorgensen, S.E., Tan, C.O., Beklioglu, M., 2003. A structurally dynamic
modelling—Lake Mogan, Turkey as a case study. Ecol. Modell. 164, 103-120.
https://doi.org/10.1016,/50304-3800(03)00051-6.


http://refhub.elsevier.com/S1470-160X(19)30826-X/h0265
http://refhub.elsevier.com/S1470-160X(19)30826-X/h0265
https://doi.org/10.1016/j. energy.2005.01.005
https://doi.org/10.1016/j. energy.2005.01.005
https://doi.org/10.15560/11.1.1507
https://doi.org/10.1016/j.ecolind.2017.06.017
https://doi.org/10.1016/j.ecolind.2017.06.017
https://doi.org/10.1111/j.1365-2427.1980.tb01211.x
https://doi.org/10.1002/rrr.659
https://doi.org/10.1080/00288330.2003.9517179
https://doi.org/10.1016/j.ecolmodel.2005.08.020
https://doi.org/10.1016/j.ecolmodel.2005.08.020
https://doi.org/10.1007/s10750-017-3384-z
https://doi.org/10.1007/s10750-017-3384-z
https://doi.org/10.1007/s10750-014-2150-8
https://doi.org/10.1007/s10750-005-1255-5
https://doi.org/10.1007/s10750-005-1255-5
https://nationallakesassessment.epa.gov/
https://nationallakesassessment.epa.gov/
https://doi.org/10.1016/j.ecolind.2013.10.006
https://doi.org/10.1016/j.ecolind.2016.10.040
https://doi.org/10.1016/j.ecolind.2016.10.040
https://doi.org/10.1007/s10750-008-9466-1
https://doi.org/10.4319/lo.2010.55.6.2275
https://doi.org/10.4319/lo.2010.55.6.2275
https://doi.org/10.1899/09-160.1
https://doi.org/10.1016/S0304-3800(98)00160-4
https://doi.org/10.1016/S0304-3800(98)00160-4
https://doi.org/10.1016/j.ecolmodel.2009.10.017
https://doi.org/10.1016/S0304-3800(03)00051-6

	Assessing biological diversity and thermodynamic indicators in the dam decommissioning process
	Introduction
	Material and methods
	Study area
	Benthic macroinvertebrate sampling and processing
	Biomass estimation
	Eco-exergy calculation
	Data analysis

	Results
	Discussion
	Conclusions
	mk:H1_11
	Acknowledgments
	References




