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Introduction
Reservoirs are complex ecological systems with multiple uses and 

exhibit a hierarchy of functions, mechanisms of feedback, regulation, 
and control.1 A strategy to evaluate and monitor such complex 
systems, at spatial and temporal scales, is the use of integrated 
indices and indicators based on selected abiotic factors or community 
indicators. Environmental indices and indicators emerged as result of 
the growing social concern for the environmental aspects related to 
socioeconomic development, a process that requires many information 
organized in distinct degrees of complexity. The main goal of indices 
is to assess the ecosystem present condition and follow trends over 
time. They can provide an early warning signal of changes in the 
environment and be used to diagnose the causes of the problems.2 
Environmental indicators should represent key information about 
structure, function, and composition of the ecosystem.2 They need 
to capture the ecosystem complexities but remain simple enough to 
be easily and routinely monitored and have the following criteria: be 
easily measured, be sensitive to stresses on the system, respond to 
stress in a predictable manner, be anticipatory, predict changes that 
can be averted by management actions, be integrative, have a known 
response to disturbances, anthropogenic stresses, and changes over 
time, and have low variability in response.2 The most challenging 
problem on selection of environmental indices and indicators is to 
understand the fundamental principles of ecology, also the inherent 

complexity of environmental problems and the limitations of using 
just a single indicator or index that integrate information across a range 
of attributes and/or at different levels of biological organization.3,4 
A comprehensive historical review and future perspectives – use 
of artificial intelligence, of water quality indices is provided by5 
The authors firstly stated that the definition of the ‘water quality’ 
of a certain water body is not an easy task, much more complex 
than the definition of the water quantity, which can be expressed in 
terms of a single parameter (e.g. millions of m3 or m3 sec-1). And 
more, water quality standard for what use? Thus, the Water Quality 
Indices (WQIs) have the challenge of ‘measuring’ water quality and 
communicate it to the water users. Appropriate water quality indices 
can be useful for management purposes – stakeholder’s decision 
processes, improvement of monitoring protocols, and expansion 
of scientific knowledge, as well as to disseminate the results of the 
analyses to citizens.6 To make it possible is inherent to consider that 
a proper choice of an index or indicators must be intrinsically related 
to the studied environment and will often present such regional 
character,7 which means that they will probably need some adaptation, 
but always considering the fundamental assumptions and constrains. 
Another advantage of water quality indices is that they provide cost-
effective water quality assessment, which is particularly important 
for developing countries,8 as well as the possibility to overcome 
unbalanced spatial and temporal series of data.9,10 In São Paulo 
State, the most populous and industrialized in Brazil, the official 
environmental agency named CETESB (Companhia de Tecnologia de 
Saneamento Ambiental, in Portuguese), has monitored a large number 
of water bodies for almost three decades, always focusing on public 
supply requirements. Nevertheless, the federal legislation11 predicts 
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Abstract

In this study we applied and compared the results of different types of water quality 
indices for multipurpose uses, such as water supply, trophic levels evaluation and aquatic 
community’s protection. The main aim is to generate new insights to improve the water 
quality monitoring programs and protocols used in local and regional scales. The selected 
indices were the Water Quality Index, the original Trophic State Index proposed by 
Carlson and three other derived models, as well as three biotic indices – the Phytoplankton 
Community Index, the Zooplankton Community Index and the Planktonic Index of Biotic 
Integrity. The study was carried out in eight reservoirs of a large tropical/subtropical 
watershed from Southeast Brazil: The reservoirs are arranged in a cascade system along the 
Paranapanema River. Thirty-seven sites were sampled in two seasons (dry and wet). The 
WQI ranged from “Good” to “Excellent” in agreement with previous limnological studies 
(predominantly low nutrients and chlorophyll values) and indicated the temporal dry-rain 
patterns. The original Carlson index overestimated the trophic levels while the modified 
indices for reservoirs seemed to be more suitable for tropical and subtropical environments, 
especially the one for tropical/subtropical reservoirs which was more sensitive to data 
variability. Results also demonstrate the great potential of using integrated plankton indices, 
mainly zooplankton metrics, as reliable environmental indicators.
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a more comprehensive set of uses of surficial waters, including “to 
preserve the balance natural of aquatic communities”. Therefore, it 
is important that the water quality monitoring programs also consider 
the biota composition and dynamics of the communities’ structure.

According to,11 the Special Class of waters (the best natural 
condition) is destined: 

a. To the supply for human consumption, with only simple 
disinfection procedure; 

b. To preserve the natural balance of aquatic communities; and 

c. To preserve the aquatic environments in official protected areas, 

While Class 1 may be destined: 

a. To the supply for human consumption after simplified treatment; 

b. To protect aquatic communities; 

c. To recreation of primary contact, such as swimming, water skiing 
and diving, 

d. To irrigation of vegetables and fruits that grow on the ground and 
are eaten raw without film removal; and 

e. To protection of aquatic communities in Indigenous lands. 
Classes 2, 3 and 4 (the worst condition) indicates progressive 
deterioration and restriction of uses.

Although there is not an ideal model to measure environmental 
impacts, there are available options for selection and development 
of indices and indicators. Additionally, more applied approaches 
have been requested by engineers and managers who work in 
the management of reservoirs, in order to complement the basic 
limnological studies performed by academic institutions.1 Based on 
studies carried out in the 1970’s, which were supported by a panel 
of water quality experts, the National Sanitation Foundation of 
United States developed the Water Quality Index (WQI). The experts 
were argued about the variables to be evaluated and their relative 
importance, mainly focusing on contamination of the water bodies 
caused by the discharge of domestic sewage. The WQI is a widely 
accepted and commonly used in monitoring programs.5 Based on 
data of São Paulo State reservoirs,12 adapted and developed a regional 
WQI. The trophic state index (TSI) proposed by Carlson in the 
1970´s for temperate lakes13 is also commonly used in ecological and 
monitoring programs. It is based on the empirical relationships among 
Chlorophyll a (Chl a), Total Phosphorus (TP) and Secchi disk depth 
(SDD). This index has frequently been applied by researchers and 
government institutions to, indirectly, estimate the lake trophic status 
and indicate the excessive algal biomass. However, it is known that 
the relationships and the equations for calculating the index should 
be adapted when applied to aquatic systems with distinct ecological 
structure and functional patterns from those originally considered. 
Otherwise results of the index application can lead to misclassification 
of the trophic status.14

Brazilian researchers have proposed modifications of Carlson 
original model´s based on the prediction that the trophic state may 
be more complex in tropical/subtropical freshwaters. That is because 
there are more environmental constraints controlling nutrient dynamics 
and phytoplankton responses in such water bodies.14 Modifications 
differ in the calculations, in the number of considered variables 
and in the weighting given to each one. Although the previously 

mentioned indices are widely recognized and used, in 1998, the 
Resolution Number 65 of the SMA (São Paulo State Environmental 
Secretary – Secretaria de Meio Ambiente, in Portuguese)15 established 
a working group to revise the Water Quality Index (WQI) aiming to 
include information on the aquatic biota and develop other assessment 
methods. The objective is to consider biological indicators integrated 
with trophic indices. The technical group, composed of experts from 
CETESB, Universities and Research Institutes, generated a first 
version for biological indices based on phytoplankton, zooplankton, 
benthos and fish communities.12 We selected for our study two of the 
proposed indices, the Phytoplankton Community Index for Reservoirs 
(FCI) and the Zooplankton Community Index for Reservoirs (ZCI). In 
this study we applied, and compared, different types of water quality 
indices considered to be appropriated for assessment of aquatic 
ecosystems for multipurpose uses (e.g. water supply, hydropower 
generation, aquaculture, recreation, irrigation, aquatic community’s 
protection). Our case study is focused on the Paranapanema River 
Reservoir Cascade (Southeast Brazil). The following indices were 
selected: Water Quality Index (WQI), Trophic State Index (original 
and three regionally modified models), Phytoplankton Community 
Index (FCI), Zooplankton Community Index (ZCI) and the Planktonic 
Index of Biotic Integrity (P-IBI) - a new tool that has been recently 
developed (see Material and methods). The aim of the study is to 
get new insights on this subject, contributing for the evaluation and 
improvement of the regional (Southeast and South Brazil) water 
quality monitoring programs. Additionally, we present an exploratory 
analysis on zooplankton responses to water quality and trophic 
conditions variability in the selected reservoirs. Differently from 
phytoplankton, there is a lack of information correlating zooplankton 
and the distinct environment conditions. The perspective is to 
incorporate available academic information on practical protocols 
for environmental evaluation and management, as phytoplankton and 
zooplankton have been regularly sampled and analyzed as part of the 
regional water quality monitoring programs.

Study area
The Paranapanema River is the natural border between the States 

of Paraná and São Paulo (Southeast Brazil), with a length of 929km. 
Since the 1950’s, a set of hydropower dams were constructed in the 
main course of the river. Limnological studies16–18 provided basic 
information about this reservoir cascade and since 2010 a regular 
Limnological and Water Quality Monitoring Program of has been 
executed in eight reservoirs. Three reservoirs, Jurumirim, Chavantes 
and Capivara, are storage systems (i.e. large size, high water retention 
times), whereas the others, Salto Grande, Canoas II, Canoas I, 
Taquaruçu and Rosana are run-of-the-river systems (smaller, rapid 
flow).18 The selected reservoirs are arranged in a cascade (upstream 
→ downstream) system and data were obtained at 37 sampling sites 
(Figure 1). The sampling design intended to cover the longitudinal 
gradient between the lotic (upstream) and lentic (dam) zones of each 
reservoir, as well as the entrance of important tributaries. At least 
three up to six sites in each reservoir were selected.

Materials and methods
Field work was carried out during wet/summer (March/2011) 

and dry/spring (October/2011) seasons. The Water Quality Index 
(WQI) was calculated using nine variables: water temperature, pH, 
dissolved oxygen, biochemical oxygen demand, thermotolerant 
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coliforms, total nitrogen, total phosphorus, total solids, and turbidity. 
The methodologies concerning each individual variable (sampling 
and analysis) are detailed in19 The WQI calculation and classification 
followed,12 whose results can range from 0 to 100 (the higher the value 
the better the water quality) (Table 1). For the Trophic State Indices 
four variables were used: Secchi disc transparency, total phosphorus, 
reactive soluble phosphorus and chlorophyll a. Sampling methods and 
analysis for each variable are also detailed in19 For calculations it was 
used 

a. The original model of Carlson;13 

b. Modification proposed by Toledo in the 1980´s, which includes 
the reactive soluble phosphorus as a variable and diminishes the 
relative importance of the Secchi disk;20 

c. The Trophic State Index for reservoirs (TSIRes), which considers 
only the total phosphorus and chlorophyll a parameters and 
makes differentiated adjustments for rivers and reservoirs12 and 

d. Trophic State Index for tropical/subtropical reservoirs (TSITSR) 
based on correlations between annual geometric means of total 
phosphorus versus chlorophyll a and chlorophyll a versus Secchi 
disk depth.14 

Figure 1 Geographic location of Paranapanema River reservoir cascade and 
the selected sampling sites.

Table 1 Water Quality Index classification

WQI classification

Category Rating

Excellent 79 < WQI ≤ 100

Good 51 < WQI ≤ 79

Regular 36 < WQI ≤ 51

Poor 19 < WQI ≤ 36

Very Poor WQI ≤ 19

WQI, Water Quality Index

The classification is in accordance with each method, which has 
variations in the rating values and categories. Different from the WQI, 
for the TSI the lower the value the better the water quality (Table 2). 
To facilitate comparison among the results, equivalent classifications 
were represented in the same colors. The Phytoplankton Community 
Index for Reservoirs (FCI) (fitoplâncton in Portuguese) and the 
Zooplankton Community Index for Reservoirs (ZCI) were both 

calculated according to12 For the FCI Index it is considered the 
proportion of the main community groups and/or the density of 
the organisms and the concentration of chlorophyll a or TSI (Chl 
a). However, the numerically dominant group of phytoplankton in 
the Paranapanema River reservoir cascade, Cryptophyceae, is not 
considered by the model. Therefore, for this analysis we used the 
phytoplankton total density (org. mL-1) instead the dominant groups, 
as well as the Trophic State Index of Carlson modified by Toledo 
for Chlorophyll a20 For the ZCI it is considered the presence of the 
three main freshwater zooplankton groups (Rotifera, Copepoda and 
Cladocera), the Calanoida/Cyclopoida ratio and the TSI (Carlson 
modified by Toledo).20 For phytoplankton qualitative analysis, 
an integrated sample was collected (entire water column) at each 
sampling station through vertical net hauls (20μm of mesh size) and 
immediately preserved in 2% formalin. The net samples were observed 
in an optical microscope (maximum magnification of 1000×) for 
taxonomical identification and determination of the assemblage total 
richness. For phytoplankton quantitative analysis, three unfiltered 
samples were collected (van Dorn bottle) at the subsurface (ca. 0.2m), 
middle of the water column and near to the bottom (ca. 1m above 
the sediment). The samples were fixed and preserved with Lugol’s 
solution. After sedimentation, the organisms (cell, colony, and 
filament) were counted using inverted microscopy (sensu Utermöhl) 
at a magnification of 400×. At least 120 optical fields distributed in 
parallel transects were examined, and at least 150 organisms were 
counted per sample. A mean value for the water column was calculated 
for further use in the FCI index. The zooplankton samples were 
collected using a conical net (30cm mouth diameter and 50μm mesh 
size) for vertical hauls from near bottom (ca. 1m) towards the surface. 
In each site we collected two identical samples, one for qualitative and 
the other for quantitative purpose. Samples were fixed and preserved 
in 4% formaldehyde. For the quantitative analyses, most organisms 
were counted at species level. Rotifera, and nauplii of Copepoda were 
counted in Sedgwick–Rafter chambers, under optic microscope Zeiss 
Standard 25 (at a magnification of × 200); and Cladocera, copepodites 
and adult stages of Copepoda were counted using a stereo microscope 
Zeiss Stemi SV 6 (maximum magnification of × 120). At least 150 
specimens were counted per subsample. Additional sub-samples, or 
even the entire sample, were analyzed when the density of organisms 
was low (generally less than 100 organisms per 5ml of sample, in case 
of Cladocera and Copepoda, and less than 100 organisms per 1 ml of 
sample, in case of Rotifera).

Table 2 Classes of Trophic State Index 

TSI classification TSI 
carlson

TSI carlson 
mod. 
toledo

TSI 
reservoir TSI TSR

Ultraoligotrophic <20 TSI < 47 ≤ 51.1

Oligotrophic 21-41 TSI < 44 47 < TSI 
≤ 52

51.2 - 
53.1

Mesotrophic 41-50 44< TS I>54 52 < TSI 
≤ 59

53.2 - 
55.7

Eutrophic 51-60 TSI >54 59 < TSI 
≤ 63

55.8 - 
58.1

Supereutrophic 63 < TSI 
≤ 67

58.2 - 
59.0

Hypereutrophic >61  TSI > 67 ≥ 59.1

TSI, Trophic State Index
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The Planktonic Index of Biotic Integrity (P-IBI) was calculated 
according to methodology detailed in19 after.6,21 As this index is 
derived from a proposal developed for natural large lakes,6 it was 
only used for the Paranapanema storage reservoirs (water retention 
time higher than 100 days) (Jurumirim, Chavantes and Capivara). 
The classification rating was also showed in terms of colors, 
corresponding to similar categories of the previously mentioned 
indices. The classes for FCI for reservoirs and P-IBI are presented 
in Table 3 and for ZCI for reservoirs in Table 4. Lower values of 
classification correspond to better the water quality. To reinforce 
the potential of the zooplankton as bioindicator of the water quality 
and to corroborate the effectiveness of the Zooplankton Community 
Index for Reservoirs (ZCI) and the Plankton Index of Biotic Integrity 
(P-IBI), we performed an exploratory analysis using the Pearson 
correlation (Pearson, p<0,05) Statistic v. 7.0.21 The following genera/
species of zooplankton were chosen as indicators of trophic state based 
on the literature review: Brachionus sp., Collotheca sp. and Filinia 
sp. among Rotifers; Argyrodiaptomus sp., Notodiaptomus iheringi, 
Thermocyclops decipiens, and Thermocylops minutus, among the 
Copepods; and Bosmina sp. and Daphnia sp. among Cladocerans. 
Additionally, we considered the total abundance and richness of 
Rotifera, Cladocera and Copepoda (with and without nauplii counts) 
and the relation Calanoida/Cyclopoida + Cladocera. Zooplankton 
data were correlated with the limnological variables (transparency, 
dissolved oxygen, biochemical oxygen demand, conductivity, 
chlorophyll, total phosphorus, soluble reactive phosphorus, total 
nitrogen, total suspended solids, organic suspended solids, inorganic 
suspended solids)19 and with the quantitative results of WQI and T.S.I. 
for reservoirs12 and T.S.I. for tropical and subtropical reservoirs.14 We 
selected some results for graphical presentation. All data, except pH, 
were log-transformed and the parametric distributions was verified in 
the software Statistic v. 7.0.22 The selection of zooplankton metrics 
is based on regional studies carried out in reservoirs with different 
trophic states.16,23–33 For all index calculations we used the variables 
mean values for the water column, except transparency.

Table 3 PCI for reservoir and P-IBI classifications 

Classification FCIRes P-IBI

Excellent 1 Excellent

Good 2 Good

Regular 3 Fair

Bad 4 Poor

Very Bad  Very Poor

PCI, Phytoplankton Community Index

Table 4 ZCI for reservoir classifications based on T.S.I. (Chla) and Calanoida/
Cyclopoida ratio 

T.S.I. (Chla) 

74 Very Bad Bad  Bad Bad

54 Bad Regular Regular Regular

44 Regular Regular Good Regular

24 Regular Good Good Good

0 Good Good Good Good

 0,5  1,0  2,0

 Cal/Cyc

ZCI, Zooplankton Community Index

Results
The Water Quality Index for the Paranapanema River reservoir 

cascade resulted in only two distinct classifications, Good and 
Excellent (Table 5). Among the 74 determinations the Excellent 
condition widely prevailed (64 times) over the Good condition (10 
times). The index evidences a decrease in the water quality condition 
during the wet season. In this period the proportion of sampling stations 
considered Excellent corresponded to 81.1% and in the dry season it 
was 91.9%. Comparison among the different models of Trophic State 
Index for the Paranapanema River reservoir cascade is shown in Table 
6. Lower trophic levels were obtained when used the original Carlson 
Index. Results ranged from Hypereutrophic (SG1) to Oligotrophic 
(CH3, CH4 and CHDam) in the wet season and from Hypereutrophic 
(CP1 and CP2) to Oligotrophic (JR3, JRDam and CHDam) in the dry 
season. Most sampling sites (70.3 % considering both seasons) were 
classified as Mesotrophic according to this index. The same number 
(8 times) of higher trophic conditions (Hypereutrophic/Eutrophic) 
was found in wet and dry seasons. For the Carlson Trophic State 
Index modified by Toledo, the Eutrophic condition was determined 
four times (SG1, wet season; CP1, CP2 and RS1, dry season). Other 
classifications varied between Oligo (71.6 %) and Mesotrophic (21.6 
%) conditions, during both wet and dry seasons (Table 6). Following 
the original Carlson Index this model also indicates a decrease in the 
water quality during the rainy season. The results of the Trophic State 
Index for Reservoirs were similar to the ones of Carlson modified by 
Toledo, showing the predominance of Oligotrophic and Mesotrophic 
conditions, 29.7 and 59.5% of the determinations, respectively 
(Table 6). The stations with the best trophic conditions according 
to this model were JR3, JRDam and CH3, which were classified as 
Ultraolithotrophic during the dry season when it was detected an 
improvement of the water quality. The most recent model of Trophic 
State Index proposed for tropical and subtropical reservoirs indicated 
predominance of Ultraoligotrophic conditions, corresponding to 
77.0 % of the sampling sites (Table 6), followed by Oligotrophic 
condition (17.6%). Only one site during the wet season was classified 
as Eutrophic (SG1). The use of Phytoplankton Community Index 
for reservoir resulted in similar proportion of Good and Excellent 
conditions, 47.3 and 51.3% of the determinations, respectively 
(Table 7). Only one Regular condition was detected (SG1, wet 
season). Differently, for the Zooplankton Community Index (ZCI) the 
condition Excellent was not determined. Most sites were classified 
as Good (72.9%) or Regular (21.6%) for both seasons (Table 7). The 
sites SG1 and SG3 were classified as Bad conditions in both wet and 
dry seasons, according to the ZCI. Both plankton indices were not 
sensitive to the seasonal variation. The Planktonic Index of Biotic 
Integrity showed that most sites are in Excellent conditions (75%) 
and the others are Good (25%). Regular, Bad and Very Bad conditions 
were not detected. Jurumirim reservoir exhibited a higher number of 
sampled sites with “Good” conditions when compared with the other 
reservoirs (Table 8). There was no remarkable difference between wet 
and dry season. Three hundred and ninety-nine correlations among 
distinct zooplankton metrics and environmental variables as well as 
with integrated indices were performed. We selected for graphical 
representation a set of significant correlations (p <0.05) (Figure 2). 
Some correlations, although significant, were not considered either 
because its amplitude of variation was not sensitive to capture 
environmental distinctiveness for the Paranapanema River reservoir 
cascade (e.g. dissolved oxygen that also exhibited high values) or 
because the variable (e.g. temperature) is not directly related to the 
water quality condition. Among the main results it can be mentioned 
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the correlation of the rotifers genera Brachionus and Filinia with 
trophic increase (water quality decrease), while the genus Collotheca 
exhibited an opposite tendency. For microcrustaceans we observed 
that Calanoida was correlated with good water quality and low trophic 
levels as well as for Cladocera, and the opposite, was observed for 

Cyclopoida. For lower microcrustacean taxonomic level it can be 
mention the inverse relationship of T. minutus with total phosphorus 
and the inverse relationship of Daphnia with TSI mod. Toledo and 
positive with WQI (Figure 2).

Table 5 WQI classification for Paranapanema River reservoir cascade during the wet and dry season

Reservoir Jurumirim Chavantes Salto Grande
Canoas 
II

Canoas I Capivara Taquaruçu osana

Sampling sites

JR
1

JR
U

p

JR
2

JR
3

JR
4

JR
D

am

C
H

1

C
H

2

C
H

3

C
H

U
p

C
H

4

C
H

D
am

SG
U

p

SG
1

SG
2

SG
3

SG
D

am

C
II

U
p

C
II

1

C
II

D
am

C
IU

p

C
I1

C
ID

am

C
P

U
p

C
P

1

C
P

2

C
P

3

C
P

4

C
P

D
am

T
Q

U
p

T
Q

1

T
Q

2

T
Q
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R
S1

R
S2

R
SD

am

WQI

Wet 
season

                                     

Dry 
season

                                     

WQI , Water Quality Index; JR, Jurumirim; CH, Chavantes; SG, Salto Grande; CII , Canoas II; CI, Canoas I; CP, Capivara; TQ , Taquaruçu; RS, Rosana; UP, Upstream.

Table 6 Comparison of the different Trophic State Index models and respective classification for Paranapanema River reservoir cascade during the wet and 
dry season 

Reservoir Jurumirim Chavantes Salto Grande
Canoas 
II

Canoas I Capivara Taquaruçu Rosana

Sampling sites

JR
1
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U

p
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2
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4
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TSI , Trophic State Index; JR, Jurumirim; CH, Chavantes; SG, Salto Grande; CII , Canoas II; CI, Canoas I; CP, Capivara; TQ, Taquaruçu; RS, Rosana; UP, Upstream
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Table 7 Comparison between Phytoplankton Community Index (PCI) and Zooplankton Community Index (ZCI) for reservoirs and respective classification for 
Paranapanema River reservoir cascade during the wet and dry season 

Reservoir Jurumirim Chavantes Salto Grande
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Dry 
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JR, Jurumirim; CH, Chavantes; SG, Salto Grande; CII, Canoas II; CI, Canoas I; CP, Capivara; TQ, Taquaruçu; RS, Rosana; UP, Upstream

Table 8 P-IBI classification for selected reservoirs in the Paranapanema River cascade during the wet and dry season 

Reservoir Jurumirim Chavantes Capivara

Sampling sites
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JR, Jurumirim; CH, Chavantes; CP, Capivara; UP, Up 
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Figure 2 Correlations between zooplankton metrics with limnological variables, WQI and T.S.I. indices.

Discussion
Different responses were obtained with the application of the 

distinct water quality/trophic state indices in the Paranapanema River 
reservoir cascade. For interpretation it is imperative to consider that 
water quality concept is not absolute; the terms “good” or “poor” 
water quality have definite meaning only in relation to the intended 
water use and the assessment of the user.34 A crucial point is that the 
management questions and required information be clearly articulated 
and understood during selection of appropriate indicators to provide 

useful information for hydric resources managers.3 In this way, the 
Water Quality Index (WQI) has been regularly used in monitoring 
programs and it is considered a strong and reliable index once it is 
composed of physical, chemical and biological variables previously 
established by experts to detect the quality of water for public supply 
purposes. Additionally, it is essential that the indices agree with the 
results described in traditional limnological studies. Environmental 
evaluation using Trophic State Index (TSI) is more suitable for needs 
of natural water resources management when eutrophication is a 
major threat.34 Conversely, the WQI allows accounting for several 
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water resources uses and therefore it is a more comprehensive tool for 
water quality quantification. In the last decades we have faced a 
discussion related to the misuse of the original TSI model proposed by 
Carlson13 for tropical/subtropical regions and regardless of the type of 
environment system (i.e. lakes, rivers, reservoirs, flooded areas). 
Originally the Trophic State Index (TSI) was developed for temperate 
lakes. It integrates information about nutrient (phosphorus), 
chlorophyll, and transparency (Secchi disk depth). The purpose of the 
trophic status index is to classify water bodies into different degrees 
of trophy, that is to assess water quality changes related to nutrient 
enrichment. Studies have been carried out proposing modifications, or 
minor adaptations, to better meet the criteria and purposes of this 
index for a certain habitat or regional characteristics.14,35 An important 
consideration is that temperate and tropical/subtropical aquatic 
systems have specific sensitivities to eutrophication,36 because they 
are exposed to different magnitude of stressors concerning 
climatological attributes and land use shifts, with corresponding 
changes in physical, chemical and biological characteristics of the 
aquatic ecosystem.37 The prediction of trophic state changes may be 
more complex in tropical/subtropical freshwaters because there are 
more environmental constraints controlling nutrient dynamics and the 
phytoplankton responses in such water bodies.14,38 The main reason 
for establishing a specific index for tropical/subtropical regions is that 
the Carlson´s model only considers the highest productive seasons in 
temperate lakes (spring and summer), whilst tropical/subtropical 
systems may have high primary production through all the year.14,38 
The TSIs comparative analyses are easier to be interpreted if one has 
solid information on the limnological structure and functioning of the 
considered environment. In case of Paranapanema River reservoir 
cascade, based on previous limnological information,16–18,24,39 we can 
affirm that the original Carlson model13 overestimates the trophic 
condition - most sampling sites were classified as Mesotrophic or 
even Eutrophic and Hypereutrophic. The Carlson TSI models modified 
by Toledo20 and by CETESB,12 to be applied in reservoir systems, 
showed to be more appropriated for tropical and subtropical 
environments. In case of the first modified model around 70% of the 
Paranapanema reservoirs determinations resulted in Oligotrophic 
conditions, followed by Mesotrophic, 27%. For the second it was 
around 60 and 30%, for Oligotrophic and Mesotrophic, respectively. 
These results are more realistic if considered the predominant low 
concentrations of total nitrogen (generally lower than 300µg L-1), total 
phosphorus (generally lower than 20µg L-1) and total chlorophyll a 
(exceptionally higher than 3µg L-1) commonly found in the 
Paranapanema reservoirs.16–18,24,39 These models were also sensitive to 
the seasonal changes, capturing the water quality decrease during the 
rainy season (summer) due to the higher input of sediment and 
nutrients. A difference to be considered between both modified models 
is that the first does not consider the type of environment, such as the 
reservoir ecosystem particularities that are considered in the second. 
The TSI for tropical/subtropical reservoirs14 considers relevant 
ecological aspects for an appropriate assessment, including geographic 
positioning (tropical/subtropical region) and it was already tested for 
a large number of reservoirs of São Paulo State for validation purpose. 
Most classifications using this model resulted as Ultraoligotrophic 
(77%) followed by Oligotrophic (17.6%) which can be associated 
with the truly lower concentration of nutrients in the considered 
reservoir cascade. Seasonality was not detected. Similar results were 
obtained for WQI, but in this case, seasonality was better captured, 
resulting Excellent for 70% of the determinations during the wet 
season and 95% in the dry season. The organisms integrate time and 

space in a more conservative manner than physical and chemical 
variables and the incorporation of information on aquatic biota into 
water monitoring programs is a necessary strategy for alignment with 
the most advanced regulations.40 By studying the ecological attributes 
(presence/absence, richness, abundance, dominance, equitability, 
taxonomic and functional diversity) of aquatic communities, it is 
possible to cover the wide range of environmental conditions in the 
watershed and their potential effects on the aquatic biota.6,40,41 In our 
study, we also tried to use the available information on plankton 
communities of the Paranapanema reservoir cascade. Based on the 
application of the phytoplankton and zooplankton communities 
indices for reservoirs (FCI and ZCI, respectively) proposed by12 we 
can assume that they have a good potential to represent the water 
quality standards when compared to the already established WQI and 
TSI indices. The FCI classified the studied sites in only two categories, 
Excellent (52%) and Good (48%). The ZCI resulted to be more 
sensitive, with 73% of the determinations as Good, 22% as Regular 
and 5% as Bad. However, it is important to mention that the lack of 
data and published results from these plankton indices applications, 
fundamental for comparisons, is a substantial limitation. The 
Planktonic Index of Biotic Integrity (P-IBI) is a relatively new tool for 
evaluation of lake “health”.6 The first Index of Biotic Integrity (IBI) 
proposed by21 recognizes the importance of interactions among five 
classes of main factors to the aquatic biota: energy, chemical 
constituents, habitat structure, hydrology, and interactions between 
organisms. The development and validation of the P-IBI proposal for 
Paranapanema River large reservoirs (Jurumirim, Chavantes and 
Capivara) was performed by.19 The application of this index resulted 
in only two categories, Excellent, 75% of the determinations, and 
Good, 25% of the determinations. Results were similar to the FCI 
classifications and, as observed for the FCI and ZCI indices, the P-IBI 
was not sensitive to seasonal changes. In addition to the indices 
application we also tried to improve our understanding on the 
zooplankton responses to the variability in the water quality and 
trophic state. The successful use of the zooplankton community as a 
potential bioindicator of environmental quality in freshwaters has 
been reported by limnologists,42,43 especially based on the ecological 
attributes of the community (richness, abundance, dominance, 
diversity). The association of species to more eutrophic or more 
oligotrophic environments of the Paranapanema basin has already 
been analyzed.16,32 The zooplankton abundance (generally dominated 
by few species) is positively correlated to high values of chlorophyll 
and nutrients (especially N and P) and negatively to conductivity and 
dissolved oxygen.32 Besides these general trends, individual responses 
of the species are still little known but would be desirable to simplify 
biomonitoring schemes by using a smaller number of species with the 
best response to eutrophication processes.

Conclusion
The simultaneous application and comparison of distinct water 

quality and trophic state indices (WQI, TSI and TSI modifications, 
FCI, ZCI and P-IBI) is a new approach for Paranapanema River 
reservoir cascade. The WQI ranged from “Good” to “Excellent” in 
agreement with previous limnological studies (predominantly low 
nutrients and chlorophyll values) and also indicated the seasonal dry-
rain patterns. The original Carlson index overestimated the trophic 
levels while the modified indices for reservoirs seemed to be more 
suitable for tropical and subtropical environments, especially the one 
for tropical/subtropical reservoirs which was more sensitive to data 
variability.
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The potential of using integrated plankton indices, mainly 
zooplankton metrics, as good environmental indicators was also 
demonstrated. For some models (FCI, ZCI, P-IBI) would be 
challenging to incorporate a higher volume of data set to confirm/
validate the observed trends. Results of the study can be promptly 
considered for the improvement of the water quality monitoring 
program and protocols that have been used in the Paranapanema River 
basin, Southeast Brazil. Integrated indices, when properly selected, 
provide valuable insight for complex environmental diagnoses and 
can support the management-decision processes and get impartial 
communication to the public. However, indicators are based on 
simplifications and prudent choices must be tested and validated.
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