Eutrophication of Lakes
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Abstract

Human activities and the unplanned occupation of land in aquatic basins can drive cultural
eutrophication, which leads to the degradation of water quality, an increase in the concen-
trations of nutrients, and the depletion of biodiversity. This chapter will describe the basic
concepts of trophic status, ecological changes, and alterations to the composition of fresh-
water biodiversity, as well as current threats and global perspectives of these issues. Ad-
ditionally, selected case studies from Brazilian freshwater using benthic macroinvertebrates
in urban reservoirs and cyanobacteria in semiarid lentic ecosystems are discussed.
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5.1 Introduction

Throughout the last few centuries, human use of freshwa-
ter resources for a variety of purposes has resulted in the
degradation of aquatic ecosystems (Tundisi and Matsumura-
Tundisi 2003). Increasing human populations and the expan-
sion of industrial and agricultural activities have been impor-
tant driving factors for the rapid deterioration of freshwater
ecosystems. These impacts have resulted in water bodies
with poor water quality and limited potential uses (Strask-
raba and Tundisi 1999).

The unplanned human occupation of aquatic basins can
deteriorate water quality and limit the quantity and availabil-
ity of freshwater resources, although the scale of this im-
pact can vary with the economic and social organization of
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a particular region (Tundisi et al. 1991). Human activities
tcan also often result in a considerable increase in nutrient
concentrations in aquatic ecosystems, especially nitrogen
and phosphorus, which can lead to the process of cultural
eutrophication (Callisto et al. 2004).

Cultural eutrophication, which follows a clear sequence
of cause and effect, can disrupt the homeostasis of lake eco-
systems and result in an imbalance between the production,
consumption, and decomposition of organic matter (Esteves
2011). Thus, algae and macrophyte blooms are often ob-
served in eutrophic systems and can be responsible for the
diminished multiple uses of lentic ecosystems. Additionally,
a bloom of primary production is one of the main difficulties
in the treatment of water for human consumption or industri-
al utilization (Tundisi et al. 1993). These ecological changes,
including altered physical and chemical characteristics, can
lead to changes in biological communities and a drastic loss
of freshwater biodiversity (Barbosa et al. 1998; Maberly
et al. 2002; Callisto et al. 2004, 2005).

Water quality biomonitoring programs commonly use
benthic macroinvertebrates as bioindicators of environmen-
tal pollution, in addition to utilizing a suite of chemical, mi-
crobiological, and toxicological tests of water quality (Val-
dovinos and Figueroa 2000; Callisto et al. 2001). Benthic
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macroinvertebrate communities have frequently been used
in assessments of human impacts on freshwater (Rosenberg
1992; Junqueira et al. 2000; Brooks et al. 2001; Fleituch
et al. 2002). The use of bioindicators to assess water quality
is based on the response of the organisms to changes in their
environment, including perturbations of human or natural
origins, and reflects their lifestyle and sedimentary behavior
(Bonada et al. 2006).

There are many benefits of using benthic macroinverte-
brates for biomonitoring programs: (a) they are easily col-
lected and identified at the family or genera levels; (b) many
taxa are sedentary and possess long life cycles, making them
capable of registering cumulative effects on their habitats,
and (c) they are sensitive to physical and chemical changes
in ecosystems, and their responses to these alterations are
detectable and measurable (Barbour et al. 1996).

There are a variety of benthic organisms that are fre-
quently highly abundant in reservoirs; these organisms in-
clude Chironomidae, Oligochaeta, Bivalvia, Hirudinea,
and Chaoboridae (Takeda et al. 1990; Brooks et al. 2001;
Martins-Montanholi and Takeda 2001; Santos et al. 2000).
Chironomidae larvae exhibit a high diversity of ecological
features and are capable of surviving in many different en-
vironmental conditions, where some species are tolerant or
sensitive to low oxygen concentrations, extremes of temper-
ature, pH, salinity, and trophy (Prat et al. 1992; Henry 1993;
Cranston 1995).

5.2 Basic Concepts

5.2.1 Lake Aging

Lake aging is a natural process that occurs on a geologic
timescale and results in the lake being filled with materi-
als that are eroded and transported by tributaries, deposited
from the atmosphere and produced in the lake. Differences in
runoff and watershed characteristics cause lakes to fill-in at
different rates. The didactic natural succession is from lake
to pond, pond to marsh, marsh to meadow, and meadow to
dry land.

5.2.2 Brazilian Lacustrine Ecosystems

In Brazil, most lacustrine ecosystems are characterized as
lagoons owing to their geomorphological origin related to
the meanders of large rivers, coastal lagoons near the sea
in the “restinga” formation, or in the floodplains of Amazo-
nia and the Pantanal. Some deep lakes can be found in the
Minas Gerais State in southeastern Brazil that originated in
the curves of the Doce River (Barbosa et al. 1999).

5.2.3 Anthropogenic (Cultural) Eutrophication

Human land use, deforestation, and untreated sewage dis-
posal are common causes of eutrophication in freshwater.
Originally, eutrophication was known as the increased pro-
ductivity of a lake as it ages. Often, an increased nutrient
supply from human activities results in an increase in the
biological production of the lake. Although the increased
production may increase the rate of lake filling, it is incor-
rect to define eutrophication as lake aging. A lake does not
die when it reaches a state of high productivity, but rather
when it has been completely filled in and no longer exists.
Lake filling results from production that occurs within the
lake, which may increase with eutrophication, and from the
deposition of organic and inorganic materials from outside
the lake, which is not related to lake eutrophication.

5.3 Too Much of a Good Thing

Natural eutrophication is a fairly slow and gradual process
that typically occurs over a period of many centuries as natu-
ral disturbances cause an imbalance between production and
consumption within the lake, and the lake slowly becomes
overfertilized. Although natural eutrophication is not rare
in nature, it does not occur frequently or quickly. However,
cultural eutrophication has become so common that the word
“eutrophication” has come to mean a very harmful increase
and acceleration of nutrient concentrations within a water
body. The situation is as if something receives too much fer-
tilizer or has too much of a good thing.

5.3.1 What is Meant by Trophic State?

In temperate regions, the term “trophic” originally referred
to the nutrient status of an ecosystem. Esteves (1988) dis-
cussed the misuse of the lake typology approach in tropi-
cal regions and argued that it is necessary to consider the
naturally high nutrient concentrations in tropical lakes. His
paper, titled “Considerations on the application of typology
of temperate lakes to tropical lakes,” stressed the inadequacy
of'its application. The metabolic patterns of tropical lakes are
completely different than temperate lacustrine ecosystems.
When the basic indicators used in the typology of temperate
lakes are applied to tropical lakes, the resulting classification
may cause the same ecosystem to be placed into different
categories.

Thienemann (1913) was the first author to use the distri-
bution of benthic chironomid larva to classify lakes in Ger-
many and, later, to propose his typology. In his studies of
volcanic lakes in the Eifel region, he discovered a different
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distribution of Tanytarsus and Chironomus genera in lakes.
The Tanytarsus genus was found to occur at a higher density
in lakes with oxygen that was well distributed throughout the
water column during the summer period of thermal stratifica-
tion. On the other hand, the Chironomus genus was abundant
in deeper waters with lower oxygen levels during the same
stratified period. Thienemann called the former category of
lakes “alpine lakes” because of their similarity to lakes in
the Alps, and the latter category “Baltic lakes” because they
were similar to lakes in the Baltic zone in northern Germany.
As Esteves (1988) described, the Eifel lakes may be consid-
ered to be the origin of all modern typology.

Almost one decade later, Naumann (1921) used phyto-
plankton and concentrations of phosphorus, nitrogen, and or-
ganic matter in the water and sediments to classify Swedish
lakes. This researcher used the same classification scheme
that was used for soils during that period and proposed the
term “oligotrophic” to describe lakes with low nutrient con-
centrations of P, N, and organic matter and low densities of
algal populations. Additionally, Naumann applied the term
“eutrophic,” which was typically used to describe fertile
soils, to lakes with high concentrations of these character-
istics. Further studies by Thienemann (1928) and Naumann
(1930) classified the alpine lakes as oligotrophic and the Bal-
tic lakes as eutrophic.

Most tropical lakes are shallow and show circulation pat-
terns that are different from those in temperate lakes. These
patterns, coupled with the higher temperatures, result in a
unique metabolism in tropical lakes. In general, lakes are
divided into three trophic categories: oligotrophic, meso-
trophic, and eutrophic. The prototypic oligotrophic lake is
a large deep lake with crystal clear water and a rocky or
sandy shoreline. Both planktonic and rooted plant growth are
sparse and the lake can support a coldwater fishery. A eutro-
phic lake is typically shallow with a soft and mucky bottom.
Rooted plant growth is abundant along the shore and into
the lake and algal blooms are not unusual. Water clarity is
generally poor and the water often has a tea color. If the lake
is deep enough to thermally stratify, the bottom waters are
often devoid of oxygen. A mesotrophic lake has an interme-
diate trophic state with characteristics between the other two.

5.4 Current Threats

Although the response of any given water body to environ-
mental changes will be unique, as some lakes are relatively
resistant to change and others are more sensitive, one or
more of the following factors can potentially reduce biodi-
versity in a eutrophic ecosystem (http://www.strategy.sebio-
diversity.org.uk/pages/eutrophic-lakes.html):
e Climate change: A substantial change to the supply of
water to an aquatic ecosystem would alter the character-

istics of that water body, whereas an increase in tempera-
ture would produce wide-ranging effects, including accel-
erated plant growth.

e Pollution: Pollutants such as organic and inorganic fertil-
izers and nitrogen-rich gases can enter a water body from
both point sources and diffuse sources. Increasing con-
centrations of these pollutants can cause nutrient enrich-
ment (eutrophication) that can damage plant and animal
communities. In general, pollution inputs from diffuse
sources are greater than inputs from point sources.

e Changes in land cover: These changes can potentially
result in the release of nutrients from soil that can then
cause enrichment of water bodies. In addition to causing
an increase in pollution, the long-term effects of such land
use changes can also include siltation, which can smother
fish spawning sites and damage aquatic vegetation. These
problems are exacerbated by the removal of vegetation
and reed swamps at the edges of a water body, which can
act as nutrient sinks and effective barriers against particu-
late matter.

o Water extraction: Water may be extracted, either directly
from a standing water body or from surface feeders or
aquifers, for use as a potable supply or in industry or
irrigation applications. Removing water from the system
can decrease water levels and result in increased reten-
tion times and reduced flushing rates. This may exacer-
bate nutrient enrichment, cause deterioration of marginal
vegetation through drawdown and cause shallow lakes to
dry out. For coastal sites, a reduction in the throughput of
fresh water could increase the salinity of a water body.

e Fishing: The introduction of fish, the removal of preda-
tors, and the manipulation of existing fish stocks for
recreational fishing can lead to the loss of natural fish
populations and may affect plant and invertebrate com-
munities. Heavy stocking of bottom-feeding fish such as
carp (Cyprinus carpio) can increase turbidity levels and
accelerate the release of nutrients from sediments. This
effect has been shown to cause major enrichment prob-
lems in some eutrophic water bodies.

e Recreation: The use of standing water for recreational
and sporting purposes may disturb existing bird popula-
tions. Marginal vegetation may be negatively impacted by
trampling and the action of boat hulls and propellers can
destroy aquatic plants and stir up sediments, which can
contribute to enrichment and algal growth. Additionally,
the construction of marinas and other leisure facilities
may destroy valuable habitat and can lead to increased
pollution.

e Nonnative plants and animals: The release of nonna-
tive plants and animals can be very damaging to aquatic
ecosystems. As an example, the introduced signal cray-
fish (Pacifastacus leniusculus) has destabilized the biota
of some water bodies by consuming large amounts of
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aquatic vegetation and it has eliminated many populations
of native crayfish by spreading crayfish plague.

5.5 International Perspective

Cultural eutrophication, which is the excessive growth of

plants caused by anthropogenic nutrient enrichment, is rec-

ognized as the primary problem facing most surface waters

worldwide (Smith and Schindler 2009). The main driving

factors of cultural eutrophication are anthropogenic changes

to land use in the catchments and nutrient inputs from un-

treated sewages (Tundisi and Matsumura-Tundisi 2003). For

example, clearing forested catchments causes the long-term

loss of nutrients from the landscape, and these nutrients can

end up in the local water bodies. Applications of manure

or commercial fertilizer further increase terrestrial nutrient

exports. Fertilized soils can become nutrient saturated and

these nutrients can leak into receiving waters for decades

after the external nutrient additions are reduced or discon-

tinued. The main potential effects of cultural eutrophication

caused by excessive inputs of phosphorus and nitrogen into

fresh and coastal waters are as follows:

e Increased biomass of phytoplankton and macrophyte veg-
etation.

e Increased biomass of consumer species.

e Shifts to bloom-forming algal species that might be toxic
or inedible.

¢ Increased biomass of benthic and epiphytic algae.

Changes in species composition of macrophyte vegeta-

tion.

Increased incidence of fish kills.

Reductions in species diversity.

Reductions in harvestable fish and shellfish biomass.

Decreases in water transparency.

Taste, odor, and drinking water treatment problems.

Oxygen depletion.

Decreases in the perceived esthetic value of the water

body.

5.6 Eutrophication and Infectious Disease
Risk

There is a direct link between eutrophication and disease risk.
Water-related diseases are a major cause of human morbidity
and mortality worldwide, and recent evidence suggests that
diseases can have a major impact among aquatic organisms.
Clearly, biological waste disposal activities, such as manure
applications to cropland, can simultaneously increase the
loading of phosphorus, nitrogen, and potentially hazardous
coliform bacteria to surface waters. However, enhanced nu-

trient loading may be sufficient on its own to influence the
abundance, composition, virulence, and survival of patho-
gens that are already present in aquatic ecosystems. Another
potential nutrient--pathogen interaction involves changes in
food quality. For example, if eutrophication influences the
nutrient content of food consumed by host organisms, then
changes in host nutrition could alter host—pathogen dynam-
ics and ultimately result in infection. These potential links
between pathogens and nutrient availability could also be
important for managing human health in streams and rivers
with significant bathing-related activity. Recreational use
of waters can spread fecal-oral viruses (e.g., enteroviruses,
hepatitis A viruses, rotaviruses and others) that cause a broad
range of gastrointestinal, respiratory, eye, nose, ear, and skin
infections.

5.7 Eutrophication of Brazilian Freshwaters

5.7.1 A Case Study of Reservoirs

The Ibirité¢ reservoir (19°07°00"-20°02'30"S, 44°07'30"—
44°05'00"W) was built in 1968 at an altitude of 773 m a.s.1.
This reservoir has an area of 2.8 km?, a water volume of
15,423,000 m?, and an average depth of 16 m. Most of the
hydrographic basin of the Ibirité Reservoir spans the mu-
nicipalities of Ibirit¢ (148,535 inhabitants) and Sarzedo
(23,282 inhabitants). The landscape of the reservoir basin is
dominated by Eucalyptus plantations, a large condominium
complex, small farms, and several industrial plants (Pinto-
Coclho et al. 2010; Fig. 5.1).

The Vargem das Flores reservoir (19°53'30"-19°5525"S,
44°07'22"-44°10'59"W) was built in 1971 and is situated at
838 m a.s.l. The reservoir has a water surface of 5.5 km?, a
water volume of 44,000,000 m?, and a maximum depth of
18 m. The maximum level sill spillway is 838.64 m with a
hydraulic retention time of 365 days. Approximately 12.3 ha
of the Vargem das Flores reservoir basin was designated as
an environmentally protected area (EPA) by law 16.197/06
(Minas Gerais, Brazil; Fig. 5.1).

The Serra Azul reservoir (19°54'09"-20°00'52"S,
44°23'16"-44°30'20"W), which has been operating for
approximately 30 years, is located at an altitude of 760 m
a.s.l., has a water surface of 8.9 km?, a water volume of
93,000,000 m?, and a maximum depth of 40 m. The maxi-
mum level sill spillway is 760 m with a hydraulic retention
time of 351 days. This reservoir, together with the Vargem
das Flores reservoir, provides the primary drinking water
supply to the metropolitan region of the State’s capital (ca.
4.8 million people). The protection area of the Basin is
27,200 ha, and the territory’s domain Companhia de Sanea-
mento de Minas Gerais (COPASA) is 3,200 ha (COPASA
2000; Fig. 5.1).
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Fig 5.1 Location of the Vargem das Flores, Serra Azul, and Ibirité reservoirs in the catchment of the Paraopeba River, Minas Gerais, Brazil and

the distribution of the sampling sites (black dots) within the reservoirs

5.7.2 Macroinvertebrate Sampling

Macroinvertebrate samples were collected from 90 sites in
the littoral zone of the three reservoirs. Samples were col-
lected quarterly over a period of 2 years (in March, June,
September, and December of 2008 and 2009) with an Ek-
man-Birge dredge (0.0225 m?). The material collected was
fixed in 70 % formaldehyde and subsequently identified to
the family or genus level, as was the case of Chironomidae
(Peterson 1960; Merritt and Cummins 1996; Mugnai et al.
2010; Trivinho-Strixino 2011).

5.7.3 Abiotic Data

The following physical and chemical parameters of the sur-
face water were measured using a YIS model Multiprobe for
each sampling occasion at each sampling site: electrical con-
ductivity, turbidity, total nitrogen (TN), and pH. Addition-
ally, groundwater samples were collected with a Van Dorn-
type cylinder for subsequent measurement of total phospho-
rus (TP) and orthophosphates (PO,) for use in the trophic
state index (TSI), following the “Standard Methods for the
Examination of Water and Wastewater” (APHA 1992). The
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concentration of chlorophyll a (Chla) was obtained accord-
ing to Golterman et al. (1978) and the transparency was es-
timated using a Secchi disc (S). Additionally, large seasonal
variations of temperature and rainfall were evaluated during
the sample period. The average monthly values of tempera-
ture and precipitation were calculated for all the sampling
periods based on data from the Brazilian National Institute of
Meteorology (INMET) for the metropolitan region of Belo
Horizonte in 2008 and 2009.

The Carlson (1977) TSI, modified by Toledo et al. (1983),
was calculated for each of the sites. Each index is composed
of subindices, which are then weighted to obtain a final value
of the trophic status. The TSI is calculated with the following
formula:

TSI(TP) + TSI(PO4) + TSI(Chl
TSI:TSI(S)+2><|: (TP) + (74)+ ( a)}

where the subindices are defined as follows:

0.64 + InS
TSIS) = 10 x (6— — (202 F 5 )
In2

)
In2 ’

TSI(TP) = 10 x (6— (1

In (37)
TSI(POy) = 10x [6 —— [ ———2] |,
In2

2.04 — —0.695In Chla
TSI(Chla) = 10 x (6 — — 5 .
n

Based on this calculation, TSI values ranging from 0 to 44
correspond to oligotrophic waters; values from 44 to 54 are
mesotrophic waters, and a value of greater than 54 are eutro-
phic waters.

5.7.4 Macroinvertebrate Sampling

In total, 14,425 organisms, belonging to 47 taxa (4 Mollusca,
2 Annelida, and 41 Arthropoda), were collected from the 90
sampling sites during the 2-year observation period. Of the
total number of organisms sampled, 24 % were Diptera lar-
vae, where Chironomus (8 %), Tanypus (4%), and Coelot-
anypus (4 %) were the most representative genera.

The lowest numbers of organisms were found in the oli-
gotrophic Serra Azul reservoir (2,438 organisms), followed
by the Vargem das Flores reservoir (mesotrophic, 5,033
organisms) and Ibirité reservoir (eutrophic, 6,954 organ-
isms). Following the construction of a reservoir, great
changes can be expected in the physical and chemical char-
acteristics of the water and in the functional and structural
composition of aquatic communities, including a reduction
of the total number of species and the establishment of exotic
species (Yanling et al. 2009).

The colonization of highly modified new habitats, as in
the case of reservoirs, is typically undertaken by highly re-
sistant species that are adapted to stagnant waters, as well as
generalist species that are small in size, have long life cycles,
and have high rates of sexual maturation (Rueda et al. 2006;
Ruse 2010). In our reservoirs, even in the selected sites with
oligotrophic conditions, the observed taxa richness (51 taxa,
59 % Diptera) was lower than on the river in the same drain-
age basin where 63 taxa were recorded, with Ephemeroptera,
Plecoptera, and Trichoptera (EPT) representing 16% of the
total individuals (A. Lessa, unpublished data). In our study,
the presence of the exotic species Melanoides tuberculatus
(Miiller 1774; Thiaridae, Gastropoda) was recorded at sites
with oligotrophic characteristics. Since it was first recorded
in Brazil in 1967, this African-Asian species has extensively
invaded tropical freshwater ecosystems and settled in various
types of substrates (Dudgeon 1989; Clementes et al. 2006).
The densities of M. tuberculatus in disturbed habitats are like-
ly to increase and may surpass the level of 10,000 ind m2
(Santos and Eskinazi-Sant’Anna 2010). Additionally, differ-
ences were found in the taxa composition of oligotrophic,
eutrophic, and mesotrophic sites. Oligochaeta, including
the above-mentioned M. tuberculatus and Chironomus, rep-
resented 60 % of the total individuals in the more disturbed
sites, while they only accounted for 7% of the total individu-
als in the oligotrophic sites (Fig. 5.2). In the Ibirité eutrophic
reservoir, chironomids represented 29 % of the samples.

Some genera of Chironomidae were found only in oligotro-
phic sites (Manoa, Pseudochironomus, Stenochironomus, Za-
vreliella, Lauterboniella, Paralauterboniella), which is a good
indication that these sites may serve as reference sites for an
ecological quality assessment of reservoirs in tropical areas.

Several authors have shown that different chironomid spe-
cies have different sensitivities to stress (Davies and Jackson
2006; Arimoro et al. 2007; Roque et al. 2010). For example,
the genus Fissimentum, which was observed with a high num-
ber of individuals in oligotrophic sites, is considered an indi-
cator of good water quality (Cranston and Nolte 1996). An
evaluation of the spatial distribution of taxa showed that when
both Oligochaeta and Chironomidae had the highest occur-
rence of organisms (ind m2) in a reservoir arm, this was po-
tentially characteristic of an input of untreated sewage waste
from the surrounding intense urban occupation (Fig. 5.3).
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Fig. 5.2 Percentage of organ-
isms found in the main Ibirité
reservoir: /, 2, and 4 are resistant
taxa, 3 are alien species, and 5
are typical organisms of lentic
environments

Fig. 5.3 Spatial distribution of
organisms sampled in the main
Ibirité reservoir: a Chironomidae,
b Oligochaeta, and ¢ Melanoides
tuberculatus
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Fig.5.5 Results of the 2nd-STAGE MDS for the three reservoirs based on biological data collected in December (Dec), March (Mar), June (Jun),
and September (Sep) of 2008 (08) and 2009 (09) for the a Serra Azul, b Vargem das Flores, and ¢ Ibirité reservoirs

5.7.5 Abiotic Data

The climatic data for 2008 and 2009 confirmed the existence
of two distinct seasons: a wet season from December through
March and a dry season from June through September. De-
cember 2008 had the highest rainfall average (442 mm), fol-
lowed by January 2009 (282 mm). The driest months were
June 2008 and June 2009, when no precipitation occurred.
The maximum temperature during the study period was re-

corded in December 2009 (29.0°C) and the minimum was
recorded in June 2008 (23.9°C; Fig. 5.4).

The 2nd-STAGE nMDS was consistent with the above
findings, showing that there was no pattern of high correla-
tion between the communities sampled in the same month
of the year (e.g., December 2008 and December 2009) or
the same season (dry and wet; Fig. 5.5). For rivers in both
temperate and tropical regions, seasonal climate variabil-
ity is accompanied by changes in the communities (Sporka
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et al. 2006; Leunda et al. 2009; Punti et al. 2009). Several
previous studies (e.g., Feio et al. 2006; Aroviita et al. 2010)
have shown that these changes are known to affect ecologi-
cal assessments based on reference conditions that represent
the systems only for a given season. However, the seasonal
variability of temperature and precipitation observed during
the 2 years of sampling in this study was not reflected in the
benthic communities of the reservoirs. Seasonal variability
in the communities was unpredictable and similar to the in-
terannual variability. Other authors studying both subtropi-
cal systems (China) and temperate systems (Canada) have
observed that rainfall and flood pulses did not influence the
distribution of Chironomids in reservoirs because they are
well adapted to fluctuations in the water level (Zhang et al.
2010; Furey et al. 2006).

The ANOSIM global R values for the three reservoirs
showed wide variability within the sampling periods (ANO-
SIM Serra Azul: Global R=0.054, p=0.001; ANOSIM Ibiri-
té: R=0.166, p=0.001; and ANOSIM Vargem das Flores:
R=0.113, p=0.001). According to the TSI, 29 sites were
classified as oligotrophic in the Serra Azul reservoir, and
only one site was classified as mesotrophic. The Vargem das
Flores reservoir had 26 sites classified as oligotrophic, with
1 site as mesotrophic and 3 sites as eutrophic. Over the 2
years of samples in the Ibirité reservoir, 28 sites were identi-
fied as eutrophic and 2 sites were mesotrophic (Fig. 5.6).

The environmental variables were found to have higher
values in the eutrophic reservoir than in the oligotrophic res-
ervoir. For example, the median electrical conductivity was
280.50 and 26.36 mS cm ™' for the eutrophic and oligotrophic
reservoirs, respectively. The exception was for the S, which
had the highest average values in the oligotrophic reservoir
(see Table 5.1). The decrease in diversity of the benthic com-
munities in the Ibirité reservoir can likely be explained by an
increase in the trophic status owing to the land use and oc-
cupation of the areas surrounding this reservoir. The spatial
distribution of some of the environmental variables showed
that one arm of the reservoir had high concentrations of nu-
trients (TN and high levels of TN/TP; Fig. 5.7).

5.7.6 Semiarid Lentic Ecosystems

Hydrological fluctuations can cause significant changes to
lakes and reservoirs in arid and semiarid regions, where
both seasonal and annual variability can cause changes in
the shape and size of the ecosystems (Sanches-Carrillo et al.
2007). The reservoirs in these regions can suffer significant
intraannual variations of water volume, surface area, water
residence time, and depth, which may affect their physical,
chemical, and biological features.

In lakes located in temperate regions, phosphorus is the
main limiting resource of primary productivity and the con-
centration of phosphorus in the water is correlated with algae
biomass (Dillon and Rigler 1974; OECD 1982). On the other
hand, Thornton and Rast (1989, 1993) showed that reservoirs
from semiarid regions respond differently to eutrophication
than do lakes in temperate regions, from which the classi-
cal concepts of eutrophication were developed. Thus, the
primary functions that influence the limnological dynamics
may not be similar between these two regions, and, there-
fore, system responses to nutrient enrichment may be differ-
ent (Thornton 1990; Tundisi et al. 1990).

Because the TSI was developed in temperate lakes, its ap-
plication to tropical reservoirs has been widely questioned
(Bouvy et al. 2000; Huzsar et al. 2000; Costa et al. 2006;
Panosso et al. 2007). Thornton and Rast (1993) proposed
that concentrations of TP above 60 ug I”! and Chlaabove
12 pug 1! are indicative of a eutrophic reservoir in semiarid
regions. This designation is set at the point where the algal
biomass would be limited more by light than by the concen-
tration of phosphorus.

A typical phenomenon in eutrophic lakes is the occurrence
of blooms of cyanobacteria, which are common planktonic
organisms living in different aquatic ecosystems. Although
they are primarily related to eutrophication (Watson et al.
1997), their distribution is not limited to high-productivity
ecosystems (Reynolds 1997). Cyanobacteria blooms are
globally distributed and are regulated by many environmen-
tal variables linked by geographical and ecological aspects
(Ferrao-Filho et al. 2009).

Cyanobacteria blooms affect water quality by chang-
ing the pH, transparency, and biodiversity, and by produc-
ing odors and/or toxins, such as cyanotoxins (Blahova
et al. 2008). Toxic blooms of cyanobacteria are common in
man-made lakes in the semiarid regions of Brazil and they
frequently cause human health threats (Molica et al. 2005;
Costa et al. 2006; Vasconcelos et al. 2011).

Although cyanobacteria blooms in reservoirs in semiarid
Brazil are mainly related to the eutrophic conditions of these
systems, other factors may also contribute to the success of
cyanobacteria. These factors include environmental con-
stancy, annual rain deficit and lack of water renewal, high
temperatures, high pH, low N/P ratio, low ammonium con-
centrations, and the absence of efficient predators (Bouvy
et al. 1999, 2000; Huszar et al. 2000, 2006; Barbosa et al.
2010; Dantas et al. 2010).
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Fig. 5.6 Classification of sites according to the TSI index for the Vargem das Flores (VF), Ibirité (I), and Serra Azul (AS) reservoirs during 2008

and 2009

5.8 Case Study of the Trophic Evolution of a
Reservoir Used to Supply the Citizens of
the Paraiba State in the Semiarid Region
of Brazil

5.8.1 Site Description

The water resources of the Paraiba State are distributed

throughout 11 watersheds (Fig. 5.8), which contain more

than 123 reservoirs. These reservoirs hold more than
15 million m? of water intended for use as the public sup-

ply and they provide a maximum storage capacity of nearly
43,906,773,462 m>. The 20 reservoirs evaluated in this study
are located between 6°48' to 8°12'S and 38°33' to 34°47'W
(Fig. 5.8) and are present in two different hydrographic ba-
sins. The Paraiba and Piranhas River basins are the largest
basins in the Paraiba State, and they represent the highest
potential for water accumulation (28 and 67 %, respectively).

The climate classification of the reservoirs is BSwh,
according to Koppen’s classification system, which describes
a semiarid hot climate with 7-9 dry months. The average
temperatures are between 28 and 33 °C and the precipitation
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Table 5.1 Environmental

” . Environmental variables Oligotrophic Mesotrophic Eutrophic

variables sampled in the

oligotrophic, mesotrophic, Secchi disc (m) 2.34+0.86 1.4+£0.7 0.47+0.27

and eutrophic reservoirs Water temperature (OC) 27.984+3.65 25.9+2.57 27.5+£3.65
pH 7.69+0.44 8.13+0.50 8.33+0.98
Electrical conductivity (mS cm™!) 26.34+8.66 135.94+27.36 280.50+114. 46
Total dissolved solids (mg 17") 18.45+5.21 91.68+27.33 197.43+£70.64
Turbidity (NTU) 5.05+£10.29 15.48+28.06 55.78+66.71
Dissolved oxygen (mg 1) 7.72+0.81 7.63+1.16 7.00+0.21
Chlorophyll a (ug 11 2.05+3.44 2.34+2.21 53.65+78.66
Total nitrogen (ug 1! 0.05+0.04 0.22+0.25 0.29+0.21
Total phosphorus (mg 1) 23.16+20.39 23.19+20.41 171.71+£260.64
Orthophosphates (ug 1! 7.21+£5.12 7.90+£5.82 22.62+86.78

The values represent the mean (+SD) of the 2-year sampling period

Fig. 5.7 Spatial distribution
of some of the environmental
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Fig. 5.8 Map of Paraiba State
(Brazil), including the different
hydrographic basins, and the loca-
tions of the sampled reservoirs
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Fig. 5.9 Rainfall (a) and hydrometric levels (b) of the reservoirs dur-
ing the dry and rainy seasons in the Paraiba and Piranhas River basins,
Paraiba State, northeastern Brazil

is approximately 700 mm/year. In all the reservoirs, the dry
periods occurred between August and March. These periods
included low precipitation levels (40280 mm), and the hy-
drometric levels of the reservoirs were generally low as well.
During the rainy seasons, from May to July, the precipita-
tion was higher (150-450 mm) and the reservoirs reached
their maximum capacity. The wind velocity in the region was

typically negligible and ranged from 3 to 4 m s~ The total
annual evaporation varied between 2,500 and 3,000 mm with
decreasing values trending from west to east.

Each of the 20 reservoirs was sampled eight times be-
tween August 2006 and August 2009, including sampling
events in both the dry and rainy periods. During the dry pe-
riods, we observed low rainfall in the Piranhas (X=2.1 mm)
and Paraiba (X=0.2 mm) River basins. The hydrometric
levels of the reservoirs were generally low as well. In the
Piranhas River, the hydrometric level of the reservoirs varied
from 9.9 to 91.2% of their total capacity, while in the Parai-
ba River, reservoirs ranged from 36.9 to 73.8 % (Fig. 5.9b).
During the rainy seasons, the precipitation was higher in Pi-
ranhas River basin (X=187.4 mm) than in the Paraiba River
basin (X=103.5 mm; Fig. 5.9a). During this period, 76 % of
the reservoirs reached their maximum capacity in the Pira-
nhas River basin, and only 40 % reached their capacity in the
Paraiba River basin (Fig. 5.9).

5.8.2 Sample Collection

Environmental and phytoplankton samples were collected
from one permanent site at the deepest part of each reser-
voir near the dam by holding a Van Dorn Bottle 10-20 cm
beneath the water surface. Light transparency was assessed
using an S. Temperature, pH, and electrical conductivity
were measured using specific electrodes. Dissolved oxygen
was measured by the Winkler method. Water samples were
collected in PVC bottles that were previously cleaned with
distilled water. The samples were transported to the labora-
tory on ice, where they were frozen and analyzed for nutrient
concentrations (including inorganic dissolved nitrogen, dis-
solved reactive phosphorus, and TP) according to the proce-
dures described by APHA (1992).
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Table 5.2 Limnological measurements in the reservoirs

Piranhas River

Paraiba River

Variables Dry Rainy Dry Rainy

Mean CV(%) |Mean CV(%) p Mean  CV (%)  Mean CV (%) |p
Water temperature ~ 29.9 6.72 29.57 893 0.74 28.2 6.49 28.2 3.96 0.93
Dissolved oxygen 7.95 13.4 7.008 11.5 0.01%* 7.82 7.53 8.44 233 0.51
Alcalinity 20.4 24.4 17 28.7 0.09 29.2 24.5 18 18 0.01*
Inorganic dissolved ~ 7.49 212 75.07 121 0.01* 2.3 314 122 112 0.08
nitrogen
P-ortho 11.80 63.2 3331 721 0.01* 70.2 71 92.6 64.8 0.53
Total-P 168.11 58.11 2492 135 0.19 1,681.1 58.11 91.02 27.4 0.24

The mean and coefficient of variation (CV) are presented for the two sampling periods as well as the significance level of the differences between

the dry and rainy season for Piranha and Paraiba Rivers (p)
*p<0.05

5.8.3 Data Analysis

Relationships between environmental parameters and the
density of cyanobacteria were studied using multiple regres-
sion analysis. The Akaike’s information criterion (Johnson
and Omland 2004) was used to extract the variables that
significantly increased the amount of explained variation
(AAIC<2).

An analysis of variance (ANOVA) indicated significant
differences between the rainy and dry seasons for the res-
ervoirs in the Piranhas River basin for dissolved oxygen,
inorganic dissolved nitrogen, and TP. For the reservoirs in
the Paraiba River basin, only alkalinity was found to have a
significant seasonal difference (Table 5.2).

Differences of limnological factors were observed be-
tween the reservoirs in the Piranhas and Paraiba River ba-
sins, except for TP and total alkalinity (Table 5.2). In the dry
season, the Piranhas River reservoirs showed higher mean
values for temperature, dissolved oxygen, and dissolved in-
organic nitrogen. Higher mean concentrations of TP were
registered in the Paraiba River reservoirs. During the rainy
season, the Paraiba River reservoirs had higher concentra-
tions of dissolved inorganic nitrogen and TP (Table 5.2).

Reservoirs in semiarid regions are considered to be eutro-
phic when the annual average concentration of TP is higher
than 60 ug I"! (Thornton and Rast 1993). During the sam-
pling period, an increase in the concentrations of TP in the
reservoirs was observed, with averages ranging from 39.3 pg
I"! (DP = 12.76) in 2006 to 155.89 ug 1! (DP = 81.16) in
2009. In 2006, 7.7 % of the reservoirs were categorized as
eutrophic and that percentage increased in each subsequent
year, with 30.8% in 2007, 42.3% in 2008, and 57.7% in
2009 (Fig. 5.10).

We identified 188 taxa in the reservoirs, which were dis-
tributed among nine taxonomic groups: Chlorophyceae (61),
Cyanobacteria (49), Bacillariophyceae (34), Euglenophy-
ceae (14), Zygnemaphyceae (19), Dinophyceae (5), Chla-
mydophyceae (4), Xanthophyceae (1), and Oedogoniophy-

ceae (1). No individual taxon was found to be present in all
the sampled reservoirs. However, Cyclotella meneghiniana,
Cylindrospermopsis raciborskii, Aulacoseira granulate,
Aphanocapsa elachista, and Pseudoanabaena limnetica
were the most frequently identified species. Out of the total
number of identified taxa, 39 occurred only in the dry period
and 30 were found only during the rainy period. Aphani-
zomenon tropicalis and Coelastrum scabrum were the most
abundant of the 16 taxa that were found only in the Paraiba
River, and Dolichospermum spiroids, Merismopedia tenuis-
sima, and Qocystis lacustris were the most abundant of the
31 taxa found only in the Piranhas River.

The most abundant species of cyanobacteria in the res-
ervoirs were potential toxin producers. These species domi-
nated the phytoplankton community in 16 of the reservoirs,
especially during the dry periods, and represented 73.1 % of
the total individuals and 54.08 % of the total algae during
the rainy season. The occurrence of cyanobacteria blooms in
reservoirs increased significantly between 2006 and 2009. In
2006, only 3% of the reservoirs were found to have cyano-
bacteria blooms, while in 2007 that number grew to 20 %, in
2008 it was 45 %, and in 2009 it reached 62 %. Most of the
observed cyanobacteria blooms were found in the Piranhas
reservoirs (Fig. 5.11).

A multiple regression analysis with cyanobacteria den-
sity as the dependent variable showed a positive relation-
ship with dissolved oxygen and a negative relationship with
water transparency, pH, and inorganic dissolved nitrogen
(R?gjustea=0-45; p<0.05). The equation to summarize these
relationships is described by

InCYN=13-0.71 InWT-3.5 pH+0.29 InDO-0.19
InIDN,

where
CYN Cyanobacteria density

WT Water transparency
DO Dissolved oxygen
IDN  Inorganic dissolved nitrogen.
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Fig. 5.11 Occurrence of cyanobacteria blooms in the Paraiba River
Basins and the evolution of cyanobacteria densities from 2006 to 2010

The proposed model to describe the cyanobacteria density
in the reservoirs was found to have residuals with a normal
distribution (W=0.96; p=0.73) by the analysis assumptions
(Fig. 5.12).

The availability of phosphorus has been regarded as one
of the most important factors for determining phytoplankton
biomass and water quality in lakes and temperate wetlands
(Dilon and Rigler 1974) of tropical and subtropical regions
(Attayde and Bozelli 1999; Huzart et al. 2006). However,
reservoirs have different characteristics than natural lakes.
For example, they often have unique morphology and hy-
drodynamics, as well as high loading rates of nutrients from
the sediments and the drainage basin (Wetzel 1990). Thus,
the driving factors of limnological dynamics are not likely to
be similar in lakes and reservoirs, and therefore, the system
responses to nutrient enrichment are likely to be different
(Tundisi et al. 1990).

Our models demonstrated that cyanobacteria blooms,
which are a regular problem in Brazilian semiarid reservoirs
(Vasconcelos et al. 2011), did not have a direct relationship
with phosphorus concentrations. This result suggests that

Predicted

Fig. 5.12 Dispersion of the predicted values as a function of the re-
sidual pattern

phosphorus concentrations were not a good indicator of the
trophic level of these reservoirs. The low transparency of the
water was owing to high concentrations of suspend solids,
which favors the growth of cyanobacteria while inhibiting
other classes of phytoplankton.

The high suspended solids concentrations may have been
influenced by an increase of aquaculture activities in the
Brazilian semiarid reservoirs. The practice of farming fish
in net cages is an important factor related to the elevated
concentrations of nutrients and Chla, as well as a reduc-
tion of water transparency. The impact of fish farming on
reservoirs is readily observable from the visible release of
dissolved or suspended materials and metabolites from food
remains (Starling et al. 2002; Lazzaro et al. 2003; Guo et al.
2009; Borges et al. 2010). These substances are associated
with a high temperature, which favors an increase in the
density of phytoplankton, and particularly cyanobacteria
(Padisak 1997; Chorus and Bartram 1999; Reynolds et al.
1997), which may explain the high densities of cyanobacte-
ria observed in the studied reservoirs.

Additional factors should be considered to help explain
eutrophication in semiarid waters. Throughout the study
period, the concentrations of TP and densities of cyanobac-
teria were clearly increasing. This can be explained by the
increasing level of anthropogenic activities in the area and
by the climatic features of the region. The long time nec-
essary for water renewal is an important natural event that
can maximize this problem. In addition to the low rainfall,
other factors also influenced the eutrophication, including
nutrient loads from tributaries during the rainy periods; fur-
thermore, because renewal requires large inputs of relatively
clean water, which did not occur during this period, the tro-
phic levels of the reservoirs will likely be maintained or even
worsen over time.



5 Eutrophication of Lakes

69

References

APHA (1992) Standard Methods for the Examination of Water and
Wastewater. American Public Health Association, Washington DC

Arimoro FO, Ikomi RB, Iwegbue CMA et al (2007) Water quality
changes in relation to Diptera community patterns and diversity
measured at an organic effluent impacted stream in the Niger Delta,
Nigeria. Ecol Indicat 7:541-552

Aroviita J, Mykra H, Hamalainen H et al (2010) River bioassessment
and the preservation of threatened species: towards acceptable bio-
logical quality criteria. Ecol Indicat 10:789-795

Attayde JL, Bozelli RL (1999) Environmental heterogeneity and
predictive models of chlorophyll a in a Brazilian coastal lagoon.
Hydrobiologia 390:129-139

Barbosa F, Garcia FC, Marques MMGS, Nascimento FA et al (1998)
Nitrogen and phosphorus balance in a eutrophic reservoir in Minas
Gerais: a first approach. Rev Brasil Biol 58:233-239

Barbosa FAR, Maia-Barbosa PM, Rocha LA, Marques MM, Callisto
M et al (1999) Human impacts and freshwater biodiversity in the
Rio Doce, southeast Brazil: the watershed as the study unit. Proc.
of the 8th. Internat. Symp. on Conservation and Management of
Lakes, ILEC, Copenhagen pp 575-577

Barbosa JEL, Brasil J, Montinegro AKM, Franga JC, Oliveira FM et al
(2010) Variagao Interanual do Fitoplancton e Variaveis Limnologi-
cas em um Agude Raso, Tipico do Semi-Arido Brasileiro (Agude
Taperoa I, Paraiba). In Moura AN, Aratjo EL, Bittencourt-Oliveira
MC, Pimentel RMM, Albuquerque UP (Orgs.). Reservatorios do
Nordeste do Brasil: Biodiversidade, Ecologia e Manejo. Recife:
NUPEEA Nucleo de Publicagdes em Ecologia e Etnobotanica Apli-
cada vol 1(1), pp 81-114

Barbour MT, Gerritsen J, Griffith GE, Frydenborg R, McCarron E,
White JS, Batian ML et al (1996) A framework for biological cri-
teria for Florida streams using benthic macroinvertebrates. J North
Amer Benthol Soc 5:179-184

Blahova L, Babica P, Adamovsky O, Kohoutek J, Marsalek B, Blaha
L (2008) Analyses of cyanobacterial toxins (microcystins, cylindro-
spermopsin) in the reservoirs of the Czech Republic and evauation
of health risks. Environ Chem Lett 6:223-227

Bonada N, Prat N, Resh VH, Statzner B et al (2006) Developments
in aquatic insect biomonitoring: a comparative analysis of recent
approaches. Ann Rev Entomol 51:495-523

Borges PAF, Train S, Dias JD, Bonecker C et al (2010) Effects of
fish farming on plankton structure in a Brazilian tropical reservoir.
Hydrobiologia 661(1):323-323

Bouvy M, Molica R, Oliveira SD, Marinho M, Becker B et al (1999)
Dynamics of a toxic cyanobacterial bloom Cylindrospermopsis
raciborskii in a shallow reservoir in the semi-arid northeast Brazil.
Aquat Microb Ecol 20:285-297

Bouvy M, Falcdo D, Marinho M, Pagano M, Moura A et al (2000)
Occurrence of Cylindrospermopsis (Cyanobacteria) in 39 Brazil-
ian tropical reservoirs during 1998 drought. Aquat Microb Ecol
23:13-27

Brooks SJ, Bennion H, Birks JB et al (2001) Tracing lake trophic his-
tory with a chironomid-total phosphorus interence model. Freshwat
Biol 46:513-533

Callisto M, Moretti M, Goulart M et al (2001) Macroinvertebrados
bentdnicos como ferramenta para avaliar a satide de riachos. Revista
Brasileira de Recursos Hidricos 6(1):71-82

Callisto M, Goulart M, Medeiros A, Moreno P, Rosa CA et al (2004)
Diversity assessment of benthic macroinvertebrates, yessts, and
microbiological indicators along a longitudinal gradient in Serra
Cipd, Brazil. Braz J Biol 64(4):743-755

Callisto M, Goulart M, Barbosa FAR, Rocha O et al (2005) Biodi-
versity assessment of benthic macroinvertebrates along a reservoir
cascade in the lower Sao Francisco river (Northeastern Brazil). Braz
J Biol 65(2):1-6

Carlson RE (1977) A trophic state index for lakes. Limnol Oceanogr
22:361-369

Chorus I, Bartram J (1999) Toxic cyanobacteria in water. E & FN
Spon, Londres. p 416

Clementes R, Koh LP, Lee TM, Meier R, Li D et al (2006) Importance
of reservoirs for the conservation of freshwater molluscs in a tropi-
cal urban landscape. Biolog Conserv 128:136-146

COPASA CdeSdeMGerais (2000) Levantamento batimétrico do
reservatorio Serra Azul Mateus Leme e Vargem das Flores—MG.
Hydrologic Data Collection Engenharia S/C Ltda, p 14

Costa IAS, Azevedo SMFO, Senna PAC, Bernardo RR, Costa SM,
Chellappa NT et al (2006) Occurrence of toxin-producing cyano-
bacteria blooms in a Brazilian Semi-arid reservoir. Brazil J Biol
66(1):29-41

Cranston PS (1995) Introduction. In Armitage PD, Cranston PS, Pin-
der LCV (eds.) The chironomidae: biology and ecology of mon-
biting midges. Chapman & Hall, London, pp 1-7

Cranston PS, Nolte U (1996) Fissimentum, a new genus of drought-
tolerant Chironomini (Diptera, Chironomidae) from the Americas
and Australia. Ent. News 107(1):1-15

Dantas EW, Bittencourt-Oliveira MC, Moura AN et al (2010) Spa-
tial-temporal variation in coiled and straight morphotypes of
Cylindrospermopsis raciborskii (Wolsz) Seenaya et Subba Raju
(Cyanobacteria). Act Botanic Brasilic (Impresso) 1(24):585-591

Davies SP, Jackson SK (2006) The biological condition gradient: a
descriptive model for interpreting change in aquatic ecosystems. J
Appl Ecol 16:1251-1266

Dillon PJ, Rigler FH (1974) A test of a simple nutrient budget model
predicting the phosphorus concentration in lake water. J Fish Res
Board Can 31:1771-1778

Dudgeon D (1989) Ecological strategies of Hong Kong Thiaridae
(Gastropoda: Prosobranchia). Malacolog Rev 22:39-53

Esteves FA (1988) Consideragdes sobre a aplicagdo da tipologia de
lagos temperados a lagos tropicais. Act Limnolog Brasil 2:3-28

Esteves FA (2011) Fundamentos de Limnologia. 3rd Ed. Rio de
Janeiro: Interciéncia, pp 790

Feio MJ, Reynoldson TB, Graga MAS et al (2006) The influence of
taxonomic level on the performance of a predictive model for water
quality assessment. Canadian J Fish Aquat Sci 63:367-376

Ferrao-Filho AS, Molica RJR, Azevedo SMFO et al (2009) Ecologia,
Ecofisiologia e Toxicologia de Cianobactérias. Oecolog Brasilien
13:225-228

Fleituch T, Soszka H, Kudelska D, Kownacki A et al (2002) Macroin-
vertebrates as indicators of water quality in rivers: a scientific basis
for Polish standard method. Arch Hydrobiol 13:225-239

Furey PC, Nordin N, Mazumder A et al (2006) Littoral benthic macro-
invertebrates under contrasting drawdown in a reservoir and a natu-
ral lake. J North Amer Benthol Soc 25:19-31

Golterman HL, Clymo RS, Ohnstad MAM et al (1978) Methods for
physical and chemical analysis of freshwaters. 2nd Ed. Blackwell
Scientific Publications Oxford (IBP 8), pp 324-343

Guo L, Zhongjie L, Xie P, Ni L (2009) Assessment effects of cage cul-
ture on nitrogen and phosphorus dynamics in relation to fallowing
in a shallow lake in China. Aquacul Inter 17:229-241

Henry R (1993) Thermal regime and stability of Jurumirim Reservoir
(Paranapanema River, Sao Paulo, Brazil). Int Rev Gesamt Hydro-
biol 78:501-511

Huszar VLM, Silva LHS, Marinho M, Domingos P, Anna CLS et al
(2000) Cyanoprokaryote assemblages in eight productive tropical
Brazilian waters. Hydrobiologia 424:67-77

Huszar VLM, Caraco NF, Roland F, Cole J et al (2006) Nutrient—
chlorophyll relationships in tropical-subtropical lakes: do temper-
ate models fit? Biogeochemistry 79:239-250

Johnson JB, Omland KS (2004) Model selection in ecology and evolu-
tion. Trends Ecol Evol 19:101-108

Junqueira MV, Amarante MC, Dias CFS, Franga ES et al (2000) Bio-
monitoramento da qualidade das aguas da Bacia do Alto Rio das



70

M. Callisto et al.

Velhas (MG/Brasil) através de macroinvertebrados. Acta Limnol
Bras 12:73-87

Lazzaro X, Bouvy M, Ribeiro-Filho RA, Oliveira VS, Sales LT, Vas-
concelos ARM, Mata MR et al (2003) Do fish regulate phytoplank-
ton in shallow eutrophic Northeast Brazilian reservoirs. Fresh Wat
Biol 48:649-668

Leunda PM, Oscoz J, Miranda R, Arino AH et al (2009) Longitudinal
and seasonal variation of the benthic macroinvertebrate community
and biotic indices in an undisturbed Pyrenean river. Ecolog Indicat
9:52-63

Maberly SC, King L, Dent MM, Jones RI, Gibson CE et al (2002)
Nutrient limitation of phytoplankton and periphyton growth in
upland lakes. Fresh Biol 47:2136-2152

Martins-Montanholi MC, Takeda AM (2001) Spatial and temporal
Variations of oligochaetas of the [vinhema River and Patos Lakes in
the Upper Parand River Basin, Brazil. Hydrobiologia 463:197-205

Merritt RW, Cummins KW (1996) An introduction to the aquatic
insects of North America. 3rd Ed. Kendall/Hunt Publishing Com-
pany. Dubuque. p 722

Molica RJR, Oliveira EJA, Carvalho PVVC, Costa ANSF, Cunha
MCC, Melo GL, Azevedo SMFO et al (2005) Occurence of saxi-
toxins and an anatoxin-a(s)-like anticholinesterase in a Brazilian
drinking water supply. Harmful Algae 4(4):743-753

Mugnai R, Nessimian JL, Baptista DF et al (2010) Manual de iden-
tificagdo de macroinvertebrados aquaticos do Estado do Rio de
Janeiro. Technical Books Editora, Rio de Janeiro, p 174

Naumann E (1921) Einige Grundlinien der Regionalen Limnologie—
Lund, Lunds Universitets, Arsskript N.I. p 17

Naumann E (1930) Einfurhrung in die Bodenkunde der Seen. Stutt-
gart, E Schweigerbart Verlag, p 126

OECD (1982) Eutrophication of waters: monitoring, assessment and
control. Organization for Economics Co-operation and Develop-
ment, Paris

Padisak J (1997) Cylindrospermopsis raciborskii (Woloszynska)
Seenayya et Subba Raja, an expending highly adaptative cyanobac-
terium: wordlwide distribution and review of its ecology. Arch fiir
Hydrobiol 107:563-593

Panosso R, Costa IAS, Souza NR, Attayde JL, Cunha SRS, Gomes
FCF et al (2007) Cianobactérias e cianotoxinas em reservatorios do
Estado do Rio Grande do Norte e o potencial controle das flora-
¢oes pela tilapia do Nilo (Oreochromis niloticus). Oecolog Brasilien
11(3):433-449

Peterson A (1960) Larvae of insects. An introduction to Neartic spe-
cies. Columbus, Ohio, p 250

Pinto-Coelho RM, Brighenti LS, Bezerra-Neto JF, Morais Jr CA,
Gonzaga AV et al (2010) Effects of sampling effort on the estima-
tion of spatial gradientes in a tropical reservoir impacted by an oil
refinery. Limnologica 40:126-133

Prat N, Sanz F, Martinez-Ansemil E et al (1992) El bentos profundo y
litoral de uma cadena de trés embalses Espanoles del Rio Guadiana
(SW Espana). Limnetica 7:133-155

Punti T, Rieradevall M, Prat N et al (2009) Environmental factors,
spatial variation, and specific requirements of Chironomidae in
Mediterranean reference streams. J North Amer Bentholog Soc
28:247-265

Reynolds CS (1997) Vegetation processes in the Pelagic: A model for
Ecossystems theory. Ecology Institute, oldendorf/Luhe p 371

Reynolds TB, Norris RH, Resh VH, Day KE, Rosenberg DM et al
(1997) The reference condition: a comparison of multimetric
and multivariate approaches to assess water-quality impairment
using benthic macroinvertebrates. J North Amer Bentholog Soc
16:833-852

Roque FO, Siqueira T, Bini LM, Ribeiro MC, Tambosi LR, Ciocheti
G, Trivinho-Strixino S et al (2010) Untangling associations between
chironomid taxa in Neotropical streams using local and landscape
filters. Freshwat Biol 55:847-865

Rosenberg DM (1992) Freshwater Biomonitoring and Chironomidae.
Nether J Aquat Ecol 26:101

Rueda F, Moreno-Ostos E, Armengol J et al (2006) The residence time
of river water in reservoirs. Ecolog Modell 191:260-274

Ruse L (2010) Classification of nutrient impact on lakes using the chi-
ronomid pupal exuvial technique. Ecolog Indicat 10:594-601

Sanches-Carrillo S, Alatore LC, Sanchés —Andrés R, Garatuza-Payan
J et al (2007) Eutrofication and sedimentation patterns in complete
exploitation of water resources scenarios: An Example from north-
western semi-arid Mexico. Environ Monit Asses 132:377-393

Santos CM, Eskinazi-Sant’Anna EM (2010) The introduced snail
Melanoides tuberculatus (Muller, 1774) (Mollusca: Thiaridae) in
aquatic ecosystems of the Brazilian Semiarid Northeast (Piranhas-
Assu River Basin, State of Rio Grande do Norte). Brazil J Biol
70:1-7

Santos CM, Ferreira RAR, Henry R et al (2006) Alteragdes na Orga-
nizagdo da Comunidade Bentonica no Complexo Canoas (Rio
Paranapanema-SP) Durante as Fases Pré e Pos-enchimento. In:
Nogueira MG, Henry R, Jorcin A (eds.) Ecologia de Reservatorios:
impactos potenciais, agdes de manejo e sistemas em cascata. Sao
Carlos: RIMA. pp 183-204

Smith VH, Schindler DW (2009) Eutrophication science: where do we
go from here? Trends Ecol Evol 24(4):201-207

Sporka F, Viek HE, Bulankova E, Krno L et al (2006) Influence of
seasonal variation on bioassessment of streams using macroinverte-
brates. Hydrobiologia 566:543-555

Starling F, Lazzaro X, Cavalcanti C, Moreira R et al (2002) Contribu-
tion of omnivorous tilapia to eutrophication of a shallow tropical res-
ervoir: evidence from a fish kill. Fresh Wat Biol 47(12):2443-2452

Straskraba M, Tundisi JG (1999) Reservoir water management.
Guidelines of lakes management. Kusatsu: International Lake Envi-
ronment Committee (ILEC), 9:229

Takeda AM, Shimizu GY, Higuti J et al (1990) Zoobentos de uma
lagoa marginal (lagoa Fechada, rio Baia, Alto Parana, PR). Ciéncia
e Cultura 42:1003-1007

Thienemann A (1913) Der Zusammenhong Zwischen dem Sauerstoff
des Wassers und der Zusammensetzung der Tiefenfauna Unserer
Seen. Int Rev Ges Hydrobiol Hydrogr 6:245-249

Thienemann A (1928) Der Sauerstoff in eutrophen und oligotrophen
Seen. Ein Beitrag jursestypenlehre. Die Binnengewasser IV. Stutt-
gart, E. Echweizerbart

Thornton KW (1990) Perspectives on reservoir limnology. In Thorn-
ton KW, Kimmel BL, Payne FE (eds) Reservoir limnology: ecologi-
cal perspectives. Wiley—Interscience

Thornton JA, Rast W (1989) Preliminary observations on nutrient
enrichment of semi-arid, man-made lakes in the northern and south-
ern hemisphere. Lake Reserv Manage 5:59-66

Thornton JA, Rast W (1993) A test of hypotheses relating to the com-
parative limnology and assessment of eutrophication in semi-arid,
man-made lakes. In: Straskraba M, Tundisi J, Duncan A (eds.)
Comparative reservoir limnology and water quality management,
developments in hydrobiology, vol. 77. Kluwer, Dordrecht, pp 1-24

Toledo Jr AP, Talarico M, Chinez SJ, Agudo EG et al (1983) A apli-
cagdo de modelos simplificados para a avaliagdo de processo da
eutrofizacdo em lagos e reservatorios tropicais. In: Anais do 12°
Congresso Brasileiro de Engenharia Sanitdria. Camborit. Associa-
¢do Brasileira de Engenharia Sanitaria. Camboriu (SC) p 34

Trivinho-Strixino S (2011) Larvas de Chironomidae. Guida de iden-
tificagdo. Sao Carlos. Departamento Hidrologia e Entomologia
Aquatica/UFSCar. p 371

Tundisi GJ, Matsumura-Tundisi T (2003) Integration of research and
management in optimizing multiple uses of reservoir: the experi-
ence in South America and Brazilian case studies. Hydrobiologia
500:231-242

Tundisi JG, Matsumura-Tundisi T, Calijuti MC et al (1990) Limnology
and management of reservoirs in Brazil. In: Straskrabra M, Tundisi



5 Eutrophication of Lakes

71

JG, Duncan A (eds.) 1993 Comparative Reservoir Limnology and
Water Quality Management, Kluwer Academic Publishers, pp 1-24

Tundisi JG, Matsumura-Tundisi T, Calijuri MC, Novo EML et al
(1991) Comparative limnology of reservoirs in the Tieté river, S.
Paulo State. Verh Inter Verein Limnol 24:1489-1496

Tundisi JG, Matsumura-Tundisi T, Calijuri MC et al (1993) Limnology
and mangement of reservoir in Brazil. In: Straskraba M, Tundisi JG,
Duncan A (Eds.) Comparative reservoir limnology and water qual-
ity mangement. Kluwer Academic Publishers, Dordrecht, pp 25-55

Valdovinos C, Figueroa R (2000) Benthic communty metabolism and
trophic conditions of four South Americam lakes. Hydrobiologia
429:151-156

Vasconcelos JF, Barbosa JEL, Diniz CR, Ceballos BSO et al (2011)
Cianobactérias em reservatorios do Estado da Paraiba: ocorréncia,
toxicidade e fatores reguladores. Boletim da Socied Brasil de Lim-
nol 39(2):1-20

Watson SB, Mccauley E, Downing JA et al (1997) Paterns in phyto-
plankton-methodik. Verh inter Verein Limnol 9:7-38

Wetzel RG (1990) Reservoir Ecossystems: Conclusions and Specu-
lations: In Thornton KW, Kimmel BL, Payne FE (Eds) Reservoir
Limnology: Ecologica Perspectives. Wiley—Interscience

Yanling T, Guangxini Z, Yuesuo Y, Yingzhis G et al (2009) Identify-
ing key environmental factors influencing spatial variation of water
quality in Upper Shitoukoumen Reservoir Basin in Jilin Province,
China. China Geogr Inform Sci 4:365-374

Zhang M, Shao M, Xu Y, Cai Q et al (2010) Effect of hydrological
regime on the macroinvertebrate community in Three-Georges Res-
ervoir. Quaternary International. In Press. Corrected Proof. Avail-
able online 11 January, China 2010



	Chapter-5
	Eutrophication of Lakes
	5.1 Introduction
	5.2 Basic Concepts
	5.2.1 Lake Aging
	5.2.2 Brazilian Lacustrine Ecosystems
	5.2.3﻿ Anthropogenic (Cultural) Eutrophication

	5.3 Too Much of a Good Thing
	5.3.1 What is Meant by Trophic State?

	5.4 Current Threats
	5.5 International Perspective
	5.6 Eutrophication and Infectious Disease Risk﻿﻿﻿﻿﻿﻿﻿
	5.7 Eutrophication of Brazilian Freshwaters﻿﻿﻿﻿﻿﻿﻿
	5.7.1 A Case Study of Reservoirs
	5.7.2 Macroinvertebrate Sampling
	5.7.3 Abiotic Data
	5.7.4 Macroinvertebrate Sampling
	5.7.5 Abiotic Data
	5.7.6 Semiarid Lentic Ecosystems

	5.8Case Study of the Trophic Evolution of a Reservoir Used to Supply the Citizens of the Paraíba State in the Semiarid Region of Brazil
	5.8.1 Site Description
	5.8.2﻿ Sample Collection
	5.8.3 Data Analysis

	References 





