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Abstract

Eutrophication of lakes and reservoirs is a major water quality problem that
poses significant environmental, economic and social threats around the
world. Monitoring and managing lakes and reservoirs to prevent or limit eu-
trophication, therefore, has significant value. The literature has been reviewed
to study ecological engineering and management methods that have been and
can be applied to improve water quality. Ecological engineering has the po-
tential to be utilized to improve the design and operation of lakes and reser-
voirs through monitoring and active management of biological, chemical and
physical components. Phosphorus concentrations can be reduced by effective
and sustainable management practices to improve water quality.
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1. Introduction

This manuscript includes a review of the literature on eutrophication and water
quality in lakes and reservoirs [1]-[132].

Eutrophication is the increase in the rate of supply of organic matter to a eco-
system because of excess enrichment of nutrients, particularly phosphorus and
nitrogen, within a body of water such as a lake or reservoir [72] [122]. High
concentration of phosphorus is a major problem in many lakes and reservoirs
[8] [89] [110]. This can lead to a host of detrimental effects with the most nota-
ble being increased productivity and biomass of phytoplankton, including algae
[97] [101]. This can result in other adverse effects such as reduced oxygen levels
in the water once the algae die, deaths of other organisms such as fish due to the

reduced oxygen levels, taste and odor problems with drinking water, and re-
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duced recreational opportunities because of aesthetic issues and potential toxici-
ty levels [22] [65] [97].

Eutrophication is one of the major water quality problems on our planet [20]
[26] [67]. Eutrophication is the cause of about 60% of impacted rivers and about
half of impacted lake area in the United States [97]. It is also the most common
water quality problem in estuaries in the United States and affects water bodies
across the globe [98]. In China, 85.4% of 138 lakes with an area >10 km® were
eutrophic [16].

Climate change is likely to have significant effects on eutrophication [126].
The effects will vary from lake to lake and with seasons. Increased temperature
and lengthened growing seasons are likely to increase algal abundance even
more [34]. Increases in heavy precipitation events will cause more runoff and
carry more nutrients into lakes and reservoirs [112]. Increased frequency and
severity of droughts will cause water to stagnate which increases residence time
of water and improves conditions for algal blooms. Warming may also benefit
zooplankton and macrophyte growth, among other potentially positive effects.
There are many effects that will result from climate change, both positive and
negative, and they will likely vary by region but it is important to note that cli-
mate change will have an impact on eutrophication and lake and reservoir eco-
systems in general [118].

Eutrophication can be studied through a framework of the triple bottom line
and its three key elements of economic, environmental and social effects [31].
There are serious environmental effects associated with harmful algal blooms as
mentioned above. There are cases where the toxicity hurts or kills animals like
dogs, as well as causing illness in humans [100]. Eutrophication also has very
important economic effects that need to be considered. Economic losses can
come from loss of recreational fishing and boating opportunities, loss of proper-
ty value due to aesthetic issues, costs to maintain biodiversity that is impacted by
eutrophication and costs related to taste-and-odor problems with drinking wa-
ter. These result in estimated losses of approximately $2.2 billion a year in the
United States alone, and there are factors that are likely being overlooked or un-
derestimated [27]. Meanwhile, costs are estimated at between $150 million and
$250 million a year in Australia and countries around the world face similar
economic effects [26]. The social issues can be linked back to the environmental
and economic issues as loss of recreation and loss of the aesthetic beauty of lakes
and other waterways can negatively affect many people.

There are significant benefits associated with active management of lakes and
reservoirs provided this can result in improved water quality [13]. Ecological en-
gineering and active management of lakes and reservoirs can be justified if we
consider social, environmental, and economic variables that citizens view as
important including property values, water and air quality, aesthetic value, taste
and odor, turbidity, recreational value, health impacts and regulatory require-
ments [92].

A crucial aspect of managing eutrophication and freshwater harmful algal
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blooms (FHABs) anywhere is the reduction of the external loading of nutrients,
particularly phosphorus and nitrogen. Excess external nutrients come from
sources such as agricultural run-off, wastewater, livestock farms, atmospheric
deposition and urban centers [98] [130]. There are a number of ways that these
sources and the runoff of nutrients can be managed [2]. Free water surface wet-
lands (FWSW) and constructed lakes can be utilized as buffer zones between
nutrient sources and lakes or reservoirs [52] [114] [115]. FWSW can serve as a
cheap, environmentally sustainable passive treatment system. Wastewater can
also be effectively treated through wastewater treatment facilities. Treatment fa-
cilities or better management of waste from hog farming and other livestock
farms can reduce the levels of nutrients that enter water bodies [56]. More effi-
cient application of fertilizers can also limit the amount of nutrients that enter
lakes and reservoirs. Aquatic vegetable beds are another way that influent water
can be treated [100]. In the aquatic vegetable bed set up, plants are grown in
channels that untreated water is run through. The plants present are able to filter
the water and then are harvested to remove the nutrients from the system and
can be sold for income. Similarly, algal turf scrubbing is a system that grows al-
gae in shallow raceways to treat wastewater [1]. The algae can then be harvested
and utilized as a source for biofuels or other economic purposes. These represent
many of the methods to control external loading of nutrients into lakes and re-
servoirs. It is a very important aspect of the management of eutrophication and
any control of eutrophication in water bodies should start with a reduction of
external nutrient loading. Yet even if external nutrient loads are reduced, addi-
tional management and monitoring within the lake or reservoir system needs to
be conducted.

Lakes and reservoirs are dynamic systems and must be consistently monitored
and managed. The issue of eutrophication presents an important challenge that
many governments, organizations and people have already dedicated time,
money and effort to work to control. It is important that active management and
control efforts continue and are refined to be more efficient and effective. In this
paper, we have attempted to draw on and evaluate the many monitoring and
control methods that have been utilized and to make use of the information in
development of management plans that can be used or investigated further in

future field studies.

2. Characterization of the Ecosystem

Lakes and reservoirs are complex ecosystems with numerous physical, chemical

and biological factors that need to be understood for management purposes.

2.1. Physical Ecosystem

One important aspect to consider in characterizing a lake or reservoir is the flow
of water into and out of the lake. The amount of evapotranspiration and the
mean residence time may be important to consider as well. The mean residence

time of the water in the lake can be estimated using the volume of water present
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divided by the flow rate into the lake. Under high flow conditions, the mean
residence time of water will be smaller which could limit the growth of
slow-growing phytoplankton such as cyanobacteria, yet more nutrients and pol-
lutants could be carried into the water body [76] [77].

The physical characterization also includes the depth and area of the lake, as
well as the mixing in the lake associated with flow, wind and thermal conditions.
Temperature is an important variable because chemical and biological rate
processes vary with temperature. It also may be an important factor as higher
temperatures can lead to longer growth periods and favor cyanobacterial growth
[76].

2.2. Chemical Ecosystem

Understanding phosphorus and nitrogen are keys to understanding eutrophica-
tion in lakes and reservoirs. Phosphorus and nitrogen are the two nutrients that
in a mesotrophic lake would likely be limiting phytoplankton growth to more
natural levels. When these nutrients are at elevated levels, phytoplankton are
able to grow more abundantly. There are indications that phosphorus is the key
limiting nutrient to be managed in lake and reservoir ecosystems [90] [91]. In a
study of a lake in China, combinations of phosphorus, nitrogen and iron were
added to water samples drawn from the lake [123]. Phosphorus alone was
enough to result in significant algal growth while nitrogen and iron alone re-
sulted in very little algal growth. Phosphorus and nitrogen added together re-
sulted in the greatest amount of algal growth, indicating that phosphorus is the
key limiting nutrient and nitrogen is the second most important nutrient.
Therefore, it seems to be most important to reduce phosphorus levels, with ni-
trogen levels being a little less significant. Total nitrogen to total phosphorus ra-
tios are also believed to have an impact on the phytoplankton species present
and are a good indicator of phytoplankton growth response [18].

Internal loading of nutrients can be a major factor in keeping lakes eutrophic;
sometimes even despite reductions in external nutrient loading [98]. Internal
loading can often be due to high levels of disturbances due to wind-waves and
resuspension [45] [85]. These physical disturbances can cause sediment that had
previously settled to reenter the water column and become available to phytop-
lankton for nutrient use.

Chemical concentrations of phosphorus, nitrogen, dissolved oxygen (DO),
biochemical oxygen demand (BOD), chlorophyll a and microcystin have value in
the characterization of water quality in a lake or reservoir ecosystem. Total sus-
pended solids (TSS), total dissolved solids (TDS) and pH are also often meas-
ured as important water quality variables. Understanding these physical and
chemical characteristics of lakes and reservoirs is important in monitoring and

management efforts.

2.3. Biological Ecosystem

It is also important to have a good understanding of the biological interactions
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within a lake or reservoir before attempting to manage it. Trophic interactions
within lakes and reservoirs are very complex with a wide diversity of organisms
filling different roles in various lake and reservoir ecosystems [21]. Therefore, it
is important to understand the basic relationships of common trophic levels but
to also know that the trophic structure will likely differ from one lake ecosystem
to the next.

The trophic level that is a major focus of our study are the phytoplankton.
Phytoplankton are microscopic autotrophic organisms and can be responsible
for FHABs [39]. Certainly not all phytoplankton are harmful as they are a ne-
cessary component of the lake ecosystem, photosynthesizing sunlight and con-
verting it along with carbon dioxide into organic compounds that can be con-
sumed by heterotrophic organisms in the water. Yet as discussed, when they oc-
cur in large numbers they can form FHABs. There are a few species in particular
that are particularly harmful and are commonly the culprits of FHABs, as shown
in Table 1. Cyanobacteria, often called blue-green algae, are a phylum of partic-
ularly harmful phytoplankton that often become the dominant group of phytop-
lankton in eutrophic lakes [97]. Cyanobacteria produce toxins, called cyanotox-
ins, which can be dangerous to other marine life, as well as other animals such as
dogs and humans [62]. There have been a number of cases of animal sicknesses
and deaths, fish kills and even humans suffering from illnesses due to exposure
to cyanotoxins [62] [113]. One of the most common types of peptide toxins are

microcystins but there are a number of other types of toxins, as seen in Table 2.

Table 1. Common phytoplankton and their effects in eutrophic lakes (Modified from
Lopez et al., 2008, [62]).

Inland HAB Taxa

Adverse Impacts Toxins
(Specific organisms of concern) P

Human and animal health

impacts; water discoloration;
unsightly and foul-smelling

Hepatotoxins
(include microcystins),

Cyanobacteria scums; hypoxia from high neurotoxins, cytotoxins,
biomass blooms; taste-and-odor dermatotoxins, respiratory
problems in drinking water and olfactory irritant toxins
and farm raised fish
Haptoph
op op- ytes Fish kills Ichthyotoxins
(e.g., Prymnesium parvumni)
Chlorophytes Discolored watelj, localized hy- B
poxia
Unsightly and foul-smelling
Macroalgae mats, localized hypoxia, clogged -
water intakes
Euglenophytes Discolored water, fish kills Ichthyotoxins
Dinoflagellates Fish kills --
Produces large amounts
. of extracellular stalk material
Diatoms --

resulting in ecosystem and
economic impacts
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Table 2. Common cyanotoxins and the possible health effects (Modified from Lopez et
al., 2008 and Zanchett and Oliveira-Filho, 2013 [62] [131]).

Toxin Short Term Health Effects Long Term Health Effects

Gastrointestinal, liver
. X . inflammation and hemorrhage Tumor promoter, liver failure
Microcystins (Hepatotoxin) . . . .
and liver failure leading to leading to death

death, pneumonia, dermatitis
Nodularins (Hepatotoxin) Similar to microcystins Similar to microcystins

Tingling, burning, numbness,
o . drowsiness, incoherent
Saxitoxins (Neurotoxin) X Unknown
speech, respiratory

paralysis leading to death

Cardiac arrhythmia

Anatoxins (Neurotoxin) Similar to saxitoxins .
leading to death

. . Gastrointestinal, liver . Lo
Cylindrospermopsin . . Malaise, anorexia, liver
inflammation and hemorrhage,

(Hepatotoxin) . N failure leading to death
pneumonia, dermatitis
Lipopolysaccharide
POPOTY! K Gastrointestinal, dermatitis Unknown
(Dermatotoxin)
Lyngbyatoxins (Dermatotoxin) Dermatitis Skin tumors

These toxins can cause a wide range of dangerous short and long term health ef-
fects ranging from tingling and burning sensations to liver failure or cardiac
arrhythmia that can lead to death [113]. Cyanobacteria have some advantageous
characteristics that help explain why they are so often the main phylum present
in FHABs. They are some of the larger phytoplankton which, along with their
toxicity, results in cyanobacteria being grazed upon less by zooplankton than
other phytoplankton [34]. Cyanobacteria often grow better at higher tempera-
tures than other phytoplankton, which represents cause for concern with the
rising temperatures due to global climate change [76]. They can also be more
buoyant than other phytoplankton species which leads to their accumulation
near the surface, giving them more access to sunlight and blocking the light from
other phytoplankton species [76]. Another important advantage that phytop-
lankton from the cyanobacteria phylum have is that many are nitrogen-fixers
which means that if nitrogen levels are reduced, especially in the absence of
phosphorus reductions, blue-green algae will be able to survive and even thrive
as they can outcompete the many phytoplankton species that are not nitrogen-
fixers [91]. This is also another important reason why phosphorus reduction is
more important than nitrogen reduction as a management strategy.

There are other species of phytoplankton that can make up harmful algal
blooms, as Table 1 shows. One species in particular that is becoming more pre-
valent is Prymnesium parvum, or golden algae. Golden algae are dangerous be-
cause they produce a toxin called prymnesin and the species has been responsi-
ble for fish kills in Texas regularly for the past 13 years and is confirmed to be
present in at least nine other states [62]).

The other primary producers in lake and reservoir ecosystems are macro-
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phytes, aquatic plants that grow in or near the water. Macrophytes can be consi-
dered submerged, floating or emerging depending on the region of the lake or
reservoir they grow in and they serve many functions within the ecosystem. Ma-
crophytes can serve as a buffer zone at the edge of the lake, as a hiding area for
zooplankton that can feed on phytoplankton, as a sink for nutrients such as
phosphorus and nitrogen, competition against phytoplankton and a stabilizer of
the sediment and the nutrients it contains [51] [60]. Because of the many roles
they can play they are a target for management in restoration, including in bio-
manipulation, a management strategy that will be discussed later.

Zooplankton are heterotrophic organisms that feed on phytoplankton, ma-
crophytes and other zooplankton. Since they feed abundantly on phytoplankton,
they can serve as an important control on phytoplankton populations. They are
also a vital food source for larger organisms including numerous species of fish.
There is often a great deal of diversity in the types of zooplankton present and
this diversity and the abundance of different species can change due to a number
of factors. For example, fish will often consume more of the larger zooplanktonic
organisms, reducing their abundance while smaller species of zooplankton be-
come more plentiful. In lakes with more macrophyte cover, though, larger
zooplankton may be able to find more cover and not be reduced by predation as
much [94]. Daphniais one common genus of zooplankton that can growto 1 - 5
millimeters in length, which is relatively large for zooplankton [29]. Daphnia are
an example of a very effective predator of phytoplankton but also one that can
often be reduced in abundance by predation by fish species [35].

Fish are another important part of the lake and reservoir trophic web. There
are a few different classifications of fish that should be considered. Some fish are
considered to be planktivorous fish, feeding mainly on zooplankton, macro-
phytes or phytoplankton. Other fish are called piscivorous fish and these feed on
other fish, including planktivorous fish. Omnivorous fish are general feeders and
can feed on other animals, plants and algae. Benthivorous fish feed on benthic
organic matter and disturb sediments which increase turbidity. Lakes dominated
by planktivorous fish will generally have a greater algal biomass than lakes
dominated by piscivorous fish [97]. Planktivorous fish can include particulate
feeders and filter feeders such as perch and bluegill and are known to enact
grazing pressure on plankton [58]. Studies have shown that lakes and reservoirs
with planktivorous fish are generally made up of smaller species of zooplankton
due to grazing and that this also has an effect on phytoplankton communities
that may be relieved of grazing pressure from larger zooplankton [88]. Piscivor-
ous fish can include species such as bass and pike and are generally top predators
in lake and reservoir ecosystems. Piscivorous fish can feed on planktivorous fish
and relieve grazing pressure on zooplankton. Omnivorous fish, such as carp,
catfish and tilapia, are much more general feeders. These types of fish will often
feed on macrophytes, phytoplankton and zooplankton. Understanding the
trophic interactions, along with the chemical and physical characteristics of a

lake or reservoir, is an important facet of lake and reservoir management.

442

K2
o5
“t:o

Scientific Research Publishing



T. Wagner, L. E. Erickson

3. Measurements and Methods

A vital aspect of lake management is monitoring of important variables. Moni-
toring is needed to properly implement ecological engineering strategies and to
know if all variables are within safe limits. There are a variety of indicators that
reveal valuable information about a lake or reservoir ecosystem [110]. Measure-
ments should be taken on at least a monthly basis because many variables dis-
play natural seasonal variations. It is also advised that measurements be taken at
a variety of different locations on the lake or reservoir to get a more representa-
tive set of samples. Standard Methods for the Examination of Water and
Wastewater is a comprehensive reference for measurements and monitoring of
lakes and reservoirs [3]. Additional resources can be found online at standard-
methods.org. Organizations including the EPA utilize many of the methods
contained within this reference for monitoring of lake and reservoir ecosystems.
Additional references include the United States EPA’s Nutrient Criteria Tech-
nical Guidance Manual: Lakes and Rivers (2000) and the National Lake Assess-
ment: Technical Appendix (2010) [110] [111] [114].

There are many variables that are important to measure when monitoring a
lake or reservoir. Air and water temperature, dissolved oxygen (DO) levels, tur-
bidity, pH and specific conductance should be measured at multiple locations on
the lake utilizing a water quality checker [122]. As mentioned before, phospho-
rus and nitrogen are the two most important nutrients involved with eutrophi-
cation so it is important to measure these. For these nutrients, as well as major
ions, fecal coliform bacteria, and suspended solids, water samples should be col-
lected and tested in laboratories using standard tests [3] [110] [111] [114] [122].

Active management of the biological populations in the lake should be based
on measurements and an understanding of the ecosystem. Thus, biological
measurements are needed to understand what organisms are present and how
they interact. Chlorophyll a is a key component in the process of photosynthesis
and can measure algal abundance even if non-algal organic and inorganic par-
ticles are present [48]. Therefore, it is considered to be a very good measure of
the presence of phytoplankton in a lake or reservoir ecosystem [128]. Chloro-
phyll a can be measured using various techniques including high performance
liquid chromatography, spectrophotometry and fluorometry [3] [128]. Water
samples that are collected should be preserved for microscopic examination for
phytoplankton. A vertical tow net or a Schindler-Patalas trap can be used to col-
lect zooplankton samples [122]. Fish populations can be assessed using available
methods to monitor populations of fish [83]. Macrophyte vegetation can be
measured and characterized according to the EU Water Framework Directive
[17]. The ecological quality ratio is a quantitative ratio between the measured
value and a defined referenced condition [17]. Kennison et al (1998) have also
reported a sampling method for conducting macrophyte surveys [55]. These
monitoring methods are important for understanding the species present.

Water transparency can be measured at multiple locations around the lake

using a Secchi disk and a light meter [122]. Oxidation reduction potential (ORP)
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is important for monitoring the biochemical reactions within the ecosystem [10]
and can be measured using an ORP electrode [122].

Microcystin is one of the toxins that are produced by many species of cyano-
bacteria. The World Health Organization has issued an advisory limit for drink-
ing water of 1 ug/L for microcystin [62]. ABRAXIS Test Strip Kit is a valuable
test kit that can be used to easily and quickly measure microcystin levels [11].

Methods to measure and characterize populations of fish include electrofish-
ing where electric current is used to capture fish and gillnets [33] [87].

A number of these measurements can be used to classify the trophic state of
lakes or reservoirs [50]. The trophic state can range between oligotrophic where
the ecosystem is nutrient deficient, to mesotrophic where there is an interme-
diate amount of nutrients and productivity, to eutrophic where nutrients are in
excess. It is important to understand the relationships that exist between nu-
trient and algal concentrations as these measurements can be used to indicate to
lake managers the likely state of a lake or reservoir and indicate any manage-
ment actions that may need to be undertaken.

Mass balances can be used to help characterize the state of the lake [99]. Vol-
lenweider’s mass balance model can be utilized to predict the mass balance of
nutrients within a lake or reservoir ecosystem [114]. Balances on phosphorus
and nitrogen can provide information on how to effectively remove nutrients by
harvesting algae, fish and macrophytes [40] [117]. When making mass balances
on nitrogen and phosphorus, it is important to know the N and P content of the
fish that are harvested. Olin et al have used 0.8% P when working with fish fresh
weight (FW) [75]. Sterner and George reported a mean value of 1.5% P dry
weight for cyprinids [102].

Good monitoring practices are important to have a good understanding of the
characteristics of a lake, including the physical, chemical and biological aspects
as discussed. Once the lake or reservoir system is well understood, it is easier to
determine effective and appropriate management strategies. Since inputs to
these ecosystems are dynamic with variations in flow and concentration, conti-
nuous monitoring and management are needed in order to maintain physical,
chemical and biological variables within the desired operating range. Data col-
lected by satellites may be reviewed to identify problems that need to be ad-

dressed.

4. Management Strategies

Eutrophication has been a noticeable problem for a number of years, and a va-
riety of control methods have been developed [40] [49] [65] [82]. Some are cer-
tainly more effective than others while some may have adverse side effects. Some
treatments are still in the research stage and have only been utilized on a small
scale. As discussed earlier, a vital step in lake and reservoir management is the
reduction of external nutrient loading. While reduced external nutrient loading
is going to be an important component of nearly any lake or reservoir manage-

ment plan, external loading often cannot be reduced to the desired level and in-
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ternal nutrient loading can continue to keep a lake or reservoir eutrophic long
after external loads have been reduced [45] [46] [51] [64].

An important active management goal is to reduce the concentration of
phosphorus in the lake or reservoir system because it is easier to prevent eutro-
phication when the phosphorus concentration is lower. Therefore, it is impor-
tant to implement management practices within the lake to effectively mitigate
the threat of eutrophication and FHABs. In this section, management practices
such as the use of algaecides and chemical flocculants are considered; however,
in developing good ecological management plans, greater emphasis should be
placed on ecological solutions that control eutrophication sustainably and do not

have negative side effects.

4.1. Physical and Chemical Methods

One method of control is the application of algaecides, chemicals that are de-
signed to Kkill algae. There are concerns that algaecides may pose a threat to hu-
mans as well and have detrimental impacts to lake and reservoir ecosystems [45].
For example, copper sulfate is a common algaecide and it controls algae by lys-
ing the phytoplankton cell. This can cause the rapid release of toxins contained
within algae such as cyanotoxins [47] [109]. These toxins can cause harm to
humans that interact with the water and may accumulate in the sediment and
water column, proving harmful to aquatic animals and plants. There is also evi-
dence that algae are becoming resistant to the application of algaecides like cop-
per sulfate [38].

Chemical flocculants can be applied to lakes and reservoirs as a clarifying
agent to precipitate nutrients and algae from the water column although there
are studies that indicate that these treatments are harmful to the ecosystem and
may not be effective in the long run [45]. Aluminum sulfate is a commonly used
chemical flocculant although there is some dispute over its effectiveness. One
study indicated that aluminum sulfate was able to significantly reduce soluble
phosphorus from eutrophic water, although it can be expensive due to the need
for repeated applications [4]. Other reports indicate that the aluminum sulfate
exhibited complete ineffectiveness or effectiveness that lasted between 4 months
to 6 years [45] [46]. Aluminum sulfate can be toxic to fish and other organisms
and may cause acidified waters and fish kills [5].

There is some research into an integrated approach that combines algaecide
and chemical flocculant application. An algaecide like hydrogen peroxide was
found to be effective for limiting cyanobacterial blooms while not affecting
beneficial phytoplankton like green alga and diatoms as significantly but can’t
effectively deposit algae to the lake bottom [28]. Meanwhile, sediment clay mod-
ified with a chemical flocculant, ferric sulfate, is able to effectively remove cya-
nobacterial blooms but by itself does not inactivate the algae which leaves them
prone to resuspension [121] [124]. When water with cyanobacterial colonies was
first treated with hydrogen peroxide and then modified clay sediment, the cya-

nobacteria were inactivated by the algaecide and then deposited at the bottom
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with a reduced chance of resuspension [121] [124]. This experiment also re-
ported very little cell lysis which is important as to avoid a release of toxins into
the water column.

Another control method is the use of modified clays to bind phosphorus to
inhibit its use for the growth of cyanobacteria and other phytoplankton. There
are a few different modified clay types, including nanosilicate platelets and clay
modified by lanthanum [14] [64] [68] [120] [129]. Lanthanum-modified clay has
been applied in lakes around the world, including the United States, Australia,
and Germany. The modified clay is mixed with water to form a slurry and ap-
plied to the lake or reservoir at an approximate ratio of 100 kg of clay to 1 kg of
phosphorus in the water [8]. As the slurry is applied to the water, it bonds and
sequesters the soluble free reactive phosphorus that is present within the water
column [64]. It then settles to the lake or reservoir floor where it can bind addi-
tional free reactive phosphorus and serve as a cap on any phosphorus that might
be released from the sediment, while continuing to sequester the phosphorus it
previously bound. Application of this lanthanum-modified clay product has
proven very successful in a number of case studies [8, 64]. It is promising that
lanthanum-modified clays have already been shown to be effective on a
whole-lake scale but most experiments have been over a short time frame. Since
lake management is a long term project, studies should be carried out to deter-
mine the longevity of the effectiveness of lanthanum-modified clays.

Nanosilicate platelets (NSP) are a control method made by the exfoliation of
natural clay materials and are found to have low mammalian toxicity so as not to
negatively impact other organisms [59]. NSP may be very useful as a study found
that they were able to both effectively inhibit the growth of cyanobacteria and
absorb the toxin microcystin [14]. NSP also reduce turbidity as they enhance
settling of cyanobacteria. This helps with water transparency and the growth of
macrophytes and other phytoplankton that could result in a healthier lake or re-
servoir ecosystem. Additional experiments of NSP on a whole lake scale would
be beneficial to determine their viability as a lake management strategy.

Destratification, physical removal or harvesting and sediment dredging are
also possible control methods although they contain the significant drawback
that they are very expensive [71]. Destratification could be done by pumping
nutrient and oxygen rich waters from the surface down to the hypolimnion us-
ing an axial flow propeller pump [103] [108]. This would not be feasible on a
large scale, though. Harvesting the algae when blooms start to develop is another
management technique [65]. This is also a relatively expensive method due to
equipment, fuel and labor costs and is unlikely to be feasible for larger lakes and
reservoirs. One benefit to this method is that many algae have commercial value
[43]. Similarly, for sediment dredging, the economic costs would be significant
and there would also be negative ecosystem effects, especially to benthic organ-
isms which could lead to effects along the entire trophic web. Studies also sug-
gest that sediment dredging may improve water quality in the short term but is

not a viable long term solution [30].
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While destratification by pumping air through the whole lake may be too ex-
pensive and energy intensive, there is a proposed method that is both more eco-
nomically and environmentally friendly. Solar powered circulation (SPC) uses
renewable solar power to circulate the top layer of water to inhibit algal growth
[44]. The solar power charges a battery to power the SPC unit’s motor and the
unit can utilize grid-power during periods of low light incidence. The circulation
of water can oxygenate the water and enable aerobic digestion by bacteria. SPC
units circulated about 37,850 L/min of water and are generally designed to be
low maintenance with a relatively long lifetime [74]. They also are relatively
economical as they have about a two to four year payback period [44]. SPC has
been studied in whole lake experiments and it has proven more successful than
copper sulfate at inhibiting algal growth [46]. In these case studies, once SPC
was deployed, copper sulfate use, FHABs and taste and odor problems were all
reduced. It is important to note that SPC has been less successful in controlling
FHABs in shallow aquaculture ponds, shallow ponds with short water residence
times and lakes where SPC was only partly deployed [46]. Overall, though, case
studies indicate that SPC can be effective at reducing cyanobacteria and taste
and odor problems in an economical and sustainable way. While it seems that
solar powered circulation offers a long term eutrophication solution that reduces
the growth of cyanobacteria, continued whole lake studies are recommended to

understand the most effective approaches to implementation.

4.2. Biological Methods

Phytoplankton can also be controlled in more natural, biological ways. Strategies
that can enhance conditions for predators of phytoplankton or diminish condi-
tions for the phytoplankton themselves can help to control FHABs. One strategy
is to add piscivorous fish with the goal of creating a trophic cascade [12] [25]
[95]. The theory is that with the introduction of piscivorous fish, planktivorous
fish will be reduced which will lower the predation on zooplankton which will
then consume more phytoplankton, thereby reducing FHABs. Planktivorous
fishes particularly put predation pressure on larger zooplankton. Cyanobacteria
are among the larger phytoplankton and are only able to be controlled by larger
zooplankton or fish such as tilapia [63], so they thrive when zooplanktivorous
fish consume the larger zooplankton, leading to FHABs. Piscivores are able to
apply predatory pressure on planktivorous organisms that can influence the
trophic webs within lake and reservoir ecosystems [12]. It is rare, though, that a
lake or reservoir ecosystem acts so simply that the introduction of piscivorous
fish will start a complete top down control of phytoplankton [32]. There are
nearly always much more complex trophic interactions that must be carefully
considered, particularly in subtropical and tropical lakes and reservoirs [52].
Utilizing piscivorous fish to control phytoplankton may only work in lakes and
reservoirs with established macrophyte populations and with less elevated nu-
trient levels and before phytoplankton blooms have already occurred [127]. At

these junctures, the trophic cascade can allow large-bodied zooplankton to do-
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minate and be able to control phytoplankton before large cyanobacteria species
dominate and increase to a number that is too large to be controlled by zoop-
lankton alone. In those cases, omnivorous fish such as tilapia and carp can be
used to feed on phytoplankton directly [63]. Fish are able to consume large cya-
nobacteria and other harmful phytoplankton that may not be controlled by
zooplankton. Studies have been done that have stocked eutrophic lakes with
omnivorous fish and they have seen success in controlling phytoplankton levels,
as well as reducing the dominance of cyanobacteria among the phytoplankton
[127].

One concern about the use of fish as a control method is that nutrients are
added by their excrement [37] [104]. Fish can be harvested so that the nutrients
they have consumed are removed permanently from the ecosystem [57] [65].
The removal of planktivorous fish and benthivorous fish has been found to be
beneficial because zooplankton grow larger and their population increases. Re-
moval of a significant fraction of the planktivorous fish reduces the amount of
excrement from the fish, which can improve light penetration and macrophyte
establishment and growth. In some cases removal of 75% of the planktivorous
fish was found to be needed for good results [66] [75]. This reduced the phos-
phorus concentration in the lake and improved water clarity [66]. Schrage and
Downing [93] removed benthivorous fish to decrease suspended sediment and
improve water clarity. In the weeks that followed zooplankton biomass increased
and their grazing reduced phytoplankton populations. After about two months
of zooplankton control, juvenile carp began to reduce zooplankton population.
Pedusaar et al [79] reported beneficial water quality effects from the removal of
cyprinids from Lake Ulemiste, the drinking water reservoir for Tallinn, Estonia.
The total phosphorus concentration was reduced from 0.050 mg/L to 0.036
mg/L. The mean phytoplankton biomass concentration decreased from 15 to 6
mg/L. In the 2004-2006 removal of fish, 160 kg/ha of fish, mostly cyprinids, were
removed. Ter Heerdt and Hootsmans [107] reduced benthivorous fish to less
than 25 kg/ha and piscivorous fish to less than 15 kg/ha in a peaty turbid lake.
This resulted in an increase of cladocerans such as Daphnia and a decrease in
cyanobacteria. The submerged vegetation increased to 30%. In another report
[116] 60% coverage in shallow areas was observed. Rao et al. [87] reported that
larger Tilapia should be selectively harvested because the large Tilapia fed on
macrophytes while small Tilapia fed on periphyton, seston, and detritus. Small
Tilapia that are 6 - 7 cm in length are planktivorous. The removal of fish can also
be paired with macrophyte restoration. Macrophytes will help take up the nu-
trients that accumulate on the lake floor from fish excrement, as well as provide
a surface for bacteria to grow on that can help consume fish waste and dead fish
[85]. Omnivorous fish like carp and tilapia consume zooplankton but they con-
sume a fairly equal amount of phytoplankton, suggesting that they can serve as a
useful management method [63] [132] Lu et al. [63] added Tilapia at a density of
3 - 5 g/m’ and observed improved conditions because the Tilapia consumed

phytoplankton. Finally, it will be important that each lake or reservoir carefully
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considers the species of fish it might use to control FHABs and be sure to avoid
introducing an undesirable species.

The restoration of macrophytes is another method of biomanipulation that
can be utilized to attempt to control FHABs [6] [69] [124]. Macrophytes are able
to improve water quality by adsorbing nutrients through their roots, adsorbing
microbes and floating matter through their leaves and stems and precipitating
suspended particulates [86]. Macrophytes and their roots can be used to stabilize
sediment so that it is less likely to be suspended by wind-induced waves and re-
lease additional nutrients that can be utilized by phytoplankton [81, 86]. Plant-
ing of macrophytes is one technique that can be used to help maintain the sedi-
ment and keep nutrients from becoming resuspended in the water column. In
Holland, shallow lakes with macrophyte coverage of at least 5% of the total ben-
thic zone surface area displayed significantly lower phytoplankton concentra-
tions compared to shallow lakes with less macrophyte coverage [84]. Macro-
phyte restoration experiments have been attempted in a number of places [23,
80]. When populations of planktivorous fish are reduced substantially to allow
zooplankton to control phytoplankton populations and when macrophyte cov-
erage exceeds 30%, water clarity is good and eutrophic conditions are under
control [6]. There is a need to harvest planktivorous fish populations regularly to
sustain this condition. This harvest removes phosphorus from the lake and al-
lows an effective zooplankton: phytoplankton ratio to be maintained [42]. Table
3 shows fish harvests for several years for several lakes in Finland [75].

The total phosphorus concentration of 0.30 mg P/L has been reported as an
upper limit for eutrophic ponds [24]. With good submerged vegetation and
biomanipulation to remove sufficient fish to allow large zooplankton to graze on
phytoplankton effectively a clear-water condition was maintained for P<0.30 mg
P/L.

Perrow et al. [82] points out that a stable steady state improved water quality
condition may be established by regular fish removal and by maintaining ma-
crophytes, piscivorous fish, high zooplankton biomass, and lowered phytop-
lankton biomass at high nutrient loadings. Teissier et al, [106] have reported on
the importance of submerged vegetation and zooplankton grazing in reducing
phytoplankton concentrations when phosphorus concentrating are of environ-
mental concern.

Many factors such as high nutrient concentrations, strong winds and waves,
low transparency that limits photosynthesis and periphyton can inhibit macro-
phyte growth [15]. Macrophyte restoration alone is likely not going to be a suc-
cessful management method for eutrophic lakes. There are indications that if a
lake is managed to reduce nutrient levels, macrophyte restoration may be suc-
cessful to help the lake ecosystem reach a stable-state [36] [86]. Improved un-
derstanding of appropriate macrophyte species to select for restoration on a
whole lake scale will be very beneficial in improving this as a management strat-
egy. Hasan and Chakrabarti [41] have reviewed the literature on aquatic macro-

phytes as sources of food for herbivorus fish populations. Additional research is
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Table 3. Mass removal catches between growing seasons during 1997-2001 for lakes in
Finland.

Lake Mass removal catch (kg-ha™) Total Main species

1997-1998  1998-1999  1999-2000 2000-2001

Takajarvi* 37 60 96 54 295 Ro, Br
Etujarvi* 50 59 72 75 348 Ro, Br, Pe
Otalampi - 70 44 6 119 Ro
Rusutjarvi* 6 119 76 - 201 Ro, Br, Bl
Pusulanjarvi 36 44 53 41 182 Ro, Bl, Br
Enajarvi 68 18 58 47 190 Ro, Br, Bl
Tuusulanjarvi* 190 83 131 63 472 Ro, Br
Lehijarvi 1 1 26 61 90 Ro, B, Pe
Aimajarvi, A1* 23 47 80 106 257 Ro
Aimajarvi, A2* 51 110 38 27 226 Ro
Hiidenvesi, H1 11 24 6 3 44 Ro, Bb
Hiidenvesi, H2* 61 65 147 138 411 Ro, Bb
Hiidenvesi, H3 15 24 56 34 153 Sm, Ro
Hiidenvesi, H4 42 23 29 34 121 Sm, Bl

The basins where the target catch (200 kg-ha™ 3 yr™!) was achieved are indicated with *. Total =
catches during 1997-2001 (4 years) and also includes catches during growing seasons. Main species
comprise at least 20% of the total catch. Ro = roach, Br = bream, Pe = perch, Bl = bleak, Bb = blue
bream, and Sm = smelt. From Olin et al. [75].

needed to develop or determine macrophytes that can be nurtured effectively as
part of an ecological engineering approach to water quality improvement in
lakes and reservoirs. Macrophytes that have value as harvested products, that
can be grown in most lakes and reservoirs and that remove significant amounts
of nutrients need to be investigated further.

Seaweed (Porphyra spp.) wild rice (Zizania palustris), and water mimosa
(Neptunia Oleracea) are examples of aquatic plant species that may be consi-
dered [125]. Morris ef al [69] have investigated the impact of plant harvesting
on water quality. Their method of harvesting allowed for the regrowth of the
macrophytes. They reported that plant harvesting did not result in a significant
increase in Cyanobacteria.

Some plants may be toxic to cyanobacteria such as umbrella plants, Canna
and barley straw [45]. Canna and umbrella plants contain alleochemicals that are
toxic to cyanobacteria and are able to inhibit their growth [70]. Both of these
types of plants are generally terrestrial, though, so a system such as an artificial
floating island (AFI) needs to be employed. An AFI is a system where terrestrial
or aquatic plants can be grown in floating frames on the surface of the water
[61]. While a wide variety of plants could be utilized in this system to remove
nutrients from the water, canna and umbrella plants can provide the added ben-

efit of releasing the chemicals that are toxic to cyanobacteria.
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The integrated ecological floating bed (IEFB) is a slightly more advanced sys-
tem similar to the AFI to utilize macrophytes as a regulatory mechanism for a
lake or reservoir while avoiding things that can often restrict macrophyte growth
such as waves, water depth and turbidity [60]. Li et al. offers an innovative IEFB
design, as seen in Figure 1 [60]. The floating-bed system consists of aquatic or
terrestrial plants growing in a hydroponic manner with buoyant frames floating
on the surface of the lake or reservoir. Plants take up nutrients directly from the
water column while the underwater surface of the plants and a biofilm support
structure serve as a base for the attachment of microorganisms which break
down organic matter and entrap suspended solids. The plants can also be har-
vested for use as food or other biomaterial. Additionally, filter-feeding bivalves
can be introduced to the system to feed on phytoplankton within the water and
can be harvested for food and removal of nutrients from the system. The nu-
trients that bivalves are able to take out of the system by consuming plankton
have to be balanced with the nutrients they add to the system through their ex-
crement, though. Studies have shown that TN and TP are reduced by the IEFB
system in comparison to a control, even with the inclusion of the bivalves [60].

Jung et al. [54] have developed an artificial aquatic food web system to remove
nitrogen and phosphorus in inlet streams. Their process includes phytoplankton
and zooplankton growth in separate chambers with harvesting of the zooplank-
ton.

Jobgen et al. [53] have investigated phosphorus removal by periphyton grow-
ing on submerged artificial substrata polypropylene surfaces that are used to
remove phosphorus by growing phytoplankton and benthic diatoms on the sur-
faces. The carriers are removed from the water with the adsorbed biomass.

An ecological engineering approach was employed in Lake Taihu, to utilize
both physical and biological strategies to reduce eutrophic conditions in the lake
[36]. An enclosure was set up and concrete pilings were built along with the en-
closure to help reduce wave power to decrease sediment resuspension [15]. Ma-
crophytes were restored within the enclosure although submerged macrophytes
were only partly rehabilitated once the enclosure was removed. Macrophytes

planted on floating bamboo rafts and terrestrial species acting as a buffer zone
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against nutrient runoff, meanwhile, were much more successful. This indicated
that macrophyte restoration may simply need some alternative thinking to suc-
cessfully assist in eutrophication management. Fishing net and other biomimetic
mesh was also successful as a medium to adsorb suspended solids and algae and
absorb nutrients [15]. It seems that with the complexity that exists within lake
and reservoir ecosystems, a single species introduction is unlikely to lead to full
control of algal blooms. A more comprehensive and integrated approach is
much more likely to prove successful in the management of a eutrophic lake or

reservoir ecosystem.

5. Professional Expertise

There is a need to have appropriate professional expertise in ecological engi-
neering, aquatic biology and environmental science to lead an effort to apply
knowledge that is available to manage water quality in lakes and reservoirs [78].
There is also a need to be able to work cooperatively with all stakeholders be-
cause of the influent streams, shore line areas and lake water body as commons
that are of value to many different people.

Based on a review of the available literature, actions that reduce nitrogen and
phosphorus concentrations in the water are important. This includes efforts to
reduce concentrations in inlet flows, removal of N and P by harvesting plankti-
vorous and benthivorous fish, and establishment of macrophytes that take up N
and P. Suspended solids concentrations should be reduced by these actions as
well. The amount of P that is removed by reducing the population of plankti-
vorous and benthivorous fish by more than 75% or to less than 50 kg FW/ha is
substantial because the fish represent about 40-50% of the P that is present in the
water in some lakes [40] [113]. Figure 2 from Van Liere and Janse [117] shows P
content in mg P/m’ for Lake Loosdrecht in 1987 as well as P fluxes in mg P/m’
per day. Removal of 75% of the fish reduces P in the fish population from 150
mg P/m’ to 37.5 mg P/m’ and the P in the water from 321.5 to 209 mg P/m’
which is a 35% reduction. In Figure 2, the P in the macrophytes is not included.

The sustainable conditions that are needed to prevent algal blooms depend on
the inlet concentrations of N and P, temperature, mean residence time of the
water in the lake, wind conditions, and the surroundings. Where 30% or greater
coverage of macrophytes can be established, this appears to be helpful. Periodic
removal of planktivorous and benthivorous fish is helpful to keep fish popula-
tions below about 100 - 200 kg/ha [7]. Management of fish populations by
stocking piscivorous fish (pike, walleye, largemouth bass) and omnivorous fish
such as tilapia may be beneficial. Tilapia are herbivorous and will feed on phy-
toplankton and macrophytes. It is desirable to manage the fish population such
that species that have recreational value and food value are produced and har-
vested. The P in the harvested fish contributes to the mass balance on phospho-
rus, and this method of removal is important.

Gulati and van Donk [40] have pointed out some of the beneficial aspects of

macrophytes. Macrophytes take up N and P from the water and sediments. Ma
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Figure 2. Flow diagram of phosphorus content (mg P m~) and fluxes (mg P m™d™") be-
tween trophic levels, water and sediment of Lake Loosdrecht for the period April-Sep-
tember, 1987, based on mathematical model PC-LOOS (Source: Figure 3 in Gulati and
van Donk [40].

crophytes provide food for herbivorous fish, and they provide cover for some
larger zooplankton against fish predation. Macrophytes reduce suspended solids
concentrations in the water by reducing bioturbation due to benthivores and by
reducing water velocity caused by wind. Macrophytes can be harvested to re-
move N and P from the lake. Macrophytes can become so numerous that they
reduce the quality of the lake.

The eutrophic conditions that result in harmful algal blooms can be reduced
or eliminated by removing P by harvesting fish regularly to maintain fish popu-
lations at the desired density. Desired species may need to be added also to re-
duce the undesirable impacts of planktivorous and benthivorous fish. If the pop-
ulation size is too large P concentrations will be higher because of the impact of
fish excrement on the P concentration. If the population size is too small P re-
moval rate will be too small. The desired density will be between 50 and 250 kg
FW/ha for most lakes. Tatrai et al [105] have reported multiyear control of
phytoplankton by keeping cyprinid fish populations around 100 kg/ha with pis-
civore populations sustained at a biomass ratio > 15% and total fish biomass <

150 kg/ha. Macrophytes provide environments that enhance reproduction of
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pike. Vegetation provides a spawning habitat that contributes to spawning suc-
cess and survival of young [19].

One of the significant challenges is the variation in inlet conditions associated
with precipitation and upstream operations. The management of water quality
in lakes and reservoirs can benefit from careful consideration of risk manage-
ment and resilience-based stewardship as recommended by Seidl [96]. This in-
cludes anticipatory risk management and consideration of the capacity of a lake
to absorb perturbations and retain trophic structure and desired processes over a
range of inlet conditions. Uncertainty must be considered because natural events
impact water quality significantly.

Climate change has had an impact on the management of lake water quality in
Finland [118]. There is a need to consider the impacts of climate change in
management plans to reduce eutrophication.

While the published literature contains the results from many studies, there is
a need for additional data because of the complexity and large number of va-
riables that have importance for water quality in lakes and reservoirs [119].

There is an opportunity to build on knowledge gained from taking action and
observing changes in measured values. Managing fish populations so they have
value in removing phosphorus from the lake as well as recreational value may
require some actions followed by observations. Experience and ongoing investi-
gation may be needed to develop monitoring systems that are both cost effective
and sufficient to get the data needed for effective management of water quality.
Developing a plan with a sufficient budget to be able to take action that is bene-
ficial may be a challenge because of economic externalities. There is often signif-
icant value in maintaining water quality that allows drinking water and recrea-

tional use, avoids odors and is visually pleasing.

6. Conclusion

Active monitoring and management of lakes and reservoirs can be accomplished
using ecological engineering principles. Complex lake and reservoir ecosystems
must be characterized, monitored and managed with recognition of their dy-
namic behavior, the complexity of the ecosystem and the importance of reducing
phosphorus and nitrogen concentrations. The difficulty of maintaining good
water quality and preventing eutrophication increases as nutrient, and particu-
larly phosphorus, concentrations increase. The current status of lake and eco-
system management has been reviewed and important methods have been enu-
merated. Important active management methods include precipitation of phos-
phorus with modified clays, solar powered circulation, removal of phosphorus
by stocking and harvesting fish, nurturing macrophytes, and active management
of the entire ecosystem through monitoring and control. Further research is

needed on this important topic.
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