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Preface

The term “plankton” was coined in 1884 by Hensen to indicate organisms randomly
disposed in space. In 1974, plankton distribution was assumed by Lussenhop as
uniformly distributed in space. Indeed, the term plankton means wandering;
basically, it is a category of organisms that are passively displaced by water, that

is, they are dragged by marine currents or even by waves. Many of the organisms
that compose plankton have their own movements; however, because they belong
to a small-scale water movement, they cannot overcome the force of currents or
waves. Plankton is strongly influenced by climate features, chemical stressors, and
hydrological conditions. Their sensitivity to these fluctuations results in communi-
ties that are continuously changing and adapting to environmental factors as well
as to changes in available resources. The organisms that constitute plankton are
subdivided into phytoplankton (autotrophic) and zooplankton (heterotrophic) in
the marine food chain. Among the main planktonic organisms, we cite protozoa,
microalgae, crustacean larvae, small crustaceans, jellyfish, and larvae of various
animals. The marine plankton community can also be found in limnic (freshwater)
environments. Within the planktonic community, we find zooplankton (animals),
bacterioplankton (bacteria), and virioplankton (viruses), among other less sig-
nificant groups. An interesting pattern is the vertical distribution of the copepod
community, which is a complex structured response to tidal, diel, and lunar cycles,
to environmental variables (e.g., salinity, temperature, hydrostatic pressures), and
to reproductive cycles of prey and predators.

Colonies of unicellular algae with poor mobility form what is called phytoplankton
(vegetables). Phytoplankton contains chlorophyll and other pigments, and like
terrestrial plants, they can carry out photosynthesis. Due to these characteristics,
they are essential for maintaining sea life, as they are the basis of the trophic chain
of the aquatic universe. Phytoplankton organisms go beyond just being organic
matter (food); they are also responsible for producing oxygen. In this production
process, phytoplankton plants release oxygen gas in a dissolved form in water
instead of releasing it directly into the atmosphere. The oxygen dissolved in the
water is used by fish and other organisms that live in the sea to breathe.

Oceans are responsible for a large part of the oxygen that is produced on Earth and
thus phytoplanktons are essential organisms for maintaining not only aquatic life
but also life on the planet. Just like land vegetables, aquatic plants need light and
nutrients to thrive. In this case, nutrients need to be dissolved in water; the main
components of which are nitrogen, phosphorus, silicon, iron, and so on. Thus, the
productivity of the oceans is associated with light conditions and the availability of
these nutrients.

This book is divided into three sections. Section 1, “Introduction,” includes two
chapters: Chapter 1, “Response of Marine Plankton Communities in Ponds to the
Presence of Vertical Structures” and Chapter 2, “Plankton: Environmental and
Economic Importance for a Sustainable Future.”



Section 2, “Phytoplankton,” includes three chapters: Chapter 3, “Remote Sensing
of Phytoplankton Pigments”; Chapter 4, “First Report on the Diversity of Epizoic
Algae in Larval of Shellfish Gastropod Aliger gigas”; and Chapter 5, “The Use

of Allelochemicals of Aquatic Macrophytes to Suppress the Development of

Cyanobacterial “Blooms

Section 3, “Zooplankton,” includes three chapters: Chapter 6 “Food Webs”;
Chapter 7, “Ciliates as Symbionts”; and Chapter 8, “Changes in the Fatty Acids
Profile of the Zooplankton Community Reveals the Quality of Four Reservoirs in
the Hydroelectric Power Plants Located in the Iguagu River, Parand, Brazil.”
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Chapter1

Response of Marine Plankton
Communities in Ponds to the
Presence of Vertical Structures

Maria Emilia Cunha, Hugo Quental Ferveira,
Ana Barrvadas and Pedro Pousdo-Ferreira

Abstract

The effects of bottom vertical structures like AquaMats® in enhancing plankton
productivity was evaluated. One experimental earthen pond of 500 m” was provided
with AquaMats® increasing the surface substrate area 12 times and water quality,
phytoplankton and zooplankton populations developed during almost 100 days was
compared with a pond without AquaMats®. Their presence favored the develop-
ment of Dinoflagellates (Miozoa, Dinophyceae), mostly Gymnodiniales, which may
be of some concern since some species of this group have been associated with toxic
algal blooms while in the ponds without AquaMats® Diatoms (Bacillariophyta) pre-
dominate. In both ponds plankton production was very much sculptured by external
nutrients added to the systems. The balance between different nutrients is extremely
important to regulate the phytoplankton populations with Diatoms blooming at
silicate concentrations higher than 2 pM and below this level and at low nitrate and
high ammonium being more appropriate for Dinoflagellates. The linkage between
phytoplankton and zooplankton population in ponds is strong with zooplankton
exerting control over the phytoplankton population and vice-versa. The use of verti-
cal substrates enhances plankton productivity by increasing the substrate area for
periphyton fixation. The main zooplankton taxonomic groups associated with the
presence of AquaMats® were Calanoid and Harpacticoid copepodites and nauplii,
veligers of gastropods and trochophore of polychaets, larval stages of organisms
that except for calanoid copepods are benthic and correspond to the meroplanktonic
phase in the life cycle of those organisms.

Keywords: AquaMats®, phytoplankton, zooplankton, periphyton

1. Introduction

Decline in the world’s fish stocks has led to an increasing demand for food from
fish farming [1]. Much of this production is carried out in extensive and semi-
extensive systems [2], mainly in Asia [1]. These systems are stocked with wild
or farmed juveniles and rely on local natural productivity of lakes, earth ponds,
reservoirs, and lagoons for feeding the fish and to maintain a good water quality and
are characterized by low stocking densities and low to no inputs of food or fertil-
izers [2] and use of juveniles. Although intensification of these systems is a way to
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augment production, increasing profits are not likely to come from higher stocking
densities due to the biological limits of these systems [3].

One alternative for productivity enhancement in these production systems is
to use artificial substrates to enhance the colonization of the surface in ponds by
periphyton [4]. These are complex mixtures of algae, cyanobacteria, heterotro-
phic microbes, and detritus that are attached to submerged surfaces and are the
primary producers in streams, providing food for benthic invertebrates, which
feed fish and other invertebrates [4]. Many of these organisms possess life cycles
with meroplanktonic phases that boost zooplankton abundance. This increase of
plankton abundance can be used to advantage for rearing fish in the ponds since it
provides food for their first larval stages and therefore adds to the profitability of
such systems. Besides the saving in cost of fry, juveniles produced in these natural
systems are better adapted to grow out conditions in ponds. Another benefit is the
possibility of using such systems for species diversification since the small prey
produced will enable the larviculture of some marine fish species with small mouth
gapes such as groupers [5].

Types of artificial substrates used for periphyton-based aquaculture are mainly
natural substrates such as tree branches used in some African countries and
mangrove leaves and twigs used in Asia [6]. Also, in Asia, bamboo has been inten-
sively studied and already incorporated successfully in farms with an established
protocol. Pilot studies in periphyton have also been performed using plastic mesh
sheets and nets [6].

AquaMats® are another artificial substrate used in aquaculture trials [7-9] and
are widely used for advanced natural biofiltration in ponds/lakes. They are flexible
curtains of highly specialized synthetic substrates used to increase the vertical sur-
faces of lagoons or ponds. Each curtain provides a three-dimensional surface with
approximately 200 m” of effective surface area which is a benefit for fixation of live
organism in a flat two-dimensional surface. The increase of pond surface area by
the presence of vertical substrates leads to a larger colonization area for sessile biota
that attach to the substratum. This biota will contribute to the enhancement of pri-
mary and secondary productivity (mainly benthic but also pelagic) that in addition
to their larvae will increase the feed abundance for fish larvae. The present work
presents the results of a trial to evaluate the effect of AquaMats® on the plankton
species composition and productivity and water quality in earthen ponds.

2. Material and methods

Facilities of the Aquaculture Research Station (37° 02’ N; 07 ° 49’ W), of the
Portuguese Institute for the Sea and Atmosphere (IPMA - for Instituto Portugués
do Mar e Atmosfera), based in Olhdo, southern Portugal, were used for the trial
(Figure1).

2.1 Experimental setting

Two rectangular earthen ponds of 750 m’ each (1.4 m mean water depth)
were used to study the effect of the presence of vertical substrates on the species
composition and abundance of the phyto and zoo plankton populations. Before
the experiment, the floor of the earthen ponds was thoroughly washed to remove
organic sediment and dried for two weeks to allow better oxygenation of the
anaerobic layers by direct exposure to air and sunlight [10]. After this period 30
bottom deployment format (BDF) AquaMats® were set up in one of the earthen
ponds arranged in 10 rows perpendicular to the water flow. Each AquaMat® had an

1
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Figure 1.

Geographical location of the Aquaculture Research Station (EPPO) of the Portuguese Institute for the Sea and
Atmosphere and of the experimental ponds in blue and orange lines. Blue: Pond with AquaMats®; Orange:
Control pond (without AquaMats®).

effective surface area of 208 m” (www.AquaMats.com) and their presence increased
by 9 times the effective surface area of the pond (681 m?). The second earthen

pond remained without AquaMats® as a control. Earthen ponds were filled on

May 9 with sand-filtered seawater from the Ria Formosa coastal lagoon (Algarve,
Portugal). Additional water from adjacent ponds used for fish on-growing was
pumped into each earthen pond as a fertilizer to boost initial plankton production.
After filling, water exchange was set at 10% renovation day " during the entire trial.
No aeration was provided during the experiment. Organic fertilizer (alfalfa pellets)
at 28 g m~* [11] were uniformly distributed in the two earth ponds two weeks after
filling (May 22) and every 10 days thereafter. The trial ended on August 15.

2.2 Water quality and plankton monitoring

Temperature, salinity, dissolved oxygen, and pH were measured daily using a
portable meter (HI9828 - Hanna Instruments®). Monitoring of major inorganic
nutrients analysis (total ammonia nitrogen (TAN), nitrate and nitrite (NO;-N and
NO,-N), orthophosphate (PO,4-P) and silica (SiO,), was also performed daily dur-
ing the first week after fertilization, every other day in the second week and weekly
thereafter, as well as solid particulate matter (SPM), chlorophyl 2 and identification
and enumeration of phytoplankton and zooplankton populations. Water samples
of 10 L were collected near the water inlet, in the middle and at the outlet, pooled
together. One liter of water was used for analysis of nutrients, half litter for chloro-
phyll 2 estimate, another half litter for phytoplankton analysis and the remaining
water (28 L) filtered throughout a 55 pm plankton mesh for zooplankton counts.
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Phytoplankton samples were preserved with a few drops of Lugol’s iodine and
zooplankton in 4% buffered formaldehyde.

2.3 Laboratorial analysis

Inorganic nutrients were determined by colorimetry [12] using a “Skalar” auto-
analyzer with a detection limit of 0.2 pM for ammonium and 0.05 pM for nitrite,
nitrate, phosphate, and silicate. Chlorophyll a was determined by spectrophotom-
etry after passing the water sample through 0.47 pm cellulose nitrate membrane
filters (Type 11306, Sartorius Stedim Biotech) and extracted using 10 ml acetone.
Calculation was done using the formula from [13]:

Chla(pug/L)=11.0x2.43x(665-665,)x10/(V;) (1)

where, 665 is the absorbance before acidification, 665, is the absorbance after
acidification, and V¢ is the amount filtered water (liters).

Phytoplankton enumeration and identification was done under an inverted
microscope, after sedimentation during 24 h of 50 mL sub-sample. Zooplankton
present in 28 L water samples were identified and enumerated under a
stereomicroscope.

2.4 Data analyses

Two diversity indices were calculated for each plankton sample: Taxa Richness
and Margalef Diversity index. The taxa richness (T) was the number of taxa present
in the sample while the Margalef diversity index, d = (T - 1)/In N, was the number
of taxa (T), weighted by N, the total number of individuals in the sample.

Data were analyzed for normality and ANOVA tests were used for compari-
son between means and the rejection level for the null hypothesis was P = 0.05.
Comparison of means were based on log (x + 1) transformed data, but values
depicted here are not transformed. Regression analysis were used to assess the
significance of the relationship between time and the outcome variable.

3. Results and discussion
3.1 Environmental conditions

Temperature during the trial varied between 21.3°C and 26.5°C and salinity
between 33.3 and 37.3 (Figure 2). The Control pond presented slightly higher
temperatures after the first month of trial but neither of these parameters presented
significant mean differences (Table 1). Both, Dissolved Oxygen (DO) and pH were
significantly lower in the Control pond with a more noticeable descend 42 days
after the beginning of the trial when salinity also increased.

Nutrient concentrations were below autoanalyzer detectable levels during the
first three weeks of the trial but raised after the first addition of alfalfa, on the 22nd
day after filling the ponds (Figure 3). In general, they showed spikes of increase
responding to preceding fertilizations. Mean concentration of HPO,* SiO?, NH*
and NO*" were not significantly different between ponds (Table 1). Although DO
and pH were significantly higher in the ponds with AquaMats®, suggesting higher
primary production, chlorophyll @ concentration was significantly lower (Table 1).
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Figure 2.
Temporal evolution of temperature, salinity, dissolved oxygen, and pH in the ponds during the trial. Black
arrows designate fertilization of the ponds. Orange dots and lines: Control pond; blue dots and line: Ponds with
AquaMats®.

Parameters N Control pond AquaMats®
Temp (°C) 23 241+ (16) 239 £ (14)
Salinity 23 352+ (1.2) 35.0 + (1.1)
DO (mgL™) 23 6.8+ (1.5)* 79 £ (14) *
pH 23 81+ (0.2)** 82+ (0.1) **
NH, (uM) 23 0.43 + (0.60) 0.40  (0.62)
NO; + NO, (uM) 23 0.27 + (0.32) 0.24 + (0.44)
Si(OH)4 (LM) 23 2.29 + (2.46) 1.77 + (2.68)
HPO,* (uM) 23 013 (0.13) 0.14 + (0.19)
Chl_a (ugL™) 23 3.68 + (1.88) * 260 + (1.24) *
SPM (mg L") 23 68.0 + (10.8) 706 + (12.8)

*P > 0.05.

**P > 0.01

SPM - Suspended particulate matter.

Table 1.
Mean concentration + (S.D.) of the referved environmental paraments inside the ponds.

The trial started with similar concentration of chlorophyll 4 in both ponds and the
concentrations rose after a short period of acclimatation (Figure 3). The increase in
chlorophyll 4 due to the uptake of nutrients by the phytoplankton lead to a complete
depletion of nutrients and to a consequent drop on the chlorophyll a. After the first
alfalfa fertilization, that occurred on the 22nd day, there was an increase of Chl_a
concentration in both ponds. In general, the addition of nutrients to the earthen
ponds produce effect on the increase of the chlorophyll @ concentration since it
contributed to increase the availability of nitrogen, phosphorus, and silicate in the
ponds (Figure 3). Solid Particulate Matter (SPM) concentrations, which included
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Figure 3.

Temporal evolution of ammonia, nitrate+nitrite, phosphate, silicate, chlorophyll a concentration and solid
particulate matter (SPM) in the ponds during the trial. Black arrows designate fertilization of the ponds.
Orange dots and lines: Control pond; blue dots and line: Ponds with AquaMats®.

plankton cells, were not significantly different among ponds. Concentrations were
high at the start of the trial and decrease steadily during the first three weeks after
which they increased slowly until the end of the trial.

3.2 Phytoplankton

Phytoplankton species and mean abundances in the ponds during the trial are
presented in Appendix A. Phytoplankton densities in the Control pond and in the
pond with AquaMats® showed similar patterns of evolution with four blooms
followed by crashes during the monitored period (Figure 4). Initial cell abundances
in the water of the two ponds were high followed by a sharp decrease in the phy-
toplankton. Recovery occurred after the first two weeks with a bloom that lasted
for a week followed by a crash. After the initial fertilization, high concentrations
were reached and phytoplanktonic abundance seemed to be sustained despite
some decreases. Although, during the first month of the trial mean phytoplankton
densities tended to be lower in the Control pond, mean concentrations for the
entire trial were not significantly different between the two ponds (Table 2). The
pond with AquaMats® have sharper variations in phytoplankton abundances and
the Control pond had more steady densities that increased with time. Diatoms and
dinoflagellates composed the bulk of the phytoplankton population in both ponds
but non-identified phytoflagellates were significantly more important in the pond
with Aquamats®.
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Figure 4.
Temporal progression of phytoplankton abundance in ponds. Orange dots and lines: Control pond; blue dots
and line: Ponds with AquaMats®; black arrows designate fertilization of the ponds.

N Control With AquaMats
Total phytoplankton (# L™) 23 2,340 + (2,082) 3,557 + (4,174)
Taxa richness 23 93+ (2.2) 9.5+ (2.3)
Margaleff index 23 1.91 + (0.40) 1.84 + (0.42)
Diatoms (# L) 23 1,390 + (1,242) 2,066 + (4,073)
Dinoflagellates (# L ™) 23 693 + (1,513) 951 + (975)
Phytoflagellates n.i. (# L") 23 47+ (90) * 465 = (934) *
Others (# L) 23 210 + (391) 75+ (6)
*P > 0.05.
Table 2.

Phytoplankton estimates and abundance of main groups in ponds.

Taxa Richness and the Margaleff Index were not significantly different between
ponds with dominance of diatoms over dinoflagellates in both (Table 2). In general
phytoplankton abundance was higher in the pond with AquaMats® but the differ-
ence was not statistically different from the Control (Table 2). Both ponds recorded
taxa richness minima immediately after the beginning of the experiment followed
by maxima two to three weeks after filling. Species richness remained relatively
leveled afterwards (Figure 5). Regressions between taxa richness and time after
filling, shown in the graphs, were not significant suggesting that the number of taxa
present in the ponds were independent of the time.

The temporal succession of phytoplankton groups in the Control pond was
essentially dominated by diatoms with the phytoplankton blooms preceded by
silicate maxima (Figure 3). Exceptions were the first two weeks of the experiment
and for two consecutive samples on days 56th and 63rd and again on day 100th after
filling, when dinoflagellates of the genus Gymnodinium became the most abundant
group. In this pond during this first month Navicula spp. predominate and after
the first month of trial Diatoms were mostly Cylindrotheca closterium, (Figure 5
and Figure 6 — upper graphs). Comparatively, the pond with AquaMats® started,
during the first two weeks, with higher relative abundance of diatoms, mostly C.
closterium, followed by a sustained period of more than one month with higher
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Figures.
Temporal evolution of the abundance of main phytoplankton groups and taxa vichness. Upper graph — Control
pond; lower graph — Pond with AquaMats®. Black arrows designate fertilization of the ponds.

concentrations of dinoflagellates although non identified phytoflagellates were also
important (Figure 5 and Figure 6 — lower graphs). C. closterium and other Pennate
diatoms, became more important in the second half with exception for the last sam-
pling day when non-identified dinoflagellates dominate. The dinoflagellate com-
munity, initially dominated by Prorocentrum micans, was replaced by individuals of
the genus Gymnodinium immediately after the first alfalfa fertilization dominating
in the samples around the 30th day after filling. The highest abundances of dino-
flagellates were observed at the end of the experiment in both ponds suggesting a
seasonal effect.

3.3 Zooplankton

Both the mean abundance of zooplankton individuals and the taxa richness (T)
were not significantly different among ponds but the Margaleff index was signifi-
cantly higher in the pond with AquaMats® due to lower zooplankton abundance
while the number of species remained similar (Table 3).

The temporal progression of zooplankton abundance was similar among the two
experimental ponds and showed that after filling there was a decrease followed by
a week of adjustment when biomass was low (Figure 7). This adjustment period
ended with the progressive increase in the number of zooplankton organisms
and, similarly to what happened to the phytoplankton temporal evolution, there
were four peaks of higher abundance followed by crashes. The periods of higher
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Control AquaMats®
Total zooplankton (# LY 38.5+ (27.3) 33.8+ (41.1)
Margaleff index 1.7+ (0.5) * 22+ (1.0)*
Taxarichness (T) 6.6 + (1.0) 6.5+ (1.2)
*P > 0.05.
Table 3.

Mean zooplankton estimates in ponds.

zooplankton abundance occurred days after the phytoplankton blooms suggest-
ing a strong zooplankton control over the phytoplankton population. Although
zooplankton abundance presented similar patterns of development of booms and
crashes in the ponds, the abundance during the first half of the trial (45 days) was
significantly higher in the Control pond (Figure 7). The taxa richness started also
to be higher in the Control pond but remained relatively constant over time in this
pond as suggested by the regression equation in Figure 8 while in the pond with
AquaMats® it was lower at the beginning of the trial but increased significantly
with time.
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Figure7.
Temporal progression of zooplankton abundance in ponds. Orange dots and lines: Control pond; blue dots and
line: Ponds with AquaMats®.

Zooplankton species in the ponds and their mean abundances are listed
in Appendix B. From the most frequent zooplankton groups, veligers (both
Gastropoda and Bivalvia), adults from Calanoida copepods and Cyclopoida
naplii were significantly more abundant in the Control pond. With exception of
Polychaeta larvae, Calanoida nauplii, Harpacticoida copepodids and Cirripedia
nauplii, were most abundant in the pond provided with AquaMats® although
differences were not significant. The Calanoid copepod Acartia clausi was only
present in the Control pond while Paracartia grani was mostly present in the pond
with AquaMats®. Although not significantly different, their nauplii were more
abundant in the pond with Aquamats®.

In both ponds there was a fairly number of Calanoida nauplii and Polychaeta
larvae. Nine days after, Calanoid adults (Acartia clausi) became more important in
the Control pond remaining the most important taxa during the following week
(Figure 8, upper graph). The first boom, on day 21, was mostly composed by those
adults and nauplii. The following booms were mostly formed by copepod nauplii
(both Calanoida, Cyclopoida and Harpaticoida). Gastropoda veligers, that were
always present, became more important by the end of the experiment. In the pond
with AquaMats®, Calanoid copepod nauplii were also important at start of the
experiment but in the following sampling period Polychaeta larvae became gradu-
ally more abundant and continued doing so for the following month (Figure 8,
lower graph). By then Harpacticoid copepod adults became evident. Succeeding
booms were composed mainly by copepod nauplii (mostly Calanoida but also
Harpaticoida).

4, Discussion

There were no significant differences in phytoplankton and zooplankton
densities among the two ponds, but parameters related to plant production, such
as dissolved oxygen (DO) and pH, showed significantly higher values in the ponds
with AquaMats® suggesting higher primary production in this pond. The combina-
tion of these two parameters with lower nitrate, ammonia, silicate and in the pond
with AquaMats® further suggests greater overall algal production in this treatment,
which was not reflected in the Chl_a concentration (Table 2). Therefore, the higher
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Figure 8.

Temporal evolution of the abundance of main zooplankton groups and species vichness. Upper graph — Control
pond; lower graph — Pond with AquaMats®. Black arrows designate fertilization of the ponds.

primary production was probably associated with the periphyton developed in the
AquaMats® and to a lesser extent to the slightly higher, although no significant,
phytoplankton population.

The presence of diatoms, dinoflagellates and non-identified phytoflagel-
lates are common in fish and oyster integrated production in earthen ponds
that supplied the dissolved nutrients required by the phytoplankton [14].

In the present case, there were no fish and oyster production, but external
nutrients were supplied by alfalfa. The temporal fluctuations in abundance of
phytoplankton were very much connected to the regular supply of alfalfa with
a strong increase immediately after fertilization. In general the phytoplankton
blooms followed silicate maxima and they were dominate by diatoms, mostly
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Cylindrotheca closterium, although Pennate diatoms started to be more important
in the Control pond. The success of the diatom group seemed to be due to a

high inherent growth rate at non-limiting silicate concentrations [15]. However
Dinoflagellates and Phytoflagellates also marked their presence in the pond with
AquaMats® when fertilization started and dominate for almost a month. This
was a period of still low nitrate and silicate concentrations and relative higher
rates of NH4" in the pond with AquaMats® which may be a possible explanation
for the higher number of dinoflagellates in this pond [16]. Among the dinofla-
gellates present in the pond with AquaMats®, Gymnodiniales were the most
important group.

Zooplankton abundance presented similar patterns of development of booms
and crashes in the ponds and occurred days after the phytoplankton bloom
suggesting a strong zooplankton control over the phytoplankton population.

The abundance during the first half of the trial was significantly higher in the
Control pond and the taxa richness was also higher remaining relatively con-
stant over time. Calanoida (Acartia clausi) adults and nauplii and Polychaeta
larvae composed mostly of the population during this time. In the pond with
AquaMats®, zooplankton abundance and taxa richness were both initially lower
and increased significantly over time reflecting the effect of the disturbance
caused by the deployment of the AquaMats® in the ponds and the consequent
recovery. Polychaeta larvae, abundant during the 45 days, were overrun mostly by
Calanoida nauplii, and to a lesser extent by Harpacticoida nauplii and Gastropoda
veligers. These are larval stages of organisms that except for calanoid copepods are
benthic. At the example of Acartia clausi the adult calanoid present in the ponds
with AquaMats® (Paracartia grani) reproduce by shedding eggs that attach to
substrates [17-19]. These eggs can be subitaneous or diapause but in both cases,
they need light to hatch [20]. The presence of AquaMats® as vertical substrates
leads to an increase in the areas where the eggs can be attached and where they
remain exposed to light and ready to hatch, may explain the higher number of
Calanoid nauplii.

5. Conclusions

Plankton production in ponds is very much sculptured by external nutrients
added to the systems and therefore fertilization and maintaining the balance
between different nutrients is extremely important to control the phytoplankton
populations. The linkage between phytoplankton and zooplankton population in
ponds is strong with zooplankton exerting control over the phytoplankton popula-
tion and vice-versa.

The use of vertical substrates like AquaMats® seemed to be able to
enhance plankton productivity by increasing the substrate area for periphyton
fixation. Their presence favored the development of Dinoflagellates, mostly
Gymnodiniales, which may be of some concern since some species of this group
have been associated with toxic algal blooms. The main zooplankton taxo-
nomic groups associated with the presence of AquaMats® were Calanoid and
Harpacticoid copepodids and nauplii, veligers of gastropods and trocophora of
polychaets. These are all small larval stages of organisms that are important as
food for fish larvae during the first phases of development and therefore there is
potential for the use of AquaMats® in mesocosms for rearing fish larvae in semi-
intensive systems either for the quality of the farmed juveniles or to rear species
with larval stages that only survive with natural food increasing aquaculture
diversification.
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Appendices and nomenclature

Appendix A. Mean abundance of phytoplanktonic taxa during the trial
(cellsL™Y)

Planktonic species N Control Aquamats
BACILLARIOPHYCEAE
Cylindrotheca closterium 23 515 + (934) 1,296 + (3,940)
Leptocylindrus spp. 23 7+ (16) 8+ (20)
Licmophora sp. 23 1+ (4) 4+ (8)
Meuniera membranacea 23 41 + (66) 17+ (35)
Navicula spp. 23 114 + (161) 48 + (121)
Odontela spp. 23 10 + (29) 18 + (41)
Pleurosigma spp. 23 33+ (33) 43+ (54)
Rhizosolenia spp. 23 7+ (20)* 60 + (142) *
Striatella unipunctata 23 97 + (362) * 1+(4)*
Surirella spp. 23 17 £ (21) ** 7+ (18) **
Thalassiosira spp. 23 0+ (0) 8+ (38)
Pennate diatoms n.i. 23 389 + (381) 457 + (578)
Diatoms n.i. 23 160 + (142) 98 + (124)
DINOPHYCEAE
Dinophysis caudata 23 1+(4) 2+ (6)
Dinophysis spp. 23 3+ (9) 15 + (39)
Gymmodinium catenatum 23 0+ (0) 7+ (26)
Gymnodinium impudicum/ 23 44 + (180) 35+ (99)
G. sanguineum
Gymnodinium spp. 23 151+ (307) * 577 + (859) *
Ornithocercus spp. 23 6+(9) 5+(11)
Provocentrum micans 23 33 + (95) 137 + (347)
Dinoflagellates n.i. 23 455 + (1,472) 173 + (219)
OTHER
Cysts 23 24 + (86) 32 + (110)
Ciliates 23 0+ (0) 1+(4)
Tintinnids 23 185 + (394) 42 + (70)
Phytoflagellates n.i. 23 47 + (90) * 465 + (934) *

*P > 0.05.

**P > 0.01.
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Appendix B. Mean abundance of zooplankton taxa during the trial

N Control AquaMats
(#L-1) (#L-1)

Polychaeta (larvae) 23 36+ (53) 9.0 + (13.0)
Gastropoda (veliger) 23 42+ (4.8)* 17+(32)*
Bivalvia (veliger) 23 14+ (1.1) * 06+ (0.7)**
Acartia clausi (female) 23 3.0+ (4.5)* 0.0 + (0.0) **
Paracartia grani (female) 23 0.2+ (0.3)** 09+ (11)*
Acartia spp. (male) 23 20+(31)* 06+ (0.8)*
Acartia spp. (copepodite) 23 14+ (1) 0.8+ (2.0)
Calanoida spp. (nauplii) 23 14.7 + (17.8) 155+ (33.2)
Calanoida spp. (egg) 23 1.0+ (14) 0.8 + (1.6)
Oithona spp. (copepodite) 23 0.1+(0.3) 0.0 +(0.1)
Oithona spp. (nauplii) 23 12+ (25)* 0.0+ (01)*
Harpaticoida spp. (adults) 23 1.9 + (1.6) 11+ (1.9)
Harpaticoida spp. (copepodite) 23 0.5+ (0.6) 0.6 + (0.7)
Harpaticoida spp. (nauplii) 23 31+ (7.0) 1.6+ (24)
Cirripeda spp. (cypris) 23 09+ (4.1) 0.1+ (0.3)
Cirripeda spp. (nauplii) 23 0.1+(0.2) 0.2+ (04)

*P > 0.05.

**P > 0.01.
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Abstract

Plankton is composed by unicellular, filamentous or colonial organisms that may
have prokaryotic or eukaryotic cell structures. These organisms have an extreme
ecological importance in the different water bodies worldwide, as they fix carbon
dioxide, produce oxygen and are an important key element in the basis of various
food chains. Through an industrial perspective, phytoplankton species have been
used as a feedstock for a wide range of applications, such as wastewater treatment,
or production of high value compounds; and commercial products, such as food
and feed supplements, pharmacological compounds, lipids, enzymes, biomass,
polymers, toxins, pigments. Zooplankton is commonly used as live food for larval
stages to the period of termination of fish, shrimp, mollusks and corals. These
types of organisms have characteristics such as a valuable nutritional composition,
digestibility, buoyancy, ease of ingestion and attractive movement for post-larvae,
thus presenting economic importance. This book chapter aims to demonstrate the
several advantages that plankton have, their ecological and economic importance,
targeting the production of add-value products.

Keywords: phytoplankton, zooplankton, bioactive compounds, industrial products

1. Introduction

Oceans cover 71% of the surface of the Earth and have a huge diversity and high
percentage of the earth biota [1]. Oceans take a key role in the global carbon cycle,
therefore openly influence the speed and magnitude of climate changes, which can
be observed in the aquatic organisms [2]. Moreover, the biota of the oceans have
huge socioeconomic value, through food and feed production, nutrient recycling
and carbon dioxide regulation [3]. Climate changes impacts on the ocean biota will
provoke economic implications, so there is a need to understand the key drivers
to understand the ecological change and how some to exploit the ocean organisms
without putting pressure in the surrounding ecosystem [4]. In which, phytoplank-
tonic microorganisms develop the basis to the food chain status quo and greatly
contribute for oxygen production and carbon dioxide sequestration, this organisms
are mainly composed and denominated as plankton [5].
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Plankton comprises single-celled algae — phytoplankton (which realizes photo-
synthesis) - and generally small animals (mm or less) — zooplankton (secondary
producers, herbivores), which are drifting in marine currents. Phytoplankton is
responsible for about 45% of the global annual primary production and serve as
food for zooplankton, which in its turn is an ideal size food for several commercially
important fish and large aquatic mammals. Plankton is a vital component of marine
and freshwater ecosystems. Besides, they also make important contributions to the
global biogeochemical cycle and improve the accumulation of carbon dioxide in the
atmosphere, ‘pumping’ carbon into the deepest regions of the sea [5].

Planktonic communities are frequently used as bioindicators to monitor
ecological changes in aquatic ecosystems [6]. Thus, being a management tool to
supervise the ecological system quality and to be a tool to take actions, for example
to prevent algal blooms, toxic contamination from undisclosed source. This hap-
pens, because plankton reacts at the lowest variation of surrounding ecosystem.
Plankton species and planktonic communities varies incited by many abiotic factors
(light availability, temperature, salinity, heavy metals, pollutants, pH and nutrients
concentration) and biotic factors (predators, parasites) [7]. These variations are
being studied through ecological data to help policy makers, for example, where
the plankton community varies and there is harmful plankton species that grows
rapidly due the excessive nutrients in water [8].

However, the plankton interest is not only as ecological tool, but also holds
industrial and biotechnological potential to be used in commercial products.
Through an industrial perspective, phytoplankton and zooplankton species have
been used as a feedstock for a wide range of applications, such as wastewater
treatment, or production of high value compounds; and commercial products,
such as food and feed supplements, pharmacological compounds, lipids, enzymes,
biomass, polymers, toxins, pigments. Zooplankton is commonly used as live food
for larval stages to the period of termination of fish, shrimp, mollusks and corals
[9-11]. However, to exploit these organisms at a commercial and industrial level,
there is a need to understand the ecological data to cultivate this organisms in a
controlled methods to have a best effective method with reduced cost, due the
impossible control in the wild ecosystems (where commercial exploitation provokes
a negative impact) [12, 13].

This book chapter aims to analyze the several advantages that plankton, specifi-
cally phytoplankton and zooplankton, their qualities, ecological and economic
relevance, as well as their cultivation techniques, aiming the production of add-
value products.

2. Plankton ecological relevance

Plankton is a key-element to form the base of the aquatic food chain [14]. Every
organism in the ocean habitat depends on plankton for their survival. Without
them, the food chain will broke extensively provoking a shortage of the food basis
[14]. For instance, bacterioplankton holds a key role to recycle compounds, miner-
als and energy within the food chain [15]. Due to climatic changes, plankton com-
munities can change rapidly provoking diverse problems in the food chain, causing
a bottom-up effect up to the fish, which is explored as a food source by humans. So,
there is a need to monitor wild plankton communities to identify structural changes
and, if necessary, to take actions in order to mitigate some of the negative changes,
for example toxic algal blooms in marine ecosystems [4].

Plankton species are mostly short live forms and consequently, plankton com-
munities are not greatly influenced by the persistence of older individuals from
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previous years. This can allow the joint of environmental changes and plankton
dynamics, enabling fast analyzes unlike other aquatic organisms, such as fish
species. Moreover, plankton can demonstrate dramatic changes within abiotic

and biotic parameters variation (such as temperature, pH, salinity, nutrients and
metals concentration, or even biotic changes, as bacteria or fungi proliferation)
[16]. Regarding monitoring plankton communities, there are Continuous Plankton
Recorders around the globe, aiming the development of studies about plankton
dynamics (with abiotic and biotic data to understand plankton responses), and to
contribute with updated data that will be pivotal to assist the management decisions
of the stakeholders. In a large scale, this method has revealed itself, cost effective
and essential to obtain data to understand the aquatic ecosystems [14].

2.1 Phytoplankton

Phytoplankton is one of the primary producers of the aquatic ecosystem, as
well as the first organisms to produce energy, which they generate from light
sources, such as solar. Phytoplankton converts light energy into carbohydrates
through photosynthesis. The energy not auto consumed by them for survival and
maintenance is available as food for herbivores or omnivores that feed on these
microorganisms. Phytoplankton can absorb about 3% of the light energy that
penetrate in the ocean. In fact, a low percentage when compared with terrestrial
plants, which can absorb about 15% of the accessible sunlight. This divergence
is triggered by the ocean itself, which absorbs sunlight in fluctuating grades.
The sunlight is a limiting factor and a key source for phytoplankton survival and
reproduction. If there is not enough sunlight, phytoplankton will diminish up to
stable population [15].

2.2 Zooplankton

Zooplankton is composed by heterotrophic organisms that feed on phytoplank-
ton, being mainly secondary consumers and aquatic herbivores. Thus, their energy
is acquired from consuming the primary producers. The energy disposal is identi-
cal for tertiary consumers, as well as for phytoplankton, only the energy stored is
available for predators. This predator can be a different zooplanktonic organism or a
larger animal that grazes on plankton [15].

3. Specificities of the plankton

To fully understand plankton biotechnological potential, there is a need to
evaluate their ecological specifications, according to the species and geographical
habitat. Phytoplankton can be an useful and promising feedstock, due to their
resilience and quick adaptation to environmental changes, which incontestably has
consequences on their secondary metabolism [17].

3.1 Phytoplankton

There are evidences of the existence of microalgae since the Precambrian period,
approximately 3.5 billion years ago. These microorganisms, mainly marine species,
are responsible for the production and maintenance of atmospheric oxygen [18].
Algae have a fundamental role on ecological balance maintenance. Moreover they
have a pivotal economic and social importance by supporting fauna, which is a
source of food for humans [19] and other organisms [20].
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Algae are considered a pool of several compounds with biological activities
[21, 22]. The algal composition varies according to environmental conditions,
thus there are species with different concentrations of proteins, polysaccharides,
pigments and fatty acids [23].

Microalgae retains about 50% of carbon in their biomass, which is obtained in
most cases from atmospheric carbon dioxide. Therefore, they are attracting interest
for carbon sequestration in industrial processes [24, 25]. Nitrogen and phosphate
compounds are essential nutrients for microalgae to protein and cell membrane
synthesis. In this context, the application of microalgae in water bioremediation is
a sustainable application to remove high amounts of these compounds from water
bodies, mitigating their negative impacts [26].

3.2 Zooplankton

Zooplankton is offered as live food since the larval stages until the period of
completion of fish, shrimp, mollusks and corals. They are organisms that have
characteristics such as a rich nutritional composition, digestibility, buoyancy, ease
of ingestion and attractive movement for post-larvae [27]. Rotifers are among the
most widely used, mainly the genus Brachionus (Animalia, Monogononta), as an
important source for the first zooplanktonic feeding for larvae of aquatic organ-
isms, because they contemplate all the characteristics mentioned above, they have
a high dietary value, being rich on polyunsaturated fatty acids and essentials amino
acids, in addition to the appropriate size for the animal’s feeding apparatus [28, 29].

Artemia or brine shrimp is an aquatic crustacean genus with nonselective
feeding habit, which can feed on tiny particles of food like microalgae, bacteria,
detritus and small organisms [30]. Artemia is a good model organism for ecotoxi-
cological studies because they have a short life cycle and can be cultured in a large
scale [31, 32].

The rotifers Brachionus plicatilis and Brachionus rotundiformis can be also
cultivated at a large scale, meeting the demand for fish and shrimp larviculture
[33]. Although they are considered a resource with a high nutritional value, it is
important to note that this occurs due to the improvement of secondary cultivation
techniques such as bioencapsulation, a technique in which the rotifer is enriched
with foods with a high content of essential compounds, being fed for a time period
less than 24 h and immediately offered in the larvae diet. Bioencapsulation allows
rotifers to incorporate the nutritional characteristics of algae, subsequently trans-
porting these elements to the fed larvae [34].

Copepods, used as live food, contribute to a better performance of fish lar-
vae when compared to larvae fed with rotifers and Artemia [35, 36]. In general,
copepod feeding results in an increase in survival, growth and a decrease in larval
deformities [37, 38].

Due to a relatively high protein and nutrient content, Moina spp. (Branchiopoda,
Cladocera) is a superior live food compared to Artemia [39, 40]. Cladocerans of the
genus Moina, and Moina macrocopa in particular, are progressively important in
aquaculture and ecotoxicology [41].

4. Plankton wild exploitation

There are commercial exploitation of plankton wild resources to provide marine
food sources for human consumption, mainly zooplankton (example copepods
and krill) [42]. This plankton presents a great economic potential because they are

enriched biochemical profile, such lipids, proteins, pigments and other bioactive
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compounds. However, even at the lower food chain level they can accumulate heavy
metals, organo-chlorides, dioxins and other harmful compounds, thus can be a
problem if not analyzed rigorously [43]. However, at low quantities their risk is
minimum when compared to higher food chain levels [44].

In this case, there are plankton specialized fisheries, where the harvest of the
targeted species uses scientific data to harvest the adults in one specific season,
with equipment to collect the plankton desired. For example, this happens in the
Norwegian region from 1950 until today [44].

Although the plankton wild harvest needs a strong marine strategy to not cause
environmental problems and to promote a sustainable plankton fishery, with
reduced by-catch [44]. The economic importance and valorization are identical to
the cultivated plankton, see Section 6. In this case, the most advantage is for animal
feed due to: i- Greater diversity of organisms and possibility of compatibility with
the larvae’s and organism digestive apparatus; ii- The captured organisms will find
themselves in different stages of development, and therefore, there must be some
that have an adequate size to the requirements of apprehension of the cultivated
larvae/organism; iii- The cost of capture is much lower than the cost of production
of organisms used as live food. However, when compared to the cultivated, wild
harvest demonstrates the consequent problems: i-the instable productivity rate
due to the environment changes; ii- seasonality; iii-presence of parasite species,
such as Argulus sp. e as Lerneae sp.; iv- maintenance of biochemical profile between
harvests; v- possibility of accumulation of heavy metals, toxins, pollutants and
harmful compounds.

5. Plankton cultivation

To avoid natural resources overexploitation, emerged the need to evolve
plankton cultivation techniques. In this way, it is possible to produce enough
biomass to supply industrial applications without putting pressure under marine
ecosystems [45].

5.1 Phytoplankton

In aquaculture, microalgae serve as food and help to maintain water quality, as
they produce oxygen, consume carbon dioxide and nitrogen compounds, especially
ammonia [46]. In addition, they can still be used as bioindicators of the level of
eutrophication of water bodies [47].

Microalgae are highly efficient photosynthetic organisms, and due to their
high biotechnological potential, makes them one of the hot research topics of the
moment [48]. Microalgal biomass can be commercially explored in different areas
such as nutrition, human and animal, wastewater treatment, biodiesel produc-
tion and to obtain compounds of interest to food, chemical and pharmaceutical
industry [49, 50].

The main physico-chemical factors that affect the growth of microalgae are
light, temperature, salinity and availability of nutrients [50].

Microalgae energy reserve substances consists in compounds of high molecular
weight such as a-1,4 glucans, $-1,3 glucans and others of low molecular weight such
as (glycosides and poly oils). In algae, the lipid reserve is needed for thee synthesis
of lipoprotein membranes [51], and is also used to regulate the fluctuation of cells
in water.

Lately, microalgae have been attracting the attention of researchers worldwide
due to their resilience and high commercial interest [52].
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The production of microalgal biomass, through photosynthetic growth, requires
carbon dioxide, water, inorganic salts and temperatures generally between 20 to
30°C. To reduce the costs of microalgae biomass production, sunlight should be
used, through outdoor cultivations, considering that the contamination is minimal,
using essential nutrients such as nitrogen, phosphorus, iron and, in some cases,
silica [49].

Currently, raceway ponds are the most used technique in the upscale production
of microalgae to obtain biofuel. However, for this production to be more effective,
technological advances must occur to develop photobioreactors which use light
more efficiently, reducing the costs associated [53].

Microalgae cultivation is advantageous because it is possible to obtain metabolic
products, which are used in feed of marine and terrestrial organisms, food supple-
ments for humans, or for use in environmental processes, such as wastewater
treatment, fertilization soil, biofuels and phytoremediation of toxic waste [54].

Species bioprospecting is very important to select the best strains that can
produce the most desirable metabolic products. Several studies have evaluated the
use of different microalgae for different purposes [55-57], but this field of research
needs is currently evolving and much research still needs to be done.

Lourengo [58] reports that the interaction of microalgae with the culture
medium and its physical environment results in significant changes in cell density,
which tends to increase numerically in large proportions after inoculation. On the
other hand, the concentrations of nutrients dissolved in the culture medium tend
to decrease with their multiplication, reaching the point of complete exhaustion,
depending on the time of development of the culture, stressing it.

The choice of the culture medium is extremely important for mass production
of microalgae. Its improper use can affect the growth rate and the biochemical
composition of cells [59, 60]. For each microalgae species, the productivity and the
biochemical composition of the cells strongly depend on the type of cultivation and
the nutrient profile of the medium [61].

According to Lourenco [58], the choice of the culture medium should consider
the operational costs involved, since often low-cost culture media may be deficient
in some components and do not allow the maximum production of algal biomass.

The microalgae possess various antioxidant properties and they are potential
oxidative stress control alternatives in Artemia and, perhaps, other aquatic organ-
isms used in aquaculture [62].

5.2 Zooplankton

Fiore and Tlusty [63] studied the incorporation of Artemia in commercial diets
for larval diets of the American lobster (Homarus americanus) and found greater
survival in stage IV post-larvae (19-25%) and subsequent juvenile performance
when compared with a combination of Artemia nauplii with frozen Artemia incor-
porated in the diet. A diet 100% formulated resulted in reduced larval survival
(6%) and post-larval size, while a larval diet of 100% of frozen adult Artemia
resulted in reduced post-larval quality and early juvenile performance.

Vinh et al. [64] cite that the profitability of Artemia producing farms in the
Mekong Delta, Vietnam, was significantly influenced by the geographic location
and their interaction with the scale of production. To improve farm productivity,
besides maintaining optimal stocking densities, moderate increases of organic
fertilizer, feed and chemical inputs are recommended to supply Artemia with more
nutrients and create better water environment for the optimal development and
reproduction. Additionally, a periodic harvest of Artemia biomass (adult Artemia)
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is required to minimize food and space competition and provide more incomes
to farmers.

Prusiniska et al. [65] proved that the use of Artemia enriched in polyunsaturated
fatty acids (PUFAs) in the larval cultivation of the freshwater fish (Barbus barbus),
is an effective method to improve growth rates and feed utilization. Besides that,
histological analyzes revealed better development of the active area of intestines, as
well as an increase in the neutrophil count in the blood.

When cultivated, rotifers are relatively poor in eicosapentaenoic acid (EPA: 20:
S5w-3) and docosahexaenoic acid (DHA: 22: 6m-3), and it is essential and therefore a
common practice to enrich the culture with marine oil emulsions. Novel production
techniques, such as closed recirculation systems are offering new possibilities for
continuous supply of high-quality rotifers at densities 10 times greater than batch
cultures. The increase in production in these systems is explained by the better
water quality [66].

Yoshimura et al. [67] obtained a high density of rotifers (1.6 x 10° individuals
mL™) using continuous filtration of water developed for ultra-high density produc-
tion, equipped with a membrane filtration unit (pore size: 0.4 pm) and set inside a
culture vessel. The culture performance of this system was tested by feeding with
freshwater Chlorella (Chlorophyta) paste in a 4-day batch culture.

Alver etal. [68] used a system for automatic control of the growth and density
of rotifer. The system computes feeding rates based on a setpoint for rotifer density
and provides a fast growth period followed by rapid stabilization of the rotifer
density. At the same time, overfeeding is prevented, thereby reducing the risk of
cultivation crashes. Feeding rates are automatically computed based on measure-
ments of the cultivation density and egg rate, and internal setpoints for growth
rate and egg rate. The authors obtained densities in all tanks increasing from 60 to
90 mL " to the setpoint densities of 500 and 1000 mL ™" in 5-7 days, after insignifi-
cant growth on the first day. Gross growth rates slowed down considerably towards
the end of the experiment, as the controller reduced feed rations in order to stabi-
lize densities.

Han and Lee [69] studied the effects of salinity changes on the marine monogo-
nont rotifer Brachionus plicatilis and found that a significant decrease in population
growth was observed when the rotifers were grown in high salinity (35%o), leading
to growth retardation and modulation of the antioxidant defense system. These
findings provide a better understanding on the adverse effects of salinity changes
on lifecycle parameters and oxidative stress defense mechanism in rotifers.

Chilmawati and Suminto [70] observed the performance of copepod Oithona sp.
in different diets with microalgae Chaetoceros calcitrans (Bacillariophyta), Chlorella
vulgaris, Nannochlovopsis oculata (Ochrophyta, Eustigmatophyceae) and Isochrysis
galbana (Haptophyta, Coccolithophyceae). The results showed that the diet of phy-
toplankton cells was significantly different in the growth performance of Oithona
sp. The diet of C. calcitrans gave the best growth performance of Oithona sp., when
reached 6,963 + 0.38 ind mL ™ of total density (0.121 + 0.003) and specific growth
rate and egg production (16.50 + 2.74 ind ™).

Knuckey et al. [71] cultivated the copepod Acartia sinjiensis in a variety of mono
and binary algal diets and observed that there were significant differences in the
rate of development of copepods between diets. Rhodomonas (Cryptophyta) was
confirmed as an excellent algal diet for Acartia (Crustacea, Copepoda), but it is
often unpredictable in mass culture. The cryptophyte, Cryptomonad sp. (CS-412)
showed to support an equally rapid development rate with the advantage of being
more stable in mass culture. The algal feed concentration for maximal copepod
development rate was dependent on the algal feed species.
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Puello-Cruz et al. [72] cultivated the copepod Pseudodiaptomus euryhalinus
(Crustacea, Copepoda) in a mono-microalgae culture (Chaetoceros muelleri,
Nannochlovopsis oculata, Isochrysis galbana, Tetraselmis suecica (Chlorophyta), or a
commercial frozen concentrate of Tetraselmis sp.) and in binary diets (C. muelleri: I.
galbana in 1: 1 and 2: 1 cell ratios and C. muelleri: I. galbana: frozen Tetraselmis sp. in
2:2: 1 ratio). These gave better results than the cultures of N. oculata, I. galbana, T.
suecica and the frozen Tetraselmis concentrate, but the production was similar to that
obtained with C. muelleri supplied as a monoalgal diet, showing that the addition
of C. muelleri may improve the performance of other monoalgal diets, whereas the
addition of other microalgae is unlikely to improve the results obtained when C.
muelleri is supplied as a monoalgal diet.

Using relatively simple culture techniques, in transparent plastic boxes
(32 x 47 x 14.5 cm) containing 4.5 L of filtered aerated seawater at room tempera-
ture (28 to 32°C) and a salinity of 35%o, Ribeiro and Souza-Santos [73] cultivated
the copepod Tisbe biminiensis fed with commercially available ornamental fish food
and every two days following water exchange, with 500 mL of one of the following
diatoms: Phaeodactylum tricornutum or Thalassiosiva fluviatilis (Bacillariophyta).
The collection of T. biminiensis from the 5 L cultures produced a mean of 28,000
nauplii and copepodites L™ day ™" over a 130-day period.

Sarkisian et al. [74] used an innovative design for an intensive culture system of
the calanoid copepod Acartia tonsa, a prime candidate for use as a live food item.
The system output was on average 22 million eggs day ' (21,955,420 + 8,709,668)
with an average hatch rate of 49% (49.1 + 14.8) over three seasons.

Poynton et al. [41] cultivated females of the cladoceran Moina macrocopa in a
situation of flagellate infection associated with mortality. At day 10, all M. macro-
copa were alive in uninfected cultures, whereas in untreated infected cultures, the
survival was significantly lower: only 26% of cladocerans were alive. In infected
cultures treated with humic substances (25 mg L ! of dissolved organic carbon),
mortalities were comparable to those in the untreated infected cultures; in
contrast, in the infected cultures treated with 4 g L ! sea salt, mortalities were
interrupted, and 76% of the M. macrocopa were alive at day 10.

Liu et al. [75] studied the effects of a polystyrene nanoplastic on physiological
changes (e.g., survival, growth, and reproduction) and expression levels of stress
defense genes (oxidative stress-mediated and heat shock proteins) in the freshwater
flea Daphnia pulex. The results showed that the digestive organs of D. pulex were
strongly fluorescent after exposure to the nanoplastic particles and the 48 h median
lethal concentration (LCso) of the nanoplastic was determined to be 76.69 mg L™".
The time to brood was delayed, and total offspring per female and number of
broods were decreased in all the treatment groups. In addition, the offspring per
brood were significantly decreased in the 0.1 mg L™" group.

Raymundo et al. [76] compared the sensitivity of temperate and tropical
cladocerans to different insecticides. The order of sensitivity of the native cladoc-
erans to chlorpyrifos was: Ceriodaphnia silvestrii (0.039 ng L™) > Diaphanosoma
birgei (0.211 pg L") = Daphnia laevis (0.216 pg L™") > Moina micrura
(0.463 pg L™) = Macrothrix flabelligera (0.619 pg L™"). A regulatory acceptable
concentration based on temperate cladoceran toxicity data of both chlorpyrifos and
other insecticides also appeared to be sufficiently protective for tropical cladoceran
species.

Jaikumar et al. [77] described that the sensitivity to microplastics can differ
between different species of cladocerans and can be drastically influenced by the
temperature, although in high concentrations of exposure.

Hansen [78] cultivated the planktotrophic larvae of the boreal capitellid poly-
chaete Mediomastus fragile, fed with the microalgae Isochrysis galbana and concluded
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that the larvae were able to capture and ingest particles in the size spectrum
between 2 and 10 pm. However, the optimal particle size was 7 pm. The larvae enter
the plankton in the early spring, when the phytoplankton size spectrum is typically
dominated by large algal cells, exceeding the size for efficient uptake. The physical
limitations for particle capture are therefore a potential limit for feeding. The ability
to delay larval development is an advantage for a planktotrophic larvae functioning
as a growing dispersive organism.

6. Plankton economic importance

In diverse industry areas, microalgae have been widely used as a source for a vari-
ety of practices and potential metabolic products, such as food supplements, pharma-
cological substances, lipids, enzymes, biomass, polymers, toxins, pigments or tertiary
sewage treatment. They are also important in aquaculture as a source of nutrients and
are of great importance in the production of oxygen, carbon dioxide sequestration
and nitrogenous compounds removal, such as ammonia [46, 54, 58]. They are also
used as bioindicators, reporting water bodies ecological quality status [47]. However,
itis considered that the plankton biotechnology is still young when compared to
macroalgal and terrestrial plant biotechnological exploitation and knowledge [79].
Nevertheless, when compared with this two biotechnology branches, it is estimated
that plankton have specimens and more suitable, due to their reduced form, being
mainly aquatic, a life cycle shortened and rapid adaptation of the metabolism which is
capable to produce various interesting compounds [9, 13, 80].

The production of microalgae in different sectors generates social, environ-
mental and economic benefits. For example, in the USA and India, Haematococcus
lacustris (formerly Haematococcus pluvialis) (Chlorophyta) production aims the
extraction of astaxanthin, used as a food coloring and also as a powerful anti-
oxidant in the pharmaceutical and cosmetic industry [81].

According to Wijffels [53], marine biotechnology aims to discover new prod-
ucts that can contribute to the health of human beings, such as, for example, new
nutraceuticals obtained from algae for use in human and animal feed industries,
besides the contribution also in the energy sector, such as the production of bio-
fuels. According to the author, the ®-3 fatty acids, provenly beneficial for human
health, can also be a potential source of biofuels. Therefore, the biggest challenge is
to obtain these products with quality, in enough quantities and in a sustainable way.

6.1 Food and nutraceuticals

The search to food sources are advancing as an indispensable resolve the feed
problem, with the continuous world’s population grow restricted, by the global
restrictions [82]. Phytoplankton aquaculture in an industrial large-scale to human
food usage begin with the cultivation of Chlorella vulgaris during World War II [80].

According to Pulz and Gross [79], the functional food market using microalgae,
in pasta, breads, yoghurts and beverages, is rapidly developing in countries, such as
France, United States, China and Thailand. The most common application has been
in aquaculture, for the direct or indirect feeding of some species of fish, mollusks,
crustaceans and other organisms of economic interest [83].

The consumption of -3 obtained from microalgae is beneficial for neural
development, in addition to preventing coronary problems, cancer, hypertension,
diabetes, cystic fibrosis, arthritis, asthma, schizophrenia and depression. Marine
microalgae are capable of synthesizing -3 fatty acids, eicosapentaenoic (EPA, C20:
5) and docosahexaenoic (DHA, C22: 6), which enter the marine food chain and are
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available in fish oil. These fatty acids are considered important in the development
of brain tissue and visual function [84].

Microalgae are the main producers of biomass that accumulate in higher
organisms through the food chain. For several centuries, they are used as food
in Southeast Asian countries, mainly due to their high protein content. Recently,
microalgae have attracted the interest of many researchers due to their structurally
diverse bioactive compounds, efficient photosynthetic machinery, greater mass
productivity and the absence of competition with arable land and drinking water.
They can withstand adverse environmental conditions, producing a variety of
biologically active primary and secondary metabolites, such as polysaccharides,
carotenoids, omega-3 and 6 fatty acids and phenolic compounds. These metabolites
exhibit a series of pharmacological activities, which include therapeutic, drug-
carrying and physiochemical properties, including gelation, swelling and emul-
sification. These may be a new source of functional compounds in the food and
pharmaceutical industries [85].

Currently, microalgae are being incorporated into many food formulations.
Most of them use microalgae as a marketing strategy or as a coloring agent. As for
example, the cyanobacterium Spirulina is not only in fashion, but is rich in several
valuable and highly nutritious compounds, such as proteins, PUFAs and bioactive
pigments, including chlorophylls, carotenoids and phycobiliproteins. One of the
main advantages of natural pigments derived from Spirulina, when compared to
their synthetic counterparts, is that the former has several health benefits, and can
be used as an ingredient in the development of new functional foods. Proteins from
Spirulina have proven to be excellent sources of bioactive peptides with potential
application in the functional food industry as antihypertensive, anti-diabetic,
anti-obesity and antioxidant ingredients [86] immunomodulatory and anti-inflam-
matory among other positive bioactivities [87].

Some of the prerequisites for using algae biomass for humans and animals
include determining the chemical composition; toxic biogenic substances; non-
biogenic toxic compounds; protein quality studies; biochemical nutritional studies;
supplemental value of algae to conventional food sources; health analysis; safety
assessments (animal feeding tests); clinical studies (safety test and suitability of the
product for human consumption) and acceptability studies [88].

The microalgae used as a food supplement are generally sold in the form of
tablets, capsules and liquids or are incorporated in pasta, snacks, candy bars, ice
cream, chewing gum, in mixtures of drinks and dyes for natural foods [88, 89].
Foods supplemented with microalgae biomass, when properly processed, can make
foods more colorful and tasty, adding not only nutritional value, but also new,
unique and attractive flavors [50].

The reasons for this recent growth in interest are cost-effective cultivation and a
short cultivation time until the desired compost is obtained. In addition, they have
the status generally considered safe and as such do not contain any toxins or patho-
gens that can be transmitted to humans. [90].

6.2 Feed

The plankton is a natural source for various animals’ species, which are culti-
vated. Consequently, they are a standard feed source to various farmed species. To
other animals, they are non-natural feed source, which is used supplement to be
incorporated with normal feed, similarly the plankton usage as human food sup-
ply, due to the high quality of protein, minerals, vitamins, carbohydrates and also
essential fatty acids to be a high quality feed for fish and others animals [91].
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Phytoplankton is a vital player in aquaculture (mariculture) as they are the
natural food bases to larvae life stage of various types of mollusks, crustaceans,
and fish. The utmost phytoplankton used in aquaculture worldwide belong to the
genera: Chlorella, Tetraselmis, Isochrysis, Pavlova (Haptophyta, Pavlovophyceae),
Phaeodactylum, Chaetoceros, Nannochlovopsis, Skeletonema, and Thalassiosira
(Bacillariophyta) [92].

The use of plankton as feed improver was attainment further attention by the
I&D research teams and industry to develop feeds to diverse animals (mainly in
aquaculture). Which, the main results are the animals feed with plankton gain
weight, enhance of triglyceride profile and the protein deposition in muscle, the
animal digestibility, starvation tolerance and carcass quality [91, 93].

Phytoplankton can be cast-off as a source of natural pigments for the culture of
prawns, salmonid fish, and ornamental fish [91].

6.3 Cosmetic

The cosmetic area is the third major commercial segment for phytoplankton
application, due to the research of natural products to substitute synthetic
ingredients. Thus, with cosmetic consumers turning their mindset, the cosmetic
segment is one of the main actives to explore the biotechnological potential of
the plankton. The natural and ecofriendly predispositions in this area, give an
new input to find new high value, innovative and natural formulations for new
products, without the imposition of reduced costs as the other areas [80]. The
microalgae were not very common in cosmetic, nonetheless, microalgae and their
derivatives are in beginning to be integrated in diverse formulas to skin and hair
products, through a wide range of functions, such as excipient (stabilizer or emul-
sifier) or active ingredient. The phytoplankton is usually used in moisturizing,
skin whitening, anti-aging, and sun protection creams formulations. However,
the pigments from phytoplankton is cast-off as colorant agent for varied cosmetic
products [94].

6.4 Bioremediation

The application of microalgae to bioremediate wastewaters shows a great poten-
tial to complement traditional wastewater treatment processes. Furthermore, this
approach addresses the need to reduce the costs associated with the growth media
expenses for microalgae biomass production [95], through wastewater recycling to
obtain microalgal biomass instead of culture medium [96].

Nevertheless, it is necessary to consider possible sources of growth medium
contamination, such as grazers which feed on microalgae (Figure 1a and b), as well
as the presence of other microalgae species that can compete or inhibit the target
species production.

Bioremediation of numerous pollutants of different characteristics and properties
released from the domestic, industrial, agricultural and aquaculture sectors [97, 98].
Moreover, promoting microalgae cultivation in wastewater will help mitigate the envi-
ronmental impacts of treated effluents since this biological method will complement
conventional wastewater treatment and improve not only the removal of organic and
inorganic load but also the removal of emerging pollutants, such as pesticides, metals,
pharmaceuticals or household cleaning chemicals [99-102].

In addition, they are also capable of removing metals, incorporating them
in their cell wall [103] and other noxious compounds such as phenols and
chlorophenols [104].
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Figure 1.
Microscopic observations of Chlovella vulgaris cultivation in municipal wastewater sludge centrate, (a) with
the presence of other microalgae species and (b) with the presence of grazers.

6.5 Renewables energies

An emerging area for microalgae biotechnology is environmental applications.
This is mainly due to its carbon dioxide mitigation capacity, reducing greenhouse
gas emissions that are related to global warming and climate change; and its abil-
ity to grow in an effluent liquid that allows wastewater treatment. Today, there is
afocus on the use of microalgae in renewable energy as a potential source for the
production of biofuels, such as biodiesel, bioethanol, biohydrogen and biogas [105].

It is worth mentioning the importance of the production of biofuels through
microalgae. Microalgae naturally contain about 10% lipids. These lipids are mainly
present in photosynthetic membranes. Microalgae accumulate lipids in high
concentration under “stress” conditions, caused, for example, by the depletion of
nutrients such as nitrogen. In the absence of these nutrients, growth is hampered,
while energy is continuously received in the form of light. Microalgae channel
excess energy into large macromolecules, such as lipids or starch. In these cases, the
lipid content can reach 60%. Under stressful conditions, these lipids accumulate in
body lipids such as triacylglycerides or neutral lipids. The neutral lipids can be used
as raw material for the production of biofuels [106].

During the past few decades, many research studies have covered different
technologies to produce biodiesel from lipid-rich microalgae. Under controlled
cultivation conditions, microalgae can accumulate metabolites intended to produce
various biofuels. For example, starch and various types of oils can be bioaccu-
mulated. Starch extracted from algae is easily hydrolyzed to glucose and used for
fermentation in the production of bioethanol. Currently, commercial production
of bioethanol from algae is not a viable choice due to the low yield of the product
compared to other terrestrial biomasses. The high costs of algae cultivation systems
are due to several complex steps: (i) algae cultivation; (ii) harvest; (iii) pre-treat-
ment of biomass; (iv) fermentation; and (v) extraction of bioethanol. By linking all
possible improvements at each stage of the process, a substantial advance towards
cost-effective algae systems can be achieved in the future [107].

7. Conclusions

This chapter covered the many advantages that plankton have, specifically
phytoplankton and zooplankton, their qualities, ecological and economic relevance,
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as well as their cultivation techniques, aiming the production of add-value products
with industrial interest.

It is of great need to use all the knowledge presented and apply it in the differ-
ent branches of ecology, industry or science, aiming the discovery of new products
or directing it to a specific study area, being a subsidy of great importance for the
environment and/or for the human being,.
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Chapter 3

Remote Sensing of Phytoplankton
Pigments

Guoqing Wang and John Moisan

Abstract

Pigments, as a vital part of phytoplankton, act as the light harvesters and
protectors in the process of photosynthesis. Historically, most of the previous
studies have been focused on chlorophyll 4, the primary light harvesting pig-
ment. With the advances in technologies, especially High-Performance Liquid
Chromatography (HPLC) and satellite ocean color remote sensing, recent studies
promote the importance of the phytoplankton accessory pigments. In this chapter,
we will overview the technology advances in phytoplankton pigment identifica-
tion, the history of ocean color remote sensing and its application in retrieving
phytoplankton pigments, and the existing challenges and opportunities for future
studies in this field.

Keywords: phytoplankton, pigments, remote sensing, ocean color, satellite

1. Introduction

Phytoplankton live near the water surface to capture sufficient light for photo-
synthesis and act as the primary producer of the plankton community. They form
the bottom levels of the marine and aquatic food webs, and their existence not only
makes life in the water possible but also makes the ocean an important food source
for mankind. Phytoplankton play a crucial role in the biogeochemical cycles of
many important chemical elements, not only carbon but also of other elements,
such as silica and nitrogen [1-4]. The release and uptake of CO, and CHy, and the
excretion of dimethylsulphide by phytoplankton influence the atmosphere and
climate [5]. As a result of the changes in their living condition, their composition
and concentration vary over space and time, which in turn can influence the whole
ecosystem, such as through the changes in the size structure, formation of harmful
algal blooms and development of hypoxic regions. Blooms and hypoxia can disrupt
food-webs and threaten human health.

Phytoplankton pigments capture sunlight. The resulting photosynthesis and
its products, especially the oxygen and organic compounds, all rely on the light
energy captured by the different phytoplankton pigments [6-8]. Chlorophyll a is
the major pigment for light harvesting. Accessory pigments (e.g. chlorophylls b and
¢, carotenoids, and phycobiliproteins) also play a significant role in photosynthesis
and photoprotection, by extending the light collection window and protecting the
cell from damage of high irradiance levels or high ultraviolet light exposure. With
the commercial availability of fluorometers, routine measurements of chlorophyll
a became possible. That single technology to measure chlorophyll a fluorescence
made the measurement a universal parameter for estimating phytoplankton
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biomass and productivity. As a result of improvements in culturing, microscopy,
HPLC and molecular methods, rapidly separating and quantifying pigments from
different phytoplankton has become possible [9-11]. These new measurements
make it possible to use phytoplankton pigments as indicators to elucidate the
composition and fate of phytoplankton in the world’s oceans [12].

Light absorbed by phytoplankton pigments provides the initial energy for car-
bon cycles, and is also one of the major factors influencing the appearance of water
color [13-16]. To study this important water column phenomenon, ocean color
remote sensing was first proposed in late 1970s. Satellite-based ocean color remote
sensing provides unique observational capability to scientists for phytoplankton
studies by providing synoptic views of the ocean with high spatial and temporal
resolution. Since the Coastal Zone Color Scanner (CZCS) mission, chlorophyll 2
retrieval has been the principle focus of ocean color remote sensing research (e.g.,
[17]). Whereas this focus continues to the present [18-20], an evolving interest in
retrieving other pigments, has emerged in recent years.

What follows, based on the most recent research findings from the ocean color
community, is a brief review of how phytoplankton pigments are estimated from
water samples, how pigment maps are derived from satellite measurements and
what are the existing challenges and opportunities for the estimates and application
of remote sensed pigments. This chapter is not meant to present a comprehensive
list of all possible topics related to satellite-based pigment observations, but rather
its focus is on the history of pigment retrievals with several examples showing
major findings. For interested readers, a full breadth and depth knowledge in this
field can be obtained by reading the refereed literature and technical reports com-
piled on the National Aeronautics and Space Administration ocean color website
(https://oceancolor.gsfc.nasa.gov) and by International Ocean Color Coordinating
Group (http://www.ioccg.org).

2. Phytoplankton and pigment properties
2.1 Optical properties
2.1.1 Absorption properties

Optical properties of phytoplankton, especially the absorption coefficients of
the pigments inside them (Figure 1), play a key role in determining not only the use
of this radiant energy for photosynthesis, but also the penetration of the radiant
energy within water. These pigment absorption coefficients are important for
identifying and quantifying phytoplankton groups [12] and size class distributions
(IOCCG report 15 and references therein), understanding of photosynthetic rate
[11, 21], and in particular for ocean color interpretation.

Light absorption properties of phytoplankton cells from laboratory cultures
as experimental materials have received a great deal of attention in fundamental
photosynthesis research [22, 23]. However, the phytoplankton pigment absorp-
tion properties from natural water is the information needed in ocean color
remote sensing. The collection of phytoplankton pigment information has been
obtained from measurement of the spectral absorption of phytoplankton, usually
through filtration onto a filter pad because of the low in situ concentrations of
phytoplankton in the water [24].

Using data on pigment concentrations and their absorption properties,
Kirkpatrick et al. [25] used the specific pigment absorption peaks for identification
of phytoplankton types. This method has been integrated into spectral shape-based
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Figure 1.

Weight-specific (or pigment-specific) in vitro absorption spectra of various pigments devived from measuring the
absorption spectra of individual pigments in solvent and shifting the maxima of the spectra according to Bidigare
et al. [14]. Data obtained courtesy of Annick Bricaud (See Bricaud et al. [15]). Credit to Moisan et al. [30].

remote sensing algorithms [26, 27]. However, the absorption of phytoplankton is
more complicated than a simple sum of the absorption properties of individual
pigments. Differences in pigment composition and the pigment package effect
influence not only the magnitude but also the shape of the spectra of phytoplankton
absorption [14, 15, 28-30]. All these introduce variabilities in the specific absorption
coefficients and increase the uncertainties in the application of such information.

Hoepffner and Sathyendranath [29] proposed Gaussian decomposition of phyto-
plankton absorption spectra. For the first time, this method decomposed the absorp-
tion spectra into Gaussian curve components and linked them to the light absorption
coefficients of multiple pigments inside phytoplankton cells. Several studies followed
this proxy to estimate multiple phytoplankton pigments for different water bodies
[31-33] but were limited to using only in situ measured absorption coefficients. Wang
etal. [34, 35] proposed a semi-analytical algorithm to obtain these Gaussian curves
and pigment absorption coefficients from ocean color remote sensing data.

2.1.2 Fluorescence

A portion of the light absorbed by phytoplankton pigments can be emitted
at a longer wavelength in a physical process called fluorescence [36]. The energy
dissipated in fluorescence is secondary to the amount absorbed and used for pho-
tosynthesis, but it is still significant enough to be observed in ocean color remote
sensing data. Chlorophyll a fluorescence has been the most significantly used
fluorescence feature (Figure 2), and the detection and products from satellite
ocean color sensors have been widely used [37, 38]. Several other phytoplankton
pigments (pheopigments and phycobilins) can also fluoresce.
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Figure 2.
Chlorophyll a fluovescence emission. Data from Du et al. [42] and Dixon et al. [43].

Several factors influence phytoplankton fluorescence: nutrient conditions,
stage of growth, physiological state of phytoplankton, pigment content and ratios,
taxonomic position of algae, and photoadaptation [39-41]. In situ chlorophyll
fluorescence has been the most frequent method for describing the chlorophyll and
phytoplankton variation and distribution in the ocean [41], but all the uncertainties
from the pigment properties make the interpretation of the chlorophyll fluores-
cence data a challenge.

2.2 Pigment measurements

Historically, chlorophyll @ has been routinely derived from filtered fluorometric
measurements following standard methods using commercially availability of fluo-
rometers. However, even standard methods yield varying results depending on the
composition of pigments within the phytoplankton, and errors can be on the order
of 50% [44-46]. The presence of significant amount of chlorophyll b and/or chlo-
rophyll ¢, causes fluorometric techniques to under- or over-estimate Chlorophyll a
with respect to fluorometric measurements [44-47]. The pigment package effect is
also a major source of concern.

The introduction of pigment analyses by high-pressure liquid chromatography
(HPLC) [48, 49] facilitated easy and accurate separation, identification, and
quantification of phytoplankton pigments. Pigment detection based on HPLC
methods enables quantification of over 50 phytoplankton pigments [11, 50]. Some
of the pigments can be used as diagnostic pigments for phytoplankton groups
(e.g., fucoxanthin for diatoms, peridinin for dinoflagellates, alloxanthin for cryp-
tophytes, chlorophyll b for chlorophytes, 19'-hex-fucoxanthin for haptophytes,
and 19'-but-fucoxanthin for pelagophytes) [51, 52]. Moreover, diadinoxanthin
and diatoxanthin are generally found in dinoflagellates (Phylum Miozoa, Class
Dinophyceae) and diatoms (Phylum Bacillariophyta, Class Bacillariophyceae),
whereas lutein, prasinoxanthin, neoxanthin, and violaxanthin are found in
class Chlorophyceae (Phylum Chlorophyta) and class Prasinophyceae (Phylum
Chlorophyta). Chlorophyll 4, ¢, and p-carotene are used as general indicators of
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total algal biomass. Phytoplankton are also often categorized into three different
groups: micro-phytoplankton (20-200 pm), nano-phytoplankton (2-20 pm), and
pico-phytoplankton (0.2-2 pm) [53]. The contribution of each group can also be
calculated using its pigment signatures [54].

3. Ocean color remote sensing

Ocean color or aquatic remote sensing refers to the use of optical measurements
made from aircraft or satellites to obtain information about the constituents of the
waters.

Remote sensing can be classified as active or passive based on the energy source.
Active remote sensing shots signal from the sensor platform (satellite or aircraft)
to the water body and detects the return signal from it. Passive remote sensing
observes the light that is reflected or emitted by the water body. The most com-
monly used light source for passive remote sensing is sunlight. Sensors detect the
reflected or backscattered light coming from the water body. The launch of the first
ocean color sensor Coastal Zone Color Scanner (CZCS) in 1978, started the era for
passive satellite ocean color remote sensing.

Passive ocean-color remote sensing is conceptually simple (Figure 3). The
signals captured by remote sensors provide information on the types and con-
centrations of the various constituents of the water body. The concentrations of
optically-active substances present in the water can be estimated by inverting bio-
optical algorithms with remote sensing data. Although this process can be fraught
with difficulties, our understanding of the oceans has been completely revolution-
ized by ocean color remote sensing from daily to decadal temporal scales and local
to global spatial scales

For a better understanding of phytoplankton in the global ocean from large
spatial and temporal scales, ocean color remote sensing is the most efficient tool,
with the advantages of cost-free satellite imagery access from NASA and others,
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Figure 3.
Conceptual figure of passive satellite ocean color remote sensing with Western Lake Erie as an example: R,;().)
as remote sensing reflectance, PC: pigment concentration.
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thus providing a data source for hypothesis testing and more efficient utilization of
limited in situ data.

Phytoplankton pigments have a major effect on ocean color and are one of the
primary reasons for studying it. Following the launch of CZCS, unprecedented data
for studying the biology of the oceans have been obtained [55]. For the first time,
chlorophyll 4 concentration in the surface ocean could be estimated at synoptic
scales [56, 57], leading to unprecedented understanding of the biogeochemistry
of the ocean, e.g., primary productivity [58]. These ocean-color observations
were continued by the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) mis-
sion in 1997, which was then followed by the Moderate Resolution Imaging
Spectroradiometer (MODIS on Terra in 2000, and Aqua in 2002), the Medium
Resolution Imaging Spectrometer (MERIS, 2002-2012), the Visible Infrared
Imaging Radiometer Suite (VIIRS, 2011 - present), and the upcoming hyperspec-
tral Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) mission (planned to launch
in2023).

3.1 Remote sensing of pigments

In the past decades, the identification of phytoplankton pigments from satel-
lite remote sensing has been mainly focused on chlorophyll 2, and the products
have been widely used to represent the phytoplankton biomass in the primary
productivity estimation and biogeochemical models. With the increasing recogni-
tion of the important role accessory pigments play, remote sensing of pigments
from space form this rapidly advancing field. High temporal and spatial monitor-
ing are particularly important for the study of harmful algal blooms (HABs, e.g.
cyanobacteria, [59, 60]). These blooms are often toxic and a growing problem in
many coastal and inland waters of the world. A review of chlorophyll a algorithm
for global oceans has been provided in recent papers including Dierssen [61] and Hu
and Campbell [62]. In general, the method to obtain phytoplankton pigments from
satellite remote sensing can be classified into two different categories: empirical,
and semi-analytical.

3.1.1 Empirical methods

In the process of obtaining phytoplankton pigment, especially chlorophyll a
(Chl-a) concentrations, most effort has focused on empirical algorithms, not only
because of the simplicity, but also the effectiveness. The empirical methods esti-
mate pigments from satellite derived remote sensing reflectance (R,(A)) through
regression of pigment concentrations against R,s(A) band ratios or band differences
(e.g., [20, 63, 64]).

These methods account for regional variabilities in water properties and R,(A)
input errors through tuning of the empirical coefficients, although the empiri-
cal design makes it prone to influences from various in-water constituents. The
spectrally dependent R,;()) errors [65] to a large extent could be compensated
through the band ratio or band difference used in empirical approaches. Thus, from
the CZCS era, a set of empirical algorithms have been adopted by U.S. National
Aeronautics and Space Administration (NASA) to produce the default Chl-a
products from the existing ocean color satellite sensors, even though these empirical
Chl-a products contain large uncertainties [61, 66].

For remote sensing of accessory pigments, Pan et al. [67] proposed to retrieve 17
different phytoplankton pigments from satellite remote sensing data using empiri-
cal methods and applied the information to phytoplankton group identification
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[68]. This method simply used empirical relationships between pigment concentra-
tions with the ratio of two remote sensing reflectance bands (488 or 490 to 547
or 555 nm). However, same as Chl-a, in optically complicated coastal and inland
waters, higher uncertainties could be introduced by the large influences from
colored detrital matters (CDM) in coastal waters.

Eg. (1) shows the polynomial algorithm for pigments, in which the blue-green
band ratio was empirically related to pigment concentrations (Cpig):

IOglo (Cpigs ) =a, + iﬂi (loglo [er (/11 )J] (1)

R, (%)

Where ), and ), represent the spectral band around blue (440-520) and green
(555) region respectively, and a, — ay are sensor specific regression coefficients. Details
of the spectral bands and parameters used for each sensor can be found in [67] and on
NASA ocean color website for Chl-a: https://oceancolor.gsfc.nasa.gov/atbd/chlor_a/.

3.1.2 Semi-analytical algorithms

The semi-analytical algorithms obtain pigments from R,(A) by solving a series
of equations established from simplified radiative transfer theory based on several
bio-optical assumptions (e.g., [69-73]). In principle, these methods have the
potential to obtain more accurate results than the empirical methods because the
different water constituents affecting water color are explicitly separated. However,
semi-analytical approach has its own strengths and weaknesses. Semi-analytical
methods rely on tuning of the empirical parameters in the bio-optical relationships
using global or local datasets. As a result of the optical properties of the constitu-
ents, the separation of them from R(A) is not as explicit as expected.

Semi-analytical algorithms are relatively more complex. Based on the radiative
transfer equation, remote sensing reflectance was defined as the ratio of upwell-
ing radiance to downwelling irradiance, and its relationship with inherent optical
properties of water constituents can be expressed as:

by, (4)+b,,(1)
a, () +a,,(2)+ acpon (A) + ayap (A) + by, (1) +b,, (A)

Where G is a parameter related to the environment and solar and sensor viewing
geometry. The absorption coefficients of water (a,,(})), phytoplankton (a,,(1)),
colored dissolved organic matter (acpom())), non-algal particles (anap(2)), and
backscattering coefficients of water (by (1)) and particles (bp,(1)).

Pigment concentrations can be estimated from phytoplankton absorption coef-
ficients from Gaussian decomposition (Egs. 3 and 4) or by using pigment specific
absorption coefficients (Eq. 5). Figure 4 shows an example of Chl-a global distribu-
tion map obtained from MERIS ocean color data using a semi-analytical algorithm.

aph(/1):gacau(ﬂi)exp{—O.S(%T] 3)

i

R,(2)=G @)

logw (Cpigs ) = aO + Zﬂi ]‘Oglo (aGau (Z'l )) (4)

i=1

where 6; and a4, (4;) are the width and peak magnitude of the ith Gaussian
curve at peak center (4;). As shown in Figure 1, in the Gaussian curve assumption
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in Hoepffner and Sathyendranath [29], each Gaussian curve represents the absorp-
tion curve of a specific pigment. Cy;, are pigment concentrations, with a and 4; as
empirical parameters [74].

N
a,,(2)= Zcpigia;igi ®)
i=1
With a*pig as the pigment specific absorption coefficients [14, 15, 75, 76].
3.2 Application of remote sensed pigments

The measuring of ocean color from space and the increasing accuracy of in situ
pigment measurements for determining phytoplankton groups and types in the
water column have greatly facilitated progress in phytoplankton research.

Empirical algorithms used to calculate chlorophyll 2 concentration from ocean
color data were established for different waters (eg., [17, 19, 60, 63, 77-79]). The
development and application of spectral inversion algorithms to ocean color data
have further provided assessments of absorption by phytoplankton pigment
[34, 71, 72, 80-83]. Additional algorithm development using these properties
has led to new retrievals regarding plankton community composition, including
phytoplankton size fractions, the slope of the particle size distribution, and even
specific phytoplankton groups, such as coccolithophores (Phylum Haptophyta,
Class Coccolithophyceae), Trichodesmium (Phylum Cyanobacteria), and harmful
algal species (e.g., [84-99] and references therein).

In recent years, the use of pigment data to map phytoplankton population and
composition in the water column has become an established and convenient way
of studying field phytoplankton [100]. Phytoplankton biomass and the structure
of phytoplankton community have been widely quantified and assessed using
photosynthetic pigment biomarkers [52, 100]. Photosynthetic pigments also
function as indicators of the physiological condition of a phytoplankton com-
munity, which may be affected by environmental and trophic conditions [101].
Photosynthetic carotenoids (PSC) are dominant in high productivity waters,

Chl-a (mg m)
0.00 0.25 0.50 0.75 1.00

Figure 4.
Chlorophyll a map of the global ocean from MERIS for the year of 2007 with data from Wang et al. [74].
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Figures.
Global maps of photoprotective (PPC) and photosynthetic carotenoids (PSC) from Wang et al. [74].

whereas photoprotective carotenoids (PPC) are more dominant in low produc-
tivity waters [102, 103]. In addition, intensive light increases the PPC:PSC ratio
[104, 105]. Thus, the PPC:PSC ratio can be used as a good indicator of changes
in environmental factors. Figure 5 shows the global maps of PPC and PSC from
Wang et al. [74].

The sustained time series of these phytoplankton properties from ocean color
remote sensing has provided major advances in our understanding of carbon
dynamics, plankton annual cycles and their responses to climate variations. Simply,
the satellite ocean color remote sensing of pigment will further improve the
research revolution in oceanography.

4. Challenges and opportunities
4.1 Uncertainties in satellite remote sensing data

Although ocean color remote sensing observations enabled advances in our
understanding of phytoplankton in the ocean, there are several fundamental
limitations in the passive radiometric technique. The major uncertainties of remote
sensing pigment estimates are from atmospheric correction errors, as a result of the
high signal contribution of components other than the targeted water to radiances
measured by ocean color instruments, such as reflection from the ocean surface,
surface foam, subsurface bubbles, and atmospheric constituents, including clouds,
aerosols, and air molecules. A small error from the correction of these atmospheric
contribution results in large errors in the obtained remote sensing reflectance and
the associated pigment information ([106] and references therein).

Another challenge with ocean color remote sensing comes from the interferences
of the optical properties of retrieved water components, including absorption by
phytoplankton pigments, colored dissolved matter, and nonalgal particles, and
backscattering by suspended particles. This makes the uncertainties from these
properties and the derived geophysical parameters from them hard to reduce. The
upcoming PACE mission is designed with expanded spectral range and resolution to
address this problem [107].

Finally, clouds and strongly scattering aerosol layers have been significant limita-
tion factors of the availability of satellite ocean color data. On average, about 70%
of the Earth’s ocean area were covered by clouds on the daily scene obtained from
a sensor. For broken cloud or aerosol interfered scenes, the accuracy of ocean color
retrievals can be compromised compared to clear sky pixels. In high altitude regions,
specifically the polar regions, cloud conditions and low sun angles limited ocean color
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sampling from late fall through early spring of next year. The lack of sampling for this
long period of time makes it impossible for a complete understanding of the biogeo-
chemistry and plankton annual cycles of some of the most productive waters [108].

Other issues are from the limitation of spectral, spatial, and temporal resolutions
of the existing satellite sensors: some harmful algal blooms occurring in small lakes
and ponds are not able to be detected by satellite sensors with low spatial resolution
(~1 km); while the high spatial resolution sensors (e.g., Landsat 8) cannot provide
timely coverage of bloom events due to their low temporal resolution.

4.2 More accurate iz situ measurements

The satellite ocean color remote sensing has been tasked to acquire remote sensing
imagery, validate and monitor its accuracy, process the radiometric data into geophysi-
cal information using different algorithms, and apply the final products into scientific
research. One of the principles of % situ datasets for the calibration and validation
procedure is estimates of near-surface pigment concentrations [109]. Thus, accurate
and complete pigment measurements are important to algorithm development as used
with remote sensing of phytoplankton pigments. The application of pigment chemo-
taxonomy in oceanography will be more firmly established by advances in taxonomy
and improved pigment analysis (e.g. greater resolution with advanced HPLC and
ultra-high performance liquid chromatography — UPLC), more rapid and secure
chemical identification, and further measurement and estimation of in vivo pigment
absorption coefficients. With improvement in these techniques, more discoveries in
pigment and taxonomic diversity and further understanding of their influences on the
biogeochemical cycles of the ocean will be achieved. The current challenging environ-
ment from climate change makes this an urgent need [14, 15, 75, 76, 91, 110, 111].

4.3 Active remote sensing: LIDAR

Compared to passive ocean color remote sensing, lidar shows many advantages,
such as operating at night and high latitudes, and can generally penetrate to the
subsurface chlorophyll maximum [112, 113]. Airborne lidar is particularly useful
for mapping the depth distribution of phytoplankton. The characteristic depth
profiles of phytoplankton provide useful information for differentiation of phyto-
plankton species as described in Moore et al. [114] two different species of harm-
ful Cyanobacteria in Lake Erie, USA can be identified by the differences in their
characteristic depth profiles.

Combining the observations from lidar and ocean color sensors, especially
the advanced upcoming PACE mission, would enable the achievement of greater
synergies. The pairing of an ocean-optimized satellite profiling lidar with a passive
ocean color sensor would provide maximized global data coverage, and enable
three-dimensional reconstruction of ocean ecosystems, which would further favor
the algorithm development, and expand the retrieval of geophysical properties.
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Abstract

Epibiosis occur frequently on the shells of some marine crustaceans, which
often serve as substrate for various species of algae, there is few information on
the associations between these. The objective of this study was to determine if
the gastropod mollusk Aliger gigas (formerly Lobatus gigas) in larval had some
sort of the association with algal. To the above was carried out collecting egg
masses in the environment, the larvae were cultivated in seawater filtered 5 pm.
The algal material found was observed in electron microscopy, for its identifica-
tion and quantification. We analyzed 60 larvae aged 2-44 days for analyzing the
structure of the shell and its epibionts. Of the larvae analyzed, 50 larvae presented
epizoic. The algae community consisted of 28 taxa, and composed of 25 diatoms
(Bacillariophyta) and three cyanophytes (Cyanobacteria). The H’ diversity values
fluctuated between 0.2 a 1.2. The dominant and frequent species were formed by
diatoms: Nitzschia panduriformis var. minor, Halamphora sp. and Cyclophora sp.

Keywords: cyanophyte, diatom, epibiont, Aliger gigas

1. Introduction

Epibiotic is a type of association in which an organism lives on the surface layer
of another organism called basibiont, these nonparasitic organisms are known
as epibionts [1, 2]. The shells of gastropod and bivalve mollusks represent a suit-
able habitat for the settlement of various species of algae, viruses or fungi [3-6].
Different studies have focused on epiphytic diatoms of grasses and marine mac-
roalgae [7-9]; in copepods of the species Farranula gibbula, the epibiotic diatom
Pseudohimantidium pacificum has been observed [10]. Very little information exists
on symbiotic associations between algae and crustaceans or marine planktonic
mollusks, being able to cite what was observed in Peringia ulvae (formerly Hydrobia
ulvae) and diatoms Cocconeis placentula and Achnanthes lemmermannii, also cyano-
phytes and bacteria in its Shell [5]. Based on the above, the objective of this work
was to identify epizoic species present in the shells of the larval stages of the marine
gastropod mollusk, Aliger gigas.
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2. Material and methods

An egg mass of Aliger gigas was incubated in filtered seawater with a 5 pm mesh,
until hatching. Later, the larvae were cultured with seawater filtered with a 50 pm
mesh and fed with Nannochloropsis oculata (Ochrophyta, Eustigmatophyceae) ata con-
centration of 1 000 cells per larva, at a density of 100 larvae/L. The larvae were fixed
in glutaraldehyde, cacodylate and dehydrated in alcohols from 70 to 100% and dried
at a critical point. The shells of 60 larvae between 2 and 44 days old were processed.
The specimens were observed in a JEOL field emission scanning electron microscope
(JSM-7600F), of the National Laboratory of Nano and Biomaterials of Cinvestav IPN
Mérida, the presence of epizoic algae was analyzed and to its quantification was car-
ried out. For the identification of phytoplankton, the works of [11-16], among others.
The AlgaeBase system was consulted to verify accepted taxonomic names [17].

To obtain the relative abundance index, the proportion of abundance of each
species (organism number) was quantified in relation to the total abundance of organ-
isms counted in each larva of different ages [18]. The contribution of the abundance
of the epizoic algae species of each larva was determined by means of the SIMPER
analysis [19]. This analysis determines the species that most contribute to the similar-
ity between sample. A cumulative similarity discrimination value of 90% was applied.
Based on the composition and abundance of the epizoic algae species, the community
was characterized by the following descriptors: to evaluate the diversity, the species
richness of Margalef (S), the Shannon-Wiener index (H’) and Pielou’s equity (J)
considering to according to in accordance with [20], through the ODI program of the
Interdisciplinary Center for Marine Sciences, Department of Plankton.

To obtain dominance of the species, an Olmstead & Tukey test was used [21].
The dominant, constant, occasional and rare species were determined from the
relationship between the densities of the organisms and their frequencies of
appearance. The statistical programs used were Primer-E and R.

3. Results

Of the 60 specimens of A. gigas larvae analyzed, 83% presented epizoic algae.
The epizoic algae community consisted of 28 taxa, made up of 25 diatoms and
three cyanophytes. It should be noted that one of the recorded diatom species
Cylindrotheca closterium is considered a species that can be harmful and forms algal
blooms (Table1).

3.1 Specific diversity

The diversity values H’ fluctuated between 0.9 and 1.2. The 28-day-old pre-
metamorphic larval shells presented the highest value of H’ 1.2 with an equity of
J' 0.4, and a species richness of S 14. These values of H' 1.2 withaJ 0.5and an S 9,
were slightly higher in the 30-day-old larvae, which already had foot formation.
For the 20-day-old larvae, H ‘was 1.1, ]’ was 0.4 and S was 11 and in the 18-day-old
larvae, H ‘was 0.9, ]’ was 0.4 and S was 9 species (Figure 1, Table 1). Following the
same behavior, the youngest veliger larvae, 8 days old, presented the lowest diver-
sity with values of H ‘of 0.2, ]’ of 0.42 and S of 4 species (Figure 1, Table 1).

3.2 Dominant species

Based on the Olmstead and Tukey test, the epizoic algae community consisted
of 17 rare species, followed by five common, three abundant and three dominant
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Figure 1.
(A) Species richness (S), (B) diversity (H’) and (C) equity (J) of the epizoic algae community in the shells of
Aliger gigas larvae.

species (Table 1). The dominant species were made up by the diatom Nitzschia
panduriformis var. minor, whose highest relative abundance was 68% in 8-day-old
larvae; Hippodonta pseudacceptata with a relative abundance of 54% in 20-day-old
larvae; Halamphora sp. with a relative abundance of 47% in 16-day-old larvae and
Cyclophora sp. with 70 and 76% in larvae of 36 and 44 days respectively (Figure 2,
Table 1). In addition, of the cyanophyte Haloleptolyngbya sp. with a relative abun-
dance of 68% in 28-day-old larvae (Figure 2, Table1).

3.3 Characteristics of Aliger gigas larvae, observed in the development
of this work

The two to five-day old larvae have a shell formed by two turns in a spiral pre-

senting small granule at the apex and a velum characterized by having two lobes and
the right tentacle, corresponding to a young veliger larva. The shell of eight-day-old
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Figure 2.
SIMPER analysis, percentage contribution of epizoic algae species from the shells of the larvae of the marine
gastropod mollusk Aliger gigas.

larvae is characterized by having three coils, showing well-defined lines of ornamen-
tation on the body of the shell. As regards its development; the velum has four lobes;
with the right tentacle well differentiated and the formation of the left tentacle.

The 15-18-day old larvae have a carapace with three and a half turns in the
spiral, the body has four parallel lines ending at the end of the siphon channel and
is highly ornamented. The velum has six lobes, tentacles, and proboscis. In larvae
from 20 to 28 day of development, their shell has three and a half turns, with a band
of uniform striations on the body of the shell, the radula is already observed and the
velum begins the process of reabsorption therefore the larva begins to have a creep-
ing shape beginning its benthic phase. It is a stage known as a precompetent larva.
Regarding larvae between 30 and 44 days old, at this stage the larvae are ready to
metamorphosis (30 days). Post-metamorphic larvae or post larvae of 44 days, pres-
ent a foot with an active crawling behavior. The shell is characterized by presenting
four turns, with a well-developed band of striae, the proboscide and the radula are
present and active, as is the foot with its operculum.

4. Discussion

Diatoms have been reported in the literature as the main group of epizoic micro-
algae species attached to different types of animals that can be copepods [10, 22-24];
cladocerans [25], hydrozoans [26-27], krill [28] even in whales [29-30]. Diatoms are
also present in diving birds [31-32] and reptiles such as crocodiles [33].

As mentioned by [34], the first phase of the colonization of a substrate occurs
mainly by bacteria with diatoms, fungi and protozoa; which generate a film on the
surface of the basibiont. The results of this study showed that the shells of larvae
of the marine gastropod mollusk, Aliger gigas, provide an adequate and frequent
substrate for the settlement of epizoic microalgae, in the case of diatoms and
cyanophytes. A dominance of diatom species was also observed. Nitzschia panduri-

formis var. minor was reported in 8-day-old larvae, Halamphora sp. was present in
16-day-old larvae, Hippodonta pseudacceptata, in larvae of 20 days and Cyclophora
sp., in larvae of 36 and 44 days. Obtaining low values of diversity H'(0.2 to 0.9) and
J’ (0.2t0 0.5), in these phases of the larvae. Margalef [35] mentions that diversity is
low when there is a dominance of some species.

Likewise, it was found that the diatom and cyanophyte populations were not stable.
It is interesting to note that, although the larvae were under the same culture condi-
tions, in the larvae of different ages, the structure of their epizoic microalgae com-
munity changed. In larvae less than 20 days old, the cells of the dominant microalgae
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were shed from the larvae shells allowing the colonization of other microalgae; on the
other hand, in larvae of 20 to 30 days a higher H’ diversity of 1.0 to 1.2 was reported. In
another study with gastropods, carried out by [6] reviewed the shells of seven gas-
tropods (Alvania lineata, Bittium veticulatum, Clanculus cruciatus, Columbella rustica,
Gibbula adansoni, Nassavius incrassatus and Jujubinus striatus), reporting a richness of 19
to 25 species and a high J” equity of 0.70 to 0.80 and [36] in Lepidochelys olivacea (olive
ridley) shells, recorded a diversity of 1.1 to 2.1 and a high J” equity of 0.56 to 0.86.

From what was observed in this study, the size and structure of the shell of
A. gigas larvae on the different days of development provide a substrate for the
epizoic microalgae.

The two to five-day old larvae did not have microalgae, the size of the shell is
small, thin, smooth, the shell is formed through a transient amorphous calcium
carbonate that acts as a precursor in the aragonite crystallization sequence [37, 38].
In addition, the time for colonization is still short.

In the case of larvae from 26 to 44 days, the highest species richness was
reported, the shell is larger about 1200 pm with greater ornamentation and with
greater adhesion surface. Especially the 44-day-old larvae present a periostracum,
outermost layer of the shell composed of an organic matrix [38, 39], which offers a
better substrate, rich in proteins, which permit the growth of epizoic microalgae. In
28-day-old larvae, the number of spirals and shell ornamentation may be the factors
that support the presence of Haloleptolyngbya sp., in addition to the mucus secreted
by the microalgae themselves to adhere to the substrate. The 30 to 36-day old larvae
showed a lower species richness and a dominance of Cyclophora sp. This diatom
forms colonies in a zigzag shape, occupying the entire larva shell and preventing
other microalgae from adhering. In several studies they have agreed to point out
that gastropod shells are good microenvironments, due to their different structures
and sizes [6]. Size does influence the colonization of epizoic microalgae, observing
that the largest shells (Bittium reticulatum, Gibbula adansoni, Columbella rustica
and Clanculus cruciatus) presented greater abundance and the small shells (Alvania
lineata, Nassarius incrassatus and Jujubinus striatus) higher species richness, unlike
what was found in this work.

Some microalgae produce allelopathic substances that inhibit the growth of
others [40]. This could explain why some larvae had fewer epizoic microalgae than
others, or for the fact that some had successfully colonized earlier and no longer left
space for the colonization of more species. In addition to the changes in the abun-
dances of the epizoic microalgae community, it is important to study the physical
and chemical factors that influence their succession and to analyze whether A. gigas
larvae fed on the epizoic microalgae reported. Epizoic microalgae associated with
the velum of the larvae analyzed in this study were reported, Cylindrotheca closte-
rium, Hippodonta pseudacceptata and Cyclophora sp.

The ecology studies of epizoic microalgae on the larvae of A. gigas, allows to
know which species of phytoplankton or phytobenthos are present in the system
where these larvae inhabit of the Mexican Caribbean. There are few studies focused
on the study of diatoms and even less if they are found as epizoic microalgae. As
the knowledge of the factors that regulate the competitive ability of the different
epizoic microalgae species increases, the degree of interaction between them and
their basibiont will also be understood.
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Chapter 5

The Use of Allelochemicals
of Aquatic Macrophytes to
Suppress the Development of
Cyanobacterial “Blooms™

Evgeny Kuvashov, Julia Krylova and Elena Protopopova

Abstract

Harmful algal “blooms”, or HABs, is a hazardous natural phenomenon that
often occurs under the influence of anthropogenic factors, for example, during the
anthropogenic eutrophication of water bodies. An increase in the frequency and
duration of cyanobacterial “blooms” carries a number of serious threats, including
local and global degradation of water resources and the impact of cyanotoxins.
There are various methods of fighting cyanobacterial “blooms” - physical, chemi-
cal, the use of bacterial preparations, etc. However, these methods are not effective
enough and, most importantly, do not allow effectively solving the problem of
suppressing HABs in water bodies without damage to other components of the
aquatic ecosystem. Allelopathy is a natural phenomenon for both stimulatory and
inhibitory effects of one plant upon another including microorganisms that resolves
this problem. Allelochemicals of macrophytes can be considered as natural algae-
cides and become the basis of a nature-like convergent technology to suppress the
development of plankton cyanobacteria and prevent HABs in water bodies. In our
work, we used some allelochemicals of aquatic macrophytes to create a combined
algicide of the new generation for suppressing the development of cyanobacteria.
The effectiveness of suppressing cyanobacterial “blooms” is demonstrated by the
example of field experiments with mesocosms and natural phytoplankton.

Keywords: harmful algal “blooms”, phytoplankton, cyanobacteria, allelopathy,
allelochemicals, field experiments, mesocosms

1. Introduction

Harmful algal “blooms”, or HABs, is a hazardous natural phenomenon that
often occurs under the influence of anthropogenic factors, for example, during the
anthropogenic eutrophication of water bodies. An increase in the frequency and
duration of cyanobacterial “blooms” carries many serious threats, including local
and global degradation of water resources and the impact of cyanotoxins [1-3]. This
problem is especially relevant and acute for millions of small reservoirs widely used
for various types of water consumption: fisheries and aquaculture, water supply
for various industries, including agricultural, drinking, and domestic water sup-
ply, recreational purposes, including sporting events. HABs occur when algae or
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cyanobacteria (most often they are) develop beyond measure and produce harmful
effects on other hydrobionts, fish, aquatic and terrestrial animals, and birds as well
as people [4, 5]. HABs disrupt the esthetics of water bodies and render the water
unsuitable for various kinds of water uses. Economic damage due to HABs can be
millions of dollars [6, 7].

Widespread HABs is a phenomenon to which special attention should be drawn
since such “blooms” pose a number of serious threats, including local and global
degradation of water resources and exposure to cyanotoxins [8-14].

Cyanobacterial “blooms” of water bodies are officially recognized as a global
problem of modern ecology. Seasonal intense cyanobacterial “blooms” of reservoirs
bring additional undesirable properties to natural and drinking water, such asa
specific smell, taste, and the presence of toxins (microcystins). In some regions, the
importance of this problem has been increasing recently [15]. The Working Group
on the Evaluation of Carcinogenic Risks to Humans listed cyanotoxins as a carcino-
genic substance harmful to humans [16].

The introduction of biotechnological methods into the practice of water body
management that have maximum efficiency is one of the tasks of modern science.
These include, first of all, the so-called convergent nature-like technologies, i.e. tech-
nologies that are based on any natural mechanisms causing this or that effect. These
are precisely technologies that may be intended to ensure the sustainable development
of modern countries [17-19].

Such technologies, aimed at managing the development of plankton communi-
ties in general and phytoplankton communities, in particular, may be based on
such a phenomenon as allelopathy. This natural phenomenon can be very useful for
effectively preventing and stopping the development of cyanobacterial “blooms”
in water bodies [20-22]. Many existing methods of combating cyanobacteria [23]
do not effectively solve the problem of “blooms” of water bodies without damage
to other components of the ecosystem [3]. Usually, they are associated with serious
adventitious effects on aquatic organisms and ecological systems [24].

At the same time, the application of the method of metabolic allelopathic
control of HABs in water bodies during eutrophication is an effective and innova-
tive solution to this problem. This approach preserves and restores water quality in
water bodies, makes them suitable for multifunctional use, and natural allelochemi-
cals (metabolites of macrophytes and their synthetic analogs) can be an effective
alternative to existing algicides [20, 22, 25].

In reservoirs where macrophytes are developed (as a rule, at least 30% of
the projective cover of the water area), water “bloom” is almost never observed.
These circumstances are the causal basis for the development of nature-like
technologies for the prevention and suppression of HABs with the help of new
generation algicides based on allelochemical substances characteristic of aquatic
macrophytes.

It has become apparent that metabolites-allelochemicals may be functioning in
the processes of chemical suppressing of planktonic cyanobacteria in the aquatic
ecosystems. However, data from field experiments are few concerning the effect of
aquatic macrophyte allelochemicals on cyanobacteria, which is necessary for the
development of nature-like technologies for preventing and suppressing cyano-
bacterial “blooms”, and therefore they are the objects of “hottest” areas of research.
Utilization of allelochemicals from aquatic macrophytes or using their synthetic
analogs to inhibit cyanobacterial overgrowth is an environment-friendly technology
for suppressing HABs.

Some reviews are focusing on the practice of the application of allelochemicals
in agriculture [26, 27], but the field of using nature-like allelopathic technology to
manage aquatic ecosystems is still poorly developed.
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In the present study, we aimed to provide the information on the suppressing
of cyanobacteria by macrophytes allelochemicals and the possibility to develop
an algaecide of the new generation as a convergent nature-like technology for
preventing and stopping the development of HABs in water bodies based on such a
phenomenon as allelopathy.

2. Suppression of the development of cyanobacteria by aquatic
macrophytes

Allelopathy as a natural phenomenon had been repeatedly recorded for a
very long time in the 3rd century BC in ancient Chinese literature [28]. The term
“allelopathy” was coined comparatively recently, in 1937 by Austrian plant physi-
ologist Hans Molisch [29], who can be named as the father of allelopathy [30].

In general, we can consider allelopathy as an area of science, which investigates
inhibitory or stimulatory biochemical interactions between the two plant/plant or
plant/microorganism species.

The recent history of the study of low molecular weight organic compounds,
which are small molecules (less than 900 amu) and constitute the low molecular
weight metabolic profiles of organisms, should apparently begin with the discov-
ery of the inhibitory effect of volatile plant excreta on microorganisms by Tokin
Boris Petrovitch during the experimental work of 1928-1930 [31]. The research
resulted in a number of publications, in one of which (“Bactericides of plant origin
(phytoncides)”) [32], the term “phytoncides” appeared. In the future, the doctrine
of phytoncides was developed, which was reflected in the publication of several
monographs. The history of research on phytoncides of aquatic and coastal plants
began in the 40s of the XX century with the works of Gurevich Faiva Abramovich
(1918-1992) [33], a student of B.P. Tokin. These studies ended in 1973 with the
defense of a doctoral dissertation “Phytoncides of aquatic and coastal plants, their
role in biocenoses” [34]. In particular, it was F.A. Gurevich who showed that the
phytoncidal activity of aquatic plants is closely related to the macrophyte species
and peculiarities of its development. He also showed that phytoncides are a very
significant factor in the distribution of hydrobionts in a water body, including
invertebrates.

At present, we can say that the macrophyte and algal allelopathy is paid much
less attention than allelopathy in terrestrial ecosystems. Macrophytes and cyano-
bacteria are known to have an antagonistic relationship in different natural and
experimental aquatic ecosystems [25, 35, 36].

It is a recognized fact that phytoplankton is poorly developed in macrophytic
lakes. Even if we take into account the opinion that this is due to such factors as
winning competition for nutrients and shading, then in the overwhelming number
of cases, the main factor providing suppression of phytoplankton development
is undoubtedly allelopathic suppression [37]. Apparently, the competition for
nutrients cannot be recognized as a decisive factor in the outcome of the struggle
between macrophytes and cyanobacteria, including considering that most aquatic
macrophytes are rooted, and they usually obtain the main part of the necessary
nutrients from the bottom sediments, which is characterized by high nutrient
concentrations [38].

It is well known the phenomenon when shallow-water lakes can change their
trophic status and the type of lake ecosystem, being either a pure water body with
well-developed aquatic vegetation or a water body with low transparency, high tur-
bidity, and intensive phytoplankton (mainly cyanobacteria) development. In other
words, they can shift from one state to another [36, 39-43]. As this takes place,
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the mutual inhibitory allelopathic activities of macrophytes and phytoplankton
may lead to the dominance of either macrophytes or phytoplankton [44].

We observed a similar effect in a floodplain lake with a changing trophic state
in the Volga-Akhtuba interfluve, when cyanobacteria and macrophytes dominated
in the same water body in different years [36]. Some evidence exists [45-48] that
allelopathy is a factor affecting the development of phytoplankton (including
cyanobacteria) in shallow lakes at the projective cover of macrophytes from 20
to 100%.

The importance of allelopathy as a powerful regulatory mechanism initiates a
lot of studies devoted to the study of the inhibitory (sometimes stimulating) allelo-
pathic effect of macrophytes on cyanobacteria and algae in aquatic ecosystems
[49-58]. More than 60 species (67) of macrophytes are known to exhibit allelo-
pathic activity against cyanobacteria. They are presented in Table 1.

According to the principle of allelopathic action, it is possible to prevent or
mitigate the massive development of Cyanobacteria (blue-green algae), which leads
to the HABs in water bodies. The implementation of this research direction prom-
ises huge benefits since it will solve the problem of the “blooms” of water bodies
without negative consequences for other components of the ecosystem [20, 22, 25].

As follows from Table 1, data from laboratory studies, in general, prevail in the
observation and proof of the effect of macrophyte allelopathy on cyanobacteria.
These studies are based on laboratory-scale experiments using the co-cultures
systems, adding plant extracts, or leachate collection. This state of affairs is associated
with a more complex organization and interpretation of field studies. In this regard,
data from field experiments and observations, for example with mesocosms, are of
particular value. Numerous studies (including those included in Table 1) strongly
suggest that allelopathy might thus be relevant in natural waters and suppress cyano-
bacteria and algae.

There are observations on the differentiation of the inhibitory effect of mac-
rophytes on various species of cyanobacteria and algae. For example, it was con-
cluded that the extracts, exudates, and live material of macroalgae Chara australis
(Charophyta) exhibited strong inhibitory effects on the cyanobacterium Trichormus
variabilis (formerly Anabaena variabilis), but no effect was observed on the growth
of the green alga Scenedesmus quadricauda [82].

The available data allow us to speak about the selective inhibition of various
species of cyanobacteria by allelochemicals of various species of macrophytes. As
aresult, the allelopathic effect of macrophyte association on cyanobacteria (and
all phytoplankton) seems to be stronger than the effect of one macrophyte species.
This is evidenced by the fact that, as has been shown, the allelopathic effect of
excretions of the association of macroalgae (Chara hispida, C. baltica, C. vulgaris,
Nitella hyaline) and Myriophyllum spicatum is characterized by a significantly
stronger effect than the effect of monoculture of macrophytes [83]. Such a com-
bination of selective inhibition of macrophyte allelochemicals and a more strong
impact of macrophyte assemblages toward the undesired cyanobacteria may be
useful for biocontrol of HABs in water bodies as well as in aquaculture to remove
harmful cyanobacteria and leave other algae to be used as food for hydrobionts and
fish. The author [83] suggested that different allelochemicals produced by different
macrophytes may exhibit a synergistic effect concerning cyanobacteria. It was also
noted in [128] that different plants produce different types of allelochemicals and
in different quantities. These summarized findings are therefore provided with
more probability the basis for an effective strategy for reducing cyanobacterial
biomass by introducing into water bodies with mixtures of submerged or floating
native macrophytes for both restorations of aquatic ecosystems and mitigation of
the HAB:s.

78



The Use of Allelochemicals of Aquatic Macrophytes to Suppress the Development...
DOI: http://dx.doi.org/10.5772/intechopen.95609

Species of Ecological Study Cyanobacteria inhibited Source
macrophytes form scale Study Scale
Acorus tatarinowii, EM L Cyanobacteriaas a whole [59, 60]
Acorus calamus, Acorus
gramineus
Arundo donax EM L Microcystis aeruginosa [51, 57,
61-63]
Brasenia schreberi FM L Anabaena flos-aquae [64]
Cabomba caroliniana SM L Microcystis aeruginosa, [65, 66]
Dolichospermum flosaquae (formerly
Anabaena flos-aquae), Leptolyngbya
tenuis (formerly Phormidium tenue),
Cyanobacteria as a whole
Canna generalis EM L Microcystis aeruginosa [67]
Ceratophyllum SM L,F Microcystis aeruginosa, [58,
demersum Pseudanabaena limnetica (formerly 68-78];
Oscillatoria limnetica), Oscillatoriales. Our
Anabaena sp., Trichormus data
variabilis (formerly Anabaena
variabilis), Aphanizomenon
flos-aquae, Synechococcus elongatus,
Cyanobacteria as a whole
Chara aspera SM L Anabaena cylindrica, Anabaena [37,
torulosa, Anabaenopsis elenkinii, 79-81]
Microcystis aeruginosa, Microcystis
flos-aqua, Synechococcus sp.,
Cyanobacteria as a whole
Chara australis SM L Trichormus variabilis (formerly [82]
Anabaena variabilis)
Chara baltica, C. SM L Synechococcus sp. [81, 83]
canescens
Chara contraria SM L Anabaena cylindrica, Micvocystis [79]
aeruginosa, Cylindrospermum sp.,
Cyanobacteria as a whole
Chara fragilis SM L Oscillatoria limnetica, Cyanobacteria [71]
asawhole
Chara globularis SM L Anabaena cylindrica, Anabaena (68,72,
torulosa, Anabaenopsis elenkinii, 79, 84]
Planktothrix rubescens, Microcystis
aeruginosa, Micvocystis ﬂos—aque,
Cylindrospermum sp., Aphanizomenon
flexuosum, Cyanobacteria as a whole
Chara hispida SM L,F Cyanobacteria as a whole [83, 85]
Chara rudis, Chara SM L Anabaena cylindrica, Anabaena [79]
tomentosa, Chara torulosa, Anabaenopsis
delicatula elenkinii, Planktothrix agardhii,
Planktothrix rubescens, Microcystis
aeruginosa, Microcystis flos-aqua,
Cylindrospermum sp., Aphanizomenon
flexuosum, Cyanobacteria as a whole
Chara vulgaris SM L,F Anabaena torulosa, Anabaenopsis [79, 83,
elenkinii, Microcystis aeruginosa, 86, 87]
Cyanobacteria as a whole
Cyperus alternifolius EM L Microcystis aeruginosa [67]
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Species of Ecological Study Cyanobacteria inhibited Source
macrophytes form scale Study Scale
Eichhornia crassipes FM L Microcystis aeruginosa, Micvocystis sp., [88-91]
Raphidiopsis raciborskii (formerly
Cylindrospermopsis raciborskii),
Arthrospira platensis (formerly
Spirulina platensis), Nostoc linckia
(formerly Nostoc piscinale),
Cyanobacteria as a whole
Eleocharis acicularis SM L Cyanobacteria as a whole [66]
Eleocharis microcarpa SM L Anabaena flos-aquae, Oscillatoria [92, 93]
tenuis
Elodea canadensis, SM L,F Microcystis aeruginosa, Anabaena [35, 68,
Elodea nuttallii, Elodea spp., Cyanobacteria as a whole 78, 94,
sp. 95]
Hydprilla verticillata SM L Dactylococcopsis sp., Microcystis [56, 58,
aeruginosa 96]
Egeria densa M L Microcystis aeruginosa, [66]
Dolichospermum flosaquae (formerly
Anabaena flos-aquae),
Limnophila sessiliflora SM Microcystis aeruginosa [66]
Myriophyllum SM L Microcystis aeruginosa [97]
aquaticum
Myriophyllum SM L Microcystis aeruginosa, [98]
brasiliense, Dolichospermum flosaquae (formerly
Myriophyllum Anabaena flos-aquae)
alterniflorum,
Myriophyllum
heterophyllum
Myriophyllum SM L Microcystis aeruginosa [99]
elatinoides
Myriophyllum spicatum SM L,F Microcystis aeruginosa, [54,
Dolichospermum flosaquae (formerly 65,71,
Anabaena flos-aquae), Leptolyngbya 78, 83,
tenuis (formerly Phormidium tenue); 100-104]
Cyanobacteria as a whole
Myriophyllum SM L Cyanobacteria as a whole [105,
verticillatum 106]
Najas marina SM L Anabaena sp., Trichormus [74, 94]
variabilis (formerly Anabaena
variabilis), Synechococcus elongates,
Cyanobacteria as a whole
Nasturtium officinale EM L Microcystis aeruginosa [107]
Nelumbo nucifera FM L,F Microcystis aeruginosa, Cyanobacteria [108,
asawhole 109]
Nitella gracilis, Nitella M L,F Nitzschia palea, Anabaena cylindrica, [68, 79,
opaca, Nitellopsis Anabaena torulosa, Anabaenopsis 83]
obtusa, Nitella hyaline, elenkinii, Microcystis flos-aquae,
Nitella sp., Cylindrospermum sp., Aphanizomenon
flexuosum, Cyanobacteria as a whole
Nuphar lutea FM L,F Cyanobacteria as a whole [110];
Our
data
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Species of Ecological Study Cyanobacteria inhibited Source
macrophytes form scale Study Scale
Nymphaea candida FM F Cyanobacteria as a whole Our data
Oryza sativa EM Cyanobacteria as a whole [111]
Phragmites communis EM L Microcystis aeruginosa, [108,
Phormidium sp. 112]
Pistia stratiotes FM L Synechococcus leopoliensis, Microcystis [113-
aeruginosa, 115]
Potamaogeton crispus SM L,F Trichormus variabilis (formerly [82, 116,
Anabaena variabilis), Cyanobacteria 117]
asawhole
Potamogeton cristatus SM L Microcystis aeruginosa [58]
Potamaogeton oxyphyllus SM L [66]
Potamogeton lucens SM L,F Microcystis aeruginosa, Cyanobacteria [58, 71],
asawhole Our
data
Potamogeton SM L Microcystis aeruginosa [58, 118,
maackianus 119]
Potamogeton malaianus SM L,F Microcystis aeruginosa, Oscillatoria sp. [118-
120]
Potamogeton natans SM L,F Microcystis aeruginosa, Cyanobacteria [78],
asawhole Our
data
Potamogeton pectinatus SM L Microcystis aeruginos, [76, 118,
Oscillatoria tenuis 121]
Ranunculus aquatilis SM/FM L Microcystis aeruginosa [107]
Ruppia maritima SM L Microcystis aeruginosa [122,
123]
Stratiotes aloides FM L,F Synechococcus elongatus, Microcystis [49, 68,
aeruginosa, Cyanobacteria as a whole 71]
Typha latifolia, EM L Dolichospermum flosaquae (formerly [57,
Typha minima, Typha Anabaena flos-aquae), Romeria 124-126]
angustata leopoliensis (formerly Synechococcus

leopoliensis), Microcystis aeruginosa

Vallisneria SM L Microcystis aeruginosa [58, 66,
denseserrulata, 75, 127]
Vallisneria spiralis,

Vallisneria spinulosa

Table 1.
The number and relative content (% of total essential 0il) of the fatty acids in some species of freshwater
macrophytes and macroalgae from different water bodies.

Lombardo et al. [129] suggested that lake trophic state and extent of sub-
merged vegetation coverage maybe the most important factors during formation
in situ macrophyte—phytoplankton patterns at a large scale of natural water
bodies. In this case, with a larger projective cover, a greater allelopathic effect will
be achieved [45-48].

Not all macrophytes have the same allelopathic effect on cyanobacteria.
Macrophytes that have the greatest suppressive effect on cyanobacteria (taking
into account, among other things, information from Table 1) are such species
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and groups as Cabomba caroliniana, Myriophyllum spicatum, Ceratophyllum
demersum, Elodea canadensis, Nuphar lutea, Stratiotes aloides, and family
Characeae ([22, 36, 49, 65, 71, 103, 130], etc).

In the study [131], it was concluded that of all the 15 tested aquatic macrophytes,
Nymphaea odorata and Brasenia schreberi have the highest allelopathic potential.
However, this conclusion was obtained in experiments with lettuce sprouts, and not
with cyanobacteria. These macrophytes inhibited 78% and 82% of lettuce seed-
ling radicle growth and 98% and 68% of L. minor frond production respectively.
Elakovich S. D. and Wooten J. W. [132] also reported that Nuphar lutea has high
allelopathic activity.

Similar results were obtained with the macrophytes Potamogeton maackianus,
Potamogeton wrightii, and Potamogeton crispus, which exhibited different inhibitory
effects on the two species of algae [128]. There is a view that most allelochemicals
are released during the early developmental stage of plants. It is assumed that
during this period, plants are most dependent on stress conditions and competi-
tion with other surrounding plants for resources such as light, nutrients, and water
[133]. However, in our studies, we found that the active synthesis of allelochemicals
in aquatic macrophytes can continue even at later stages of plant development [22].

For the sake of completeness, it should be noted that some terrestrial plant
materials (for example, barley straw) exhibit a strong allelopathic effect on
cyanobacteria under certain conditions [134-136], which is no coincidence, since
terrestrial plants also contain numerous allelochemicals [28]. It was shown in [137]
that salcolin (two enantiomers that differ in their anti-cyanobacterial abilities)
is the key allelochemical in barley straw’s which exhibits an inhibitory effect on
cyanobacteria and could be used as an agent in the control of cyanobacterial HABs.
A review of typical terrestrial allelopathic plants with algistatic or algicidal effects
is presented in [24].

3. Anti-cyanobacterial allelochemicals produced by aquatic
macrophytes

Low-molecular-weight anti-cyanobacterial allelochemicals produced by aquatic
macrophytes are very diverse. They belong to different classes of chemical com-
pounds and are functionally diverse. Allelochemicals from the following groups
of chemical compounds are the most important [22, 30, 55]: aldehydes, ketones,
ethers, terpenes and terpenoids, phytoecdysteroids, fatty acids, sulfur-containing
compounds, nitrogen-containing compounds, alcohols, lactones, polyacetylenes,
quinines, phenolics, cinnamic acid and its derivatives, coumarins, flavonoids,
tannins. These groups include hundreds of allelochemicals inhibiting cyanobacteria
and algae [24], which should be discussed in detail in a special review.

These allelochemicals can be extracted from the plant biomass, but also their
synthetic counterparts can be produced and used. This will reduce the consumption
of natural plant resources. The effectiveness of synthetic allelochemicals can be
similar to their natural counterparts. Thus, synthetic allelochemicals are a hopeful
alternative to the use of natural metabolites-allelochemicals against HAB-forming
cyanobacteria [20, 21].

Realizing that it is impossible to consider all groups of allelochemicals, here
we will focus on considering only fatty acids and phenolic compounds as the most
promising (in our opinion) for biotechnological use in the fight against HABs.

Studies of potential biological activities of major low molecular weight organic
compounds of aquatic macrophytes using the QSAR method [138, 139] have shown
that fatty acids and gallic acid are characterized by various types of bioactivity with

82



The Use of Allelochemicals of Aquatic Macrophytes to Suppress the Development...
DOI: http://dx.doi.org/10.5772/intechopen.95609

the highest probability of manifestation (Pa > 0.9) that can induce cyanobacteria
growth suppression. Further studies based on the results obtained suggest clarify-
ing experimental studies of the reaction of various species of cyanobacteria to the
effects of selected allelochemicals.

As it was received in laboratory experiments conducted with fatty acids for their
effect on the cyanobacteria Synechocystis aquatilis and Aphanizomenon flos-aquae,
and which are described in detail in [140], selected allelochemicals (linoleic, hep-
tanoic, octanoic, tetradecanoic, hexadecanoic, and gallic acids) possess inhibitory
allelopathic activity against cyanobacteria. However, their inhibitory effect was dif-
ferent. The highest values of the Suppression index (SI, defined as the cyanobacte-
rial density in control divided by the cyanobacterial density in an experiment with
allelochemicals) (SI > 10) were recorded (in ascending order) for hexadecanoic,
linoleic, tetradecanoic, gallic acids, and a mixture of four allelochemicals (hepta-
noic, octanoic, tetradecanoic and gallic acids).

The highest SI values for Synechocystis aquatilis were obtained when the culture
of cyanobacteria was exposed to gallic acid (SI = 30) and a mixture of heptanoic,
octanoic, tetradecanoic, and gallic acids (SI = 35.3). Aphanizomenon flos-aquae was
found to be more sensitive to the effect of the given mixture of allelochemicals. SI
for it on the 23rd day of the experiment was 17495 [140].

In works [141, 142] problems have been raised concerning effective algal inhibitors
and control HABs. To address these issues, the authors suggested using unsaturated
fatty acid (linoleic acid) in conjunction with alginate - chitosan microcapsule technol-
ogy. They demonstrated that the linoleic acid microsphere had good encapsulation
efficiency and release property. Besides, linoleic acid sustained-released microspheres
could inhibit Microcystis aeruginosa (Cyanobacteria) growth to the non-growth state,
and thus linoleic acid microsphere may be used as a potential candidate for HABs
control.

Studies on the use of microgranules saturated with an allelochemical or a com-
bination of allelochemicals (for example, a combination of fatty acids and phenolic
compounds) to suppress cyanobacteria look very promising. The inhibitory agent,
gradually releasing from the microgranules, prolongs its allelopathic effect on
cyanobacteria. A sustained-release time of allelochemicals can range from 40 to
120 days [142-144]. A review of the studies carried out in this direction is presented
in [128]. Results obtained in different investigations open up new promising areas
for scientific research and practical use of allelochemicals of aquatic macrophytes.

According to results received in [112], nonanoic acid can inhibit the growth of
cyanobacteria Leptolyngbya tenuis (formerly Phormidium tenue) and M. aeruginosa,
whereas, no inhibitory effects of stearic, and palmitic acids was found.

In earlier works [113, 125], it was also found, that three fatty acids (« — linolenic,
linoleic, and an unidentified C8:2) inhibited cyanobacteria (particularly T 625
Romeria leopoliensis (formerly Synechococcus leopoliensis) and T 1444 Dolichospermum
flosaquae (formerly Anabaena flosaquae)).

The essential oil of some allelopathic plants (Potamogeton cristatus, Potamogeton
maackianus, Potamogeton lucens, Vallisneria spinulosa, Ceratophyllum demersum, and
Hydrilla verticillata) was demonstrated to inhibited Microcystis aeruginosa, during
which fatty acids constituted an important part of the essential oils isolated.

Recently, Wang et al. [95] reported the inhibitory effects of some fatty acids on
Microcystis aeruginosa. The authors stated that pentadecanoic acid, linoleic acid,
alpha-linolenic acid, and stearic acid were the most potent allelochemicals from
Elodea nuttallii along with dihydroactinidiolide and beta-ionone.

We showed [140] that such plants as Potamogeton natans, Nuphar lutea,
Nymphaea alba, Myriophyllum spicatum, Persicaria amphibia are the most active
producers of allelochemical fatty acids, and therefore they can have a significant
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allelopathic effect on cyanobacteria and phytoplankton in total. In these plants,
the proportion of fatty acids in the content of volatile organic compounds can
exceed 60-70%.

Our studies of the metabolome of Potamogeton perfoliatus from different habitats
in Lake Ladoga show that the abundance of cyanobacteria in the associations of this
macrophyte depends on the content of carboxylic acids in a given plant (Figure 1).

The study by Gao et al. [145] demonstrates that nonanoic acid may be involved
in synergistic interactions with other allelochemicals, demonstrating a stronger
allelopathic effect against Microcystis aeruginosa.

Similar results were obtained for octadecanoic acid [146], which may participate
in synergistic, antagonistic, and additive allelopathic interactions. These find-
ings led to the conclusion that joint effects of different allelochemicals depend on
various factors such as the chemicals used, their respective proportions, the total
concentration of the mixture, and the receptor species [146].

In addition to fatty acids, among allelochemicals, special attention should be
paid to phenolic compounds.

As early as in 1981 [100], the results were published, which demonstrated
that phenolic compounds extracted from Myriophyllum spicatum exhibit algicidal
activity against cultured algae and natural phytoplankton assemblages. Later, it was
found that such aquatic macrophytes as representatives of the genus Myriophyllum
are able to excrete polyphenol-like allelochemicals to inhibit the growth of green
algae and cyanobacteria [98]. A number of identified polyphenols (ellagic, gal-
lic, pyrogallic, and catechin) and fatty acids (hexadecanoic acid, stearic acid,
a-linolenic acid) were shown to significantly suppress the development of HAB-
forming cyanobacteria species [147, 148].

Additionally, a study [78] has revealed that the major allelochemicals identified
in tested macrophyte ethyl acetate extract of Nasturtium officinale included quer-
cetin, tannic acid, and gallic acid. Also, findings are the combinations of different
types of polyphenols, such as pyrogallic acid, gallic acid, and ellagic acid may have
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Figure 1.
Dependence of the concentration of cyanobacteria (BGA, cells/ml) on the concentration of fatty acids
(Cea, pg/g.drw.) in Potamogeton perfoliatus in Lake Ladoga.
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an additive or synergistic effect on cyanobacterium Microcystis aeruginosa and the
joint action of phenolic allelochemicals may be an important allelopathic pattern
of submerged macrophytes to inhibit the growth of HAB-forming cyanobacteria in
natural aquatic ecosystems [53, 146, 148-150].

In a study [54] during the investigation of contributions of five allelochemicals,
(+) catechin, eugeniin, and ellagic, gallic, and pyrogallic acid, in the allelopathic
effects of Myriophyllum spicatum on the cyanobacterium M. aeruginosa it was
observed that these compounds, on average, may provide up to 50% of the allelo-
pathic effects of M. spicatum. According to results received in [112], four phenols
(sinapic, syringic, caffeic, and gallic acids) inhibited the growth of cyanobacteria
Leptolyngbya tenuis (formerly Phormidium tenue) and M. aeruginosa. The inhibitory
effect of pyrogallic acid and gallic acid produced by M. spicatum in relation with
cyanobacteria was also demonstrated in [53, 114].

It is beyond question that there is a huge amount of scientific material regard-
ing the allelopathic properties of fatty acids and gallic acid ([52, 54, 56, 67, 88, 103,
112, 113, 118, 119, 124-126, 146, 148, 151-166], etc.). This circumstance gives every
reason to use them to create a new generation of algicides based on allelochemi-
cal substances of aquatic macrophytes. The use of this information, as well as the
results of our researches [36, 138, 140], formed a prerequisite for the development
of a new generation algicide based on allelochemicals of aquatic macrophytes
against cyanobacteria. It is precisely fatty acids (heptanoic, octanoic, tetradecanoic
acids) and gallic acid that were included in its composition [167].

4. Mesocosm study of the effects of allelochemicals on cyanobacteria

Evidence of suppression of the development of phytoplankton, including
planktonic cyanobacteria, in real natural conditions by traditional observations,
even in the most obvious cases [36], is nevertheless indirect and often contradictory
[48, 168]. Taking this into account, the way of assessing the effect of allelochemicals
on cyanobacteria in experiments with mesocosms in natural conditions is more
promising and makes it possible to obtain results corresponding to natural aquatic
ecosystems.

A good example is a field study by Hilt et al. [169] in which the authors found an
allelopathic effect of the macrophyte Myriophyllum verticillatum on natural phy-
toplankton (including cyanobacteria) in Lake Krumme Lake (Berlin, Germany).

In a mesocosm study [170] in Laguna Blanca lake in Manantiales (Maldo-nado,
Uruguay) it was observed that macrophytes species (Egeria densa and Potamogeton
illinoensis) seem to exert strong biological effects on phytoplankton biomass, and
they are able to keep phytoplankton biomass low through allelopathic influence,
even in the absence of zooplankton grazing.

In another mesocosm study [171], similar results were obtained, demonstrating
that another species of the genus Myriophyllum (Myriophyllum spicatum) under
conditions of 851 mesocosms during 13 days of exposure had an only short-term
inhibitory effect on total phytoplankton and green algae, whereas consistent nega-
tive effects (allelopathic) were detected concerning M. aeruginosa.

After the development of an algicide containing fatty acids (heptanoic, octanoic,
tetradecanoic acids) and gallic acid, the rationale for the use of which is presented
in detail in [140], we conducted the first experiments with this algicide with natural
phytoplankton communities under conditions mesocosms.

In the field experiments, mesocosms with a volume of 700 liters were used.

The experiments were carried out on two ponds on the territory of St. Petersburg
(Russia): at Pulkovo Pond (pond 1; coordinates 59.835899, 30.328642) and Aviator’s
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Pond (Pond 2; coordinates 59.868343, 30.300443). The depth of the ponds at the
location of the experiments was about 3 m. The mesocosms were filled with water
from the pond, then algicide was added to them in an amount so that its concentra-
tion in the water of the mesocosms was 1 mg/1.

In Pulkovo Pond, the experiment was carried out from June 25 to July 5, 2019. In
the Aviatorov Pond, the experiment was carried out from July 2 to July 16, 2019. The
temperature and light conditions in the mesocosms corresponded to those in the water
of the pond outside the mesocosms. The change in water temperature in the surface
layer of the studied ponds is shown in Figure 2.

The results of the algicide impact on the phytoplankton of pond 1 are shown in
Figures 3-6.

As can be seen from Figure 3, in the water of pond 1, both the abundance and
the biomass of all phytoplankton increased during the experiment. At the same
time, this was not observed in the mesocosm. In the first three days, a decrease in
phytoplankton biomass without a change in its abundance occurred. Subsequently,
the abundance and biomass of phytoplankton in the mesocosm remained approxi-
mately at the same level as they grew in the pond. By the end of the experiment
(on the 11th day), the phytoplankton biomass in the pond exceeded that in the
mesocosm by about 5 times, and the abundance - by almost 12 times. The great-
est differences were observed on the 8th day of the experiment; the difference in
biomass and abundance was 7 and 20 times, respectively. Thus, the action of an
algicide based on fatty acids and gallic acid inhibited the growth of phytoplankton.

The data of phytoplankton analysis are confirmed by the data on the measure-
ment of optical density in the pond and the mesocosm (Figure 4). By the end of the
experiment, an increase in optical density in the pond and a significant decrease
in optical density in the mesocosm were observed (Figure 4). By the end of the
experiment, the difference was about 2.3 times. This was also noticeable visually:
the water in the mesocosm was more transparent than the water in the pond sur-
rounding the mesocosm (Figure 5).

It is interesting to trace how the quantitative indicators of cyanobacteria in the
pond and the mesocosm changed. Dolichospermum solitarium (formerly Anabaena
solitaria) was the dominant cyanobacterial species in the pond (and at the begin-
ning of the experiment in the mesocosm). This species belongs to cyanobacteria
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Figure 2.
Change in water temperature (° C) in the surface layer of the investigated ponds.
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Changes in the abundance and biomass of total phytoplankton in pond 1 and the mesocosm under the influence
of algicide with a concentration of 1 mg/I.
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Change in the optical density of the water mass in pond 1 and the mesocosm when exposed to algicide with a
concentration of 1 mg/l.

capable of causing the phenomenon of HABs [172]. A decrease in both the number
and biomass of cyanobacteria both in the pond and in the mesocosm was observed
on the third day of the experiment. Moreover, in the mesocosm, this decrease

was more pronounced. Subsequently, an increase in the number and biomass of
cyanobacteria both in the pond and in the mesocosm was observed. However, it
was more intense in the pond. By the end of the experiment (on the 11th day), the
biomass of cyanobacteria in the pond exceeded that in the mesocosm by about 2.5
times, and the number - by 1.5 times. The greatest differences were observed on the
8th day of the experiment, the difference in biomass and abundance was 4.4 and 39
times, respectively. At the end of the experiment, the same species Dolichospermum
solitarium remained the dominant species in the composition of cyanobacteria. At
the same time, Cuspidothrix ussaczevii (formerly Aphanizomenon elenkinii) began

to dominate in the mesocosm among cyanobacteria. This species is also included in
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Figures.

The contrast in the state of water mass in pond 1 and mesocosm 4 (a) and 11 (B) days after exposure to
algicide.
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Changes in the abundance and biomass of cyanobacteria in pond 1 and the mesocosm upon exposure to algicide
at a concentration of 1 mg/l.

the bloom-forming Cyanobacteria from water bodies of the North-Western Russia
list [173]. However, C. ussaczgevii is less toxic than D. solitarium, for which toxigenic
strains producing delayed-action toxins have been isolated [174].

Thus, the action of an algicide based on fatty acids and gallic acid prevented the
growth of the number of cyanobacteria and changed their species structure.

In pond 2, the beginning of the experiment coincided with an intense cya-
nobacterial “bloom” (Figure 7), while their biomass was more than 55 mg/l. At
the same time, in the surface layer of the pond, the maximum water temperature
(20.5°C) for the entire duration of the experiment was noted (Figure 2). The
cyanobacteria Aphanizomenon flos-aquae, C. ussaczevii, and Dolichospermum affine
(formerly Anabaena affinis) dominated in phytoplankton. Aphanizomenon flos-
aquae is one of the most widespread species that form HABs in ponds and lakes in
Northwest Russia [173]. The species is capable of synthesizing dangerous (includ-
ing for humans) toxins [173]. Cuspidothrix ussaczevii also often causes water
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Figure 7.
Cyanobacterial HAB in pond 2 and water-filled mesocosm on July 2, 2019.
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Changes in the abundance and biomass of total phytoplankton in pond 2 and the mesocosm under the influence
of algicide with a concentration of 1 mg/l.

“bloom” in water bodies of St. Petersburg and the Leningrad Region, being the
dominant or subdominant in bloom-forming cyanobacteria [173].

By the fourth day of the experiment, the water temperature in the pond
dropped to about 18°C. This led to a decrease in the number and biomass of cya-
nobacteria, apparently, mainly due to their sinking into the lower layers of the
reservoir. However, an even greater decrease in the development of cyanobacteria
was observed in the mesocosm, in which cyanobacteria could not sink so deeply
(Figure 8). This is also confirmed by data on the optical density of water in the
pond and in the mesocosm, where a more significant decrease was noted (Figure 9).
Subsequently, the optical density slightly decreased to approximately the same level
in the pond and mesocosm and almost did not change in the pond and mesocosm.
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At the same time, the control of the development of cyanobacteria from pond 2 in
the laboratory, where there was no decrease in temperature, showed their significant
growth in the control. With that, under the influence of allelochemicals, signifi-
cant suppression of plankton growth was observed, recorded by optical density
(Figure 10).

By the 8th day of the experiment, a further decrease in the optical density of
plankton under the influence of algicide was noted in the laboratory. At the same
time, a decrease in optical density and the control was observed, obviously, due
to the inability of natural plankton to laboratory conditions (the experiment was
carried out in 0.5-liter jars).

By July 8, the species of cyanobacteria Aphanizomenon flos-aquae and
Cuspidothrix ussaczevii in the mesocosm dropped out of the dominant composi-
tion, although they continued to dominate in the pond water. As our laboratory
experiments with this algicide have shown [140], this species of cyanobacteria was
especially sensitive to the used mixture of allelochemicals. So, a complete suppres-
sion of the development of the culture of Aphanizomenon flos-aquae was observed
in the experiment with the combined effect of heptanoic, octanoic, tetradecanoic,
and gallic acids at various concentrations (0.1, 1, and 10 mg/1).
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Change in the optical density of the water mass in pond 2 and the mesocosm when exposed to algicide with a
concentration of 1 mg/l.
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In the last phase of the experiment (from July 12), representatives of
Cryptophyta - Cryptomonas sp., Komma caudata (formerly Chroomonas acuta) dom-
inated the pond in the composition of phytoplankton (Figure 11). Among the cya-
nobacteria, Aphanizomenon flos-aquae and Aphanocapsa conferta dominated. In the
mesocosm at this time (especially toward the end of the experiment) cryptophyte
algae (98% of the total phytoplankton biomass) with the dominant Cryptomonas sp.
reached a very high development (with biomass of more than 42 mg/1) (Figure 11).
Cyanobacteria were represented by the species Dolichospermum affine, Aphanocapsa
conferta with very little quantitative development.

It is noteworthy that by the end of the experiment in the mesocosm, the total phy-
toplankton biomass returned to almost the same high values as at the beginning of the
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Figure 11.

Changes in the abundance and biomass of cyanobacteria (a) and Cryptophyta (B) in pond 2 and the
mesocosm under the influence of algicide at a concentration of 1 mg/l.
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experiment. However, if at the beginning of the experiment cyanobacteria prevailed
(about 99% of the total biomass of phytoplankton), then by the end of the experi-
ment cryptophyte algae accounted for more than 98% of the biomass of phytoplank-
ton. Cryptomonas sp. dominated among cryptophyte algae. That is, the replacement
of dangerous toxicogenic species of cyanobacteria with cryptophyte algae occurred,
which can be consumed by aquatic organisms and which are safe for other organisms,
including humans. If we project this result to entire aquatic ecosystems, then we can
get a very beneficial ecosystem effect, expressed in the suppression of HABs and the
development of algae, whose production can be consumed, for example by zooplank-
ton and planktivorous fish.

Thus, the main results of the experiments carried out on the effect of an algicide
of four allelochemical components (heptanoic, octanoic, tetradecanoic, and gallic
acids) on the phytoplankton of natural water bodies can be considered the following
results, indicating that allelochemical substances of aquatic macrophytes: 1) are able
to effectively reduce phytoplankton development and suppress even intense HABs;
2) may lead to the replacement of dangerous cyanobacteria in phytoplankton with
safe algae, whose production can be used in the food chains of aquatic organisms.

5. Conclusions and perspectives

In this way, available data show that the use of allelochemicals from aquatic macro-
phytes to inhibit cyanobacterial overgrowth is an environment-friendly and perspec-
tive technology for suppressing HABs. Allelochemicals can be considered as natural
algaecides and become the basis of a nature-like convergent technology to mitigate the
development of plankton cyanobacteria and prevent HABs in water bodies.

One can quite agree with the conclusion of work [24] that allelopathy is a prom-
ising strategy to control HABs as the effectiveness of allelochemicals on inhibiting
microalgae cells has been discovered, investigated, and confirmed in many works
and for many years [175]. However, there are several problems that must be investi-
gated in order to understand what determines the strength of the manifestation of
the allelopathic effect. One of these problems is undoubtedly the action of various
environmental factors.

Another problem is the resistance of allelochemicals in the aquatic environ-
ment and their chemical or biochemical (under the influence of bacteria) changes
[26, 74, 168, 176]. In this regard, very promising are works in which systems are
being developed that allow dosing and prolonging the release of allelochemicals
into the aquatic environment [141-143].

The development and research of allelopathy and its application for suppress-
ing the HABs are striving toward a future for sustainable, rational, and effective
using the water resources worldwide. The algicides of the new generation devel-
oped based on the phenomenon of allelopathy can definitely reduce the amount of
synthetic algicides and herbicides used.

While allelochemicals have shown growth inhibition of planktonic cyanobacte-
ria, there is still insufficient knowledge of the impact on various species of cyano-
bacteria (especially their action in real aquatic ecosystems), the influence of various
factors on the action of allelochemicals, and the molecular mechanisms of their
action. These gaps may limit their use as conventional biotechnology for the mitiga-
tion and prevention of HABs in aquatic ecosystems.

All the laboratory studies can propose only the potential for allelopathy of
macrophytes metabolites toward cyanobacteria, its real use as biotechnology for
the management of planktonic communities and HABs will be possible only after
convincing field studies using mesocosms and entire ecosystems.

92



The Use of Allelochemicals of Aquatic Macrophytes to Suppress the Development...
DOI: http://dx.doi.org/10.5772/intechopen.95609

In addition, if we are to understand more about the mechanisms of allelochemi-
cals actions that cyanobacterial cells respond to, more cognizance needs to be taken
of the molecular peculiarities of interactions between allelochemicals and cyano-
bacterial cells.
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Chapter 6
Food Webs

Laura Mondragon-Camarillo
and Salvador Rodriguez Zaragoza

Abstract

Ciliates are important elements of the trophic networks of aquatic and terrestrial
environments, they can be primary producers (myxotrophs), consumers of
bacteria, algae, flagellates, even other ciliates and can serve as food for metazoans,
for all the above they are the link between different levels of food webs. The
structure of the ciliates varies according to the seasons of the year and depending
on the trophic conditions of the aquatic systems. Ciliated communities have
modifications and adaptations in response to environmental perturbations. The
objective of this chapter is to describe the importance of different trophic groups
of ciliates in different ecosystems, including anthropogenic perturbations and their
impact on trophic webs.

Keywords: ciliates, trophic groups, food webs, perturbations

1. Introduction

Trophic relationships between organisms are the mechanisms responsible for
most of energy and nutrient transfers; they allow the functioning of the ecosystem.
These relationships, known as food webs, caught the attention of naturalists before
the concepts of evolution and ecology were about to be determined.

Initially, the diet of a species and its skills to obtain it were recognized as the
leading factors for the prevalence of the fittest. Additionally, it is one of the main
forces leading to evolution of that species in the long term [1]. Furthermore,
competition for food became one of the favorite hypotheses to explain species
exclusion; it states that when two species seemed to feed on the same resources,
the best suited ultimately leads its competitor to extinction in the long term [2].
This idea has been around for many years and has not been completely discarded or
proved [1].

Examining phototrophs, also known as primary producers, is the dominant
starting point to analyze food webs. They use the incoming sun’s energy and
inorganic nutrients to generate their biomass. This is the most important
mechanism, as it initiates the cycling of nutrients and energy flux in aquatic food
webs. There is primary productivity involving chemolithotrophs dominating in
places devoid of sun’s light [3]. These places were mostly known to be, until recent
times, around underwater volcanoes more than 1000 meters deep [3, 4].

Primary production is at the base of all consumers concurring in the
environment. However, macroscopic food webs tend to be very short, with few
levels of consumers because these organisms dissipate matter and energy efficiently
[5]. All metazoans invest their energy looking for food, ingesting it, digesting,
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repairing themselves, mating, and reproducing. These activities make multicellular
organisms to get around 10% of biomass fixation efficiency. Thus, 1,000 kgs of the
primary producer will be needed to produce 100 kgs of herbivorous animals, only
10 kgs of small carnivores, 1 kgs of medium-sized carnivores, and only 0.1 kgs of
top carnivores, following a pattern known as pyramid of productivity [5]. Adding a
predatory species at any level would destabilize the food web, as this will consume
higher amounts of biomass [6]. Energy dissipation is even larger, meaning that the
entropy produced during the functioning of the food web is very high. However,
only 1% of the incoming sunlight is used for primary production, stressing the
importance of the environmental factors limiting biomass productivity to sustain
food webs.

Primary productivity varies along seasons. When it reaches its peak,
productivity is controlled by the top predator’s consumption (top-down), and when
it reaches its lowest level, productivity is controlled by phototrophs (bottom-up).
There are places that are permanently bottom-up controlled such as the deep
ocean communities depending on the “organic matter rain” from dead organisms
living in the photic zone in places near the equator are almost always top-down
controlled, where productivity may be at its peak for most of the year. All other
places experience top-down/bottom-up controls alternatively, depending on the
productivity seasons.

Unicellular algae lead primary productivity in marine environments, sustaining
the great diversity of organisms, especially in places receiving nutrient inputs from
lands. Heterotrophic unicellular organisms forage on algae and both phototrophs
(phytoplankton) and heterotrophs (zooplankton) conform to the plankton.
However, unicellular organisms span in sizes less than 1 pm to hundreds of
micrometers, and the species’ diversity of plankton, including microbial eukaryotes
and bacteria, ranges in the order of thousands. Species of microorganisms are much
more numerous than the metazoans. With such a great diversity of microorganisms,
it become apparent that the microbial food webs may function differently from the
macroscopic food webs.

It was believed that food webs would get destabilized if the number of species
increases at any level above the primary producers. However, microbial food web
seemed to get more stability with the increasing number of species, contradicting
what was observed in macroscopic food webs [7]. Thus, the higher number of
species of bacterial and microbial eukaryotes in aquatic food webs seemed to
contradict that assumption; this phenomenon was named as “The paradox of
microbial loop.” It was paradoxical that productivity and efficiency of nutrients
and energy transformation is increased by adding more species, promoting the
stabilization of the food web [8].

It’s been a long road since the recognition of the “paradox of the microbial loop”
in the aquatic food webs. Nowadays, it is referred only as the “microbial loop,” after
being integrated into the food web conceptualization in both terrestrial and aquatic
environments [7].

The complexity of microbial food webs needs to be approached from the analysis
of different functioning capacities and nutritional needs of the participating
species. It has been normal to assign very general feeding habits to protists and
metazoans, like bacterivores for example. This nomenclature implicates that a single
species of protist can feed on any one or indistinctly on all the thousands of bacteria
species. However, observation of feeding habits has revealed that protists and
metazoans prefer feeding on specific kind of bacteria while avoiding other species.
Pigmented bacteria [9], for example, has fewer predators than non-pigmented ones.
On the other hand, there are several species of protists, mostly amoebae, small
flagellates and Colpoda steinii that feed on pigmented ones [10].
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One explanation for pigmented bacteria to have fewer predators relied on the
toxicity or poisonous effect of those pigments for many protists, pointing out the
importance of the biochemical warfare that bacteria must synthetize to defend
themselves. However, chemicals used for evading enemies attract other ones
looking for those same compounds, putting bacteria in a situation where there is
no way out for bacterial preys. Indeed, there is no way out of being preyed upon, as
every living being has predators, or at least other species which may feed on them or
use them as a resource.

Is there a single factor determining the feeding preferences? The short answer is
“No.” Remember that “bacterivorous” or “algivorous” are labels used to recognize
the kind of food that protists and metazoans may prefer to feed on, and it involves
many species. From the beginning, this was a non-exclusive way to label the
category of food that may be used to group the highest quantity of species to
simplify and conceptualize the food webs. Furthermore, during the first half of the
XX century [11], there were many very interesting studies trying to determine the
“diets” of several species of protists [11, 12], with the aim of designing a chemically
defined culture media, as is the case of several recipes for culturing Tetrahymena
pyriformis, Glaucoma sp, or Paramecium sp., culminating with 3 books edited by
Lewandowsky and Hutner (1979), approaching the field of protists’ biochemistry
(at that time it was biochemistry of protozoa).

Designing a culture media for protists or bacteria was a major task, as numerous
factors about their nutritional needs were unknown (and remain unknown).

These attempts to cultivate bacteria and protists lead to one important conclusion:
different species cannot synthesize one or several molecules needed for their
metabolism and have to take those molecules, as such, from their ingested food

[12] or from other microorganisms that live within the biofilm (such as the case of
NAD+ **, which the bacteria has to consume from other species of bacteria for both
of them to grow). Microbial biologists named this phenomenon as “auxotroph”
[13]. In this way, the molecule(s) a bacterial species is auxotroph for must be added
to the culture media, to keep a culture of such species [14]. The kind of molecules,
their diversity, and their macro- and micronutrient composition form a universe
comparable to the one containing the species’ diversity on the planet.

2. Phagotrophic protists

Ecological relevant functions have been recognized in prokaryotes and
microbial eukaryotes. Bacteria have been cataloged as nitrogen fixing, denitrifiers,
metanogens, methanotrophs, phosphorous mobilizers, metal mobilizers,
phototrophs, and chemolithotrophs as the main recognized functions in the
ecosystem. On the protists’ side, several trophic groups have been recognized
as phototrophs and phagotrophs. The first group is strictly divided between
the phototrophs and mixotrophic ones, while the second one may be divided in
bacterivorous (including cyanobacteria), frugivorous (feeding on hypha and or
yeasts cells), algivorous, protist consumers (raptorial protists), and metazoan
predators. Parasitic bacteria, pathogenic bacteria, and microbial eukaryotes have
been largely studied from the medical point of view. However, recently, they have
been studied from the ecological perspective (their impact on the predator-prey
relationships, the “health” of species populations protected for conservation, and
their effect on the nutrients distribution along food webs [13].

Phagotrophic protists may ingest very different kinds of particles and present
the capacity to eject the ones they cannot digest, or even reject particles previously
ingested [15]. Even if the water current would transport a good mixture of different
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bacterial species, phagotrophs may choose which particles ingest and eject the
debris from their digestion together with the non-digestible microorganisms. This
means that protists may show preference for the kind of food they most likely

can digest (recognizing their preys by their quorum sensing signals), and, like
bigger organisms, they may need a variety of food sources to get the nutrients they
need [15].

A close examination of the different trophic groups allows to re-mark the
unicellular phototrophs as the most productive in terms of biomass production
since there is no synthesis of support or conductive structures, and, because of that,
they are the base of the aquatic food webs.

The phagotrophic protists have been recognized for being the main consumers
along microbial trophic networks in aquatic systems conforming a major
proportion of the microbial biomass in these systems [16, 17]. These predators are
also responsible for much of the recycling flow of nitrogen and phosphorus in the
aquatic systems [18].

Particularly the ciliates are key elements of aquatic food webs they have
several functions, they can be primary producers, predators, they serve as food
for metazoans including free-living stages of metazoan parasites; there are many
aquatic habitats without macro-organisms, but none without bacteria and at least
few protist species [19].

2.1 Mixotrophic ciliates

One of the most interesting groups of protists are the mixotrophic ones. Some
of them may correspond to the old morphological groups of ciliates, flagellates,
and ameboebas. Mixotrophy is defined as the ability to combine phagotrophy
and phototrophy in a single cell [20]. This group can be divided into constitutive
mixotrophs, meaning they have the innate ability to photosynthesize, and the
facultative or non-constitutive mixotrophs. These organisms may sequester the
plastids after consuming their phototrophic preys or by harboring photosynthetic
endosymbionts [20, 21]. Around 23% of planktonic ciliates species (marine
and freshwater combined) perform acquired phototrophy, and this ability is
present in at least 8 main ciliated taxa: Heterotrichea, Hypotrichia, Oligotrichida,
Stichotrichida, Litostomatea, Prostomatea, Peniculia, and Peritrichia. Phototrophy
is usually acquired from algae endosymbionts in 7 of these 8 ciliated taxa.
Contrastingly, Oligotrichida usually obtains this ability by plastid sequestering [22].

The structures of the mixotrophic ciliates community varies through seasons,
depending on the changing water trophic condition. Mixotrophic ciliates dominate
in spring and summer, reaching from 58-100% of the ciliates in oligotrophic
waters [23-25], but represent only 5% of the total community of ciliates in winter,
probably due to the lower water temperatures and nutrients. These conditions
restrict the growth of algae, negatively affecting the population of mixotrophic
ciliates if their preferred species of algae is missing [24].

The mixotrophic ciliates are mainly from the genera Mesodinium rubrum
(Myrionecta rubra), Strombidium spp., Laboea, Lohmaniella, and Tontonia. All
of them represented by small species (30-50 pm) [23, 25, 26]. Even Mesodinium
rubrum and other functionally photoautotrophic ciliates can sometimes contribute
significantly to primary production in lakes and oceans [27]. Other species of
mixotrophic ciliates are larger; for example, the genus Stentor is a “large” cell
~200 pm and is contributed between 49% and 68.8% of the total biomass of
zooplankton in the oligotrophic lake at the Northern Patagonia of Chile [28].
Stentor niger represented 90% of the total ciliates biomass in Lake McCloud [29]
and was the dominant protist of acidic oligotrophic lakes [30]. Some species

112



Food Webs
DOI: http://dx.doi.org/10.5772/intechopen.97252

of the genus Stentor also contributed with more than 50% of the plankton’s
photosynthesis of oligotrophic Australian lakes [31]. Dominance of this trophic
group may be influenced by the limiting conditions for phototrophs, to achieve
the same productivity that mixotrophs may obtain by feeding both ways. Grazing
allows mixotrophs greater flexibility for balancing the supply and demand of
scarce nutrients [32], a clear advantage in times of scarcity [19]. Due to their
flexible nutrition, mixotrophic protists dominate in mature or more stable systems
(e.g., during mild summer, in established eutrophic systems, and in oligotrophic
systems). Furthermore, climate change can be expected to favor mixotrophs in the
more stable water columns [32].

Ward and Follows [33] performed a global simulation of the ocean-surface
food web, revealing that mixotrophy enhances the transfer of biomass to larger
organisms at higher trophic levels, which in turn increases the efficiency of oceanic
carbon storage through the production of larger and faster sinking conglomerates of
organic molecules. It follows that mixotrophic protists play a key role in modulating
the primary production that underlies the food web in aquatic systems [21, 22, 32].
However, their importance has not been fully appreciated because traditional field
and laboratory studies focus on strict classifications as phototrophs or phagotrophs
[32] because incorporating this flexibility to acquire food is difficult to modelize.
Mixotrophy is known to be common in all aquatic systems but its contribution
to net community production is difficult to quantify, and the integration of their
impact on the global biogeochemical cycles remains to be incorporated.

2.2 Bacterivores

Ciliates and flagellates are the most dominant bacterivores among the phago-
trophic protists in most aquatic systems [16, 34], consuming between 25-100%
of the daily production of marine phytoplankton together with large quanti-
ties of bacterial biomass [18]. Bacterivores and algivorous protists are the core
consumers of microbial biomass in aquatic food webs [16, 17] regulating these
groups in two apparently contradictory ways: by feeding on the abundant food
source, they keep in check their further expansion, that in turn gives other less
preyed species the opportunity to become more numerous, and at the same time,
the release of cellular wastes (from protists) enhance the reproduction of the
species being predated. The combined effect of these two processes enhances
the nutrient cycling and fuels biomass productivity. By performing this activity,
ciliates and flagellates increases their own biomass, attracting metazoan preda-
tors and functioning as linkage of lower and upper trophic levels in aquatic food
webs [16, 35, 36].

The size of the ciliate determines the sizes of preys they can feed on. Thus, bac-
terivorous ciliates ingest a different particle size range; the preferred size spectrum
for each species is a function to cytostome size and morphology. For example, small
ciliates usually bacteria eat <3 pm [18, 37, 38]. Ciliates that feed on the smallest
particles (<1 pm) require relatively high densities of these bacteria as a minimum
to keep their population growth [30]. Several groups of ciliates actively feed on
specific bacteria species for a period ranging between 44% and 100% of the time,
because bacterial densities will have variations as responses to predation intensity
along time [36].

Bacterivorous ciliates are present in all aquatic environments, from oligotrophic
to eutrophic, in both freshwater and oceans. The diversity of bacterivorous ciliates
and their contribution to the flow of energy in trophic networks depend on the
dynamics of the systems in which they are living. Therefore, food resources are
probably the main regulators of ciliated communities (diversity, abundance, and
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biomass) [30]. For example, bacterivorous ciliates contribute very little for the
direct transfer of bacterial production to the trophic networks of metazoans in
oligotrophic environments. Ciliates consume less than 11% of bacterial productivity
in these waters [39-41]. Perhaps the heterotrophic bacteria that are very small

in these lagoons (0.035 to 0.4 pm) are grazed by bacterivorous ciliates at a very

low rate [41], or the number of bacteria is not enough to support larger ciliate
communities feeding on smaller bacteria (<1 pm), as they require high densities

of bacteria to maintain their populations [30]. Then, productivity of oligotrophic
systems function most of the time as bottom-up (availability of substrate and
nutrients) controlled [42]. This functioning will remain until seasonal pulses of
nutrients (or human subsidies) arrive, busting primary productivity and changing
the system into top-down control, and it will keep functioning the same way until
the pulse of nutrients (or subsidy) is completely metabolized, returning the system
to the bottom-up dynamic.

Contrastingly, densities of heterotrophic bacteria in eutrophic environments
are sufficiently higher to also keep a higher diversity of active bacterivores [43],
fueling ciliates biomass productivity and allowing the intervention of metazoan
predation. Top-down control (predation) seems to be in function all the time for
regulating the abundance of heterotrophic bacteria in eutrophic systems [42].
Normally, communities of bacterivorous ciliates of small sizes (~ 30 pm) are found
as dominant in eutrophic environments [30, 38]. The most abundant ciliates in
these environments are small oligotrichs (Halteria), scuticociliates (Cyclidium), and
Peritrichs (Vorticella) [30, 38, 44, 45]. Halteria grandinella, for example, is one of
the most important bacterivores due to its high consumption rate of bacteria [38],
the genus Halteria is very important in meso-eutrophic lakes because they prey on
alarge spectrum of sizes, from bacterial cell measuring just around 0.4 pm to up
to 5 pm; they have a high potential growth rate, because of its efficient nutrient
absorption, and show defensive strategies reducing their vulnerability to predation
by metazooplankton in comparison to other common pelagic ciliates [45].

Sessile ciliates such as Vorticella and Epistylis are typical members of protists’
community in aquatic environments [34, 45-49]. They heavily graze on bacteria
having even higher ingestion rates than free-swimming bacterivorous protist
and can account for 66% of total bacterivores. Even in small numbers, epibiotic
ciliates can have a great grazing impact on bacteria [34]. For example, Vorticellides
aquadulcis had the highest grazing rates of all the ciliates from a meso-oligotrophic
lake community [38]. Some common bacterivorous ciliates are found in Table 1.

2.3 Feeding on phototrophs

There is a difficulty in assessing a proper name for the kind of food protists
feed on when they become predators of phototrophs, as this group consists of both
eukaryotic and procaryotic members, and neither of these primary producers
may be considered as “plants” or “herbs”. Feeding on them cannot be considered
as herbivory. On the procaryotic part, cyanobacteria are a phylum comprising
many species that, besides being phototrophs, can also produce toxic molecules,
compromising the fresh water supplies for human consumption when growing
unchecked in oligotrophic waters [50, 51]. From the eukaryotic part, there is an
extra complication when trying to separate the permanent phototrophs from the
mixotrophs.

Moving the sizes up, ciliates are one of the most important groups feeding on
phytoplankton in marine and freshwater environments [18, 41, 52]. They may
consume up to 74% of the daily phytoplankton production [53], becoming the key
controllers of phytoplankton biomass [54]. On the other hand, ciliates mobilize the
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Trophic groups Examples References
Bacterivores Colpodida (Colpoda), Peritrichia (Carchesium, Epistylis, Vorticella), [34, 46, 48,
Scuticociliatia (Cyclidium, Parauronema, Pseudocohnilembus), 114, 116]

Stichotrichia (Halteria)

Feeding on Choreotrichia (Codonella, Strobilidium), Oligotrichia [54, 56-58,
Phototrophs (Pelagostrombidium) Heterotrichea (Linostomella), Peniculia 60]
(Frontonia), Tintinnida (Helicostomella, Ptychocylis, Tintinnidium,
Tintinnopsis)

Predators of Heterotrichea (Fabrea salina) Litostomatea (Didinium, Lacrymaria, [62, 64, 66,

predators Lagynophrya, Loxophyllum, Mesodinium, Monodinium, Phialina) 68,72,108]
Prostomatea (Balanion, Holophrya, Tiarina), Stichotrichida
(Halteria)

Omnivorous Choreotrichia (Rimostrombidium), Hypotrichia (Euplotes), [49, 66, 69,
Prostomatea (Urotricha, Coleps), Scuticociliatia (Pleuronema), 73,79]

Stichotrichida (Oxytricha, Stylonychia)

Mixotrophos Litostomatea (Mesodinium rubrum), Oligotrichia (Laboea, [23, 25, 26,
Strombidium, Tontonia), Choreotrichia (Lohmanniella), 28,29, 31]
Heterotrichea (Stentor)

Table 1.
Trophic groups free-living ciliates in aquatic environments.

highest proportion of organic carbon and nutrients in oligotrophic waters domi-
nated by cyanobacteria, playing the fundamental role of linking the productivity
of microbial food web with the metazoans [41, 53]. It has also been noticed that the
flux of carbon up to metazoans is not interrupted when the density of bacterivores
ciliates falls, but it is compensated by predation on ciliates feeding on phototrophs
[41]. Some of the ciliates that feed on phototrophs are in Table 1.

Ciliates feeding on phototrophs represent between 30-65% of the total biomass
of all functional groups of ciliates thriving in eutrophic lakes [55]. However,
this dominance is not permanent. Ciliates feeding on phototrophs become very
numerous on the blooming season [56], and even dominate the entire ciliate
community for short periods between seasons [57].

Tintinnids tend to feed on small-cell-sized phytoplankton (2-20 pm) [58]. They
are voracious phytoplankton feeders that may consume over half the quantity of
these kind of phototrophs in marine waters [54] and over 69% of these primary
producers in lakes [59]. Species like Helicostomella subulata, Ptychocylis spp., and
Parafavella spp. make a significative contribution to biomass of ciliates feeding on
phototrophs in marine environments [60].

Selective feeding has been observed in several species of ciliates. However,
feeding on a wider spectrum of sizes and kind of phototrophs (non-selective
feeding) allows them to take advantage of the productivity in hypereutrophic
environments rich in small particulates [49]. The genus Tintinnidium groups species
that dwell very well in these kinds of waters and may be used as model organisms to
study the ciliates’ adaptation to excess of organic matter [61].

2.4 Predators of predators or raptorial feeders

There are several species of ciliates and flagellates that feed on bacterivorous
protists and on protists feeding on phototrophs. These are predators of predators.
These predator species may feed temporarily on bacteria but cannot survive by just
this consumption; they are attracted to them as they offer clues to discover their
preferred preys: ciliates, flagellates, or amoebae feeding on bacteria.
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Most of predator ciliates feed on preys around 10 times smaller than them [62, 63],
although raptorial feeders may consume bigger preys, comparable to their own size
or even bigger [64]. This capacity is due to their very flexible cytostome as is the
case in protostomatids genera Tiarina, Balanion, and Holophrya, and in the litosto-
matid genus Didinium [62]. Ciliates select their food based on prey’s size, motility,
and biochemical composition of cells’ surface [62]. Raptorial ciliates exert strong
pressure on populations of small phototrophic and heterotrophic flagellates [65],
imprinting some velocity to nutrient cycling in environments where productivity
allows them to develop large populations.

Predatory ciliates are present in small numbers along seasons in oligotrophic
waters, showing surges in population numbers, in synchrony with the increase of
primary productivity during the spring, reaching up to 55% of the total ciliates’
abundances in temperate waters [64, 66]. However, they only reach between 24.6%
to 28.7% in freezing oligotrophic waters of the Arctic and Antarctic [67].

On the other hand, predatory ciliates become important top-down controllers
of microbial food web productivity in eutrophic and hypertrophic waters [68].
Eutrophic waters have the conditions to sustain high productivity rates of
phototrophs and heterotrophic bacteria, sustaining, in turn, large populations of
their grazers, promoting the increase of predatory ciliate population [69]. Biomass
of raptor ciliates may reach almost an order of magnitude higher in eutrophic
compared to the one obtained in meso and oligotrophic lakes, suggesting that
they are effectively controlling the primary productivity [70]. This assumption
is supported by the covariance of predatory ciliates and their preferred food. For
example, the increasing population of predatory ciliates bigger than 100 pm is
related to a simultaneous shrinkage of abundance of smaller ciliates (<20-40 pm),
mostly phototrophs and bacterivorous [71]. Big and voracious ciliate raptors
like Monodinium sp. and Lagynophrya sp. have stronger impact than rotifers
on populations of small ciliates [68]. However, quantity of prey is not the only
important factor, and species diversity is needed to sustain more raptorial species of
ciliates. For example, only Monodinium remained abundant when diversity of preys
falls below a limit [72].

Several species of oligotrichs feed on bacterivorous flagellates, showing an
efficiency of 45% biomass transformation, also fueling the bacterial productivity
by releasing essential nutrients for heterotrophic bacteria to keep their population
growth [65]. Some predatory ciliates are shown in Table 1.

2.5 Omnivorous

Omnivorous protists are an important group to look for when assessing the
stability of a food web because their very presence means productivity is enough
to non-specialists, to feed on a variety of resources. Omnivores strengthen the
resilience of planktonic communities by regulating the trophic dynamics [73].
Omnivorous ciliates may have a preferred prey but can easily move to other kinds of
prey, which may be more abundant or easier to catch [74]. This variety of resources
for true omnivorous ranges from bacteria, algae, other ciliates of different sizes
to fungi [73]. This versatility gives them an advantage to withstand a resource
limitation by having alternative prey [70]. Additionally, omnivorous ciliates
increase the stability of planktonic communities by feeding on species that may
pass undetected from their specialized predators, by having densities small enough
to get an advantage of the elimination of their competitors and increase their
numbers. In this situation, omnivores would prevent them to reach high densities
too fast, giving time for their specialized predators to increase to population levels
that may effectively control the newly abundant prey.
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Omnivorous ciliates are present in any kind of environment allowing the
stability of protist communities. They are elements of marine and freshwater
ecosystems, both oligotrophic [66, 75] and eutrophic [69, 76], as well as in polar
waters [67].

As with the other trophic groups, omnivores show seasonal bursts of abundances
in the communities they are part of, especially in oligotrophic waters where they
are scarce most of the time, except for occasional bursts [77, 78]. Omnivorous
ciliates are commonly found in lakes throughout the year, normally with low species
richness, representing between 2-12% of the ciliates species [67, 79]. Their low
contribution to the number of individuals makes them reach a peak of 35% during
productivity bursts [66, 79]. However, this proportion may steadily increase in the
proportion the environment is turning into the eutrophic condition, increasing the
species richness, although the densities of omnivorous ciliates may momentarily
diminish with the eutrophication [69] as result of the species increase (more species
and lower number of individuals by species). Once the eutrophication reaches a
steady state, the biomass of the omnivorous ciliates will reach high values and even
dominate among ciliates [76].

The numbers of small omnivorous ciliates usually dominate in meso oligotrophic
environments, feeding on dominant bacteria (<2 pm) and algae (2-20 pm)

[49]. Food concentration is a very important factor, strongly affecting an easily
detectable feeding behavior of omnivorous ciliates [73]. Several of the most
common omnivorous ciliates are shown in Table 1.

3. Boundaries among trophic webs. Is that possible?

Functionality alone has its own complexity in food webs because, for example,
mixotrophs would be functioning as phototrophs or as heterotrophs along differ-
ent hours during the same day (How long do they function as phototrophs? How
long do they the function as heterotrophs?). An extra dimension in this world
comes from the different sizes of preys corresponding to the predators’ sizes and
the number of cells each individual predator must get to produce another individ-
ual [80]. This is one of the reasons why plankton has been divided in microplank-
ton, nanoplankton, and picoplankton. Each category corresponds to the range
sizes of microorganisms. The smaller ones like picoplankton and nanoplankton,
performing primary productivity (chemolithotrophs or phototrophic [3], can
sustain their corresponding predator’s size and be up to ten times bigger, namely
nanoflagellates and microflagellates. These are the two groups of protists related
to their size and morphology rather than their taxonomic affiliation [81], since
very few information is known about them apart from 18S SSU rDNA sequences;
they have been recognized performing predatory activity on phototrophs of the
smaller sizes.

One alternative to conceptually reduce the complexity of microbial food webs
is analyzing them as nested compartments. This means that the transfers of matter
and energy takes place inside each compartment corresponding with one size class
of producers and its predators because these organisms function in the same time
frame. Then, several of these compartments may get integrated in a bigger one by
predation of the next size class. Time frame for this bigger class is also bigger than
the previous one, as the sizes of the organisms are also bigger and so on. Every
compartment of bigger sizes function as concentrator of biomass and disperser of
energy. However, the wastes generated in each compartment releases the nutrients
once fixed in the biomass fueling the nutrient cycle in compartments of all sizes. Up
to here, it looks like the aquatic food web is functioning as a continuum along and
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through the water column and surface. However, there is a chance of recognizing
boundaries to help a better understanding the food webs dynamic.

When hearing the word “boundary”, immediately, the existence of physical
barriers delimiting something in space comes to mind. Because of that, it is hard to
imagine an aquatic food web being physically limited because our experience has
shown us the big animals feeding on all planktonic organisms at once, which could
be in thousands or even millions. However, it just represents a small appetizer for
a whale.

A careful examination reveals that very small organisms live faster than ones at
the immediate upper-sized scale and intuition tells us that time may be experienced
in different ways, depending on the size of organisms involved. The size ranges
occupied by ciliates in the microbial food web spans from less than 10 pm to more
than 4500 pm [82]. Comparatively, their pool of size ranges would be like the
pool of sizes from small fishes to whales. Why are these sizes important? Because
it can be argued that the velocity of nutrient exchange is faster in the smaller
organisms and the nutrients may be “sequestered” for long periods by the bigger
and long-lasting animals. In this way, a complication of time arises when trying
to diagram the nutrient cycle in the microbial food web. Time becomes another
varying feature rather than a constant in food web dynamics. In this way, time
may draw the boundaries between compartments and, at the same time, could be
avoiding contradicting the nested compartment proposal in the physical limitless
aquatic system.

4. The soil system

It is easier to recognize physical boundaries in terrestrial ecosystems as
the environment changes at slower velocities than the very dynamic aquatic
environment. Soil is a heterogenic environment, the opposite to the aquatic ones.

It is an environment that cannot be seen through and be dived in. Soil matrix is
composed of a very complex mixture of mineral particles, organic matter and living
organisms. This mixture is organized in aggregates that may facilitate or resist water
and air passing through it but, most importantly, these aggregates proportionate
spaces where all living beings can move through soil.

At a microscale, soil aggregates divide the open spaces in two types, the fast
water passing by (the space between aggregates) and the slow motion of water in
the space inside the aggregate, and consequently of slow-moving air too, as air and
water move through the same spaces). These are the soil’s physical boundaries,
and this is the environment where roots move and look for hotspots of nutrients,
as well as places where microbial symbionts may be found (normally inside soil
aggregates). Water reaching soil aggregates dissolved salts and polar molecules that
may contain nutrients that will be taken by roots, mycorrhiza, or bacteria. This is
a complementary start of plants primary productivity, because plants have to take
water from soil together with other nutrients to produce a wide range of molecules,
from non-protein forming amino acids to scents and pheromones, as result of what
is known as the “secondary metabolism.” Plant primary productivity comprises
both photosynthesis-respiration (primary metabolism) and secondary metabolism,
irrespective of being vascular or nonvascular.

Soil productivity is dependent on the nutrient exchange velocity rather than
the gross amount of bioavailable nutrients. Nutrients used and released very fast
means energy is being captured, transformed, and degraded very fast, implying
the activities of all participating organisms are taking place so fast that production

118



Food Webs
DOI: http://dx.doi.org/10.5772/intechopen.97252

of biomass at all levels is gaining momentum and its control may come only from
consumption (top-down) no matter that nutrients exist in limited quantity. This
feature also explains why the smaller organisms can sustain productivity of the
biggest ones. In other words, aerial part of plants are very important for primary
productivity because it is the place were light, inorganic carbon, and water are used
to produce organic molecules that are at the base of primary productivity (Sun’s
energy fixation in organic molecules).

Without diminishing photosynthesis’ importance, most of terrestrial plants
gather a “productivity teamwork” inside and around their roots, involving
mycorrhizal fungi and mutualistic bacteria, a functional place known as the
rhizosphere. Almost 80% of the known terrestrial plants need the association
with a mycorrhiza, to appropriately complete their life cycle, but all plants need
mutualistic bacteria to grow. Microbial partners are indeed an important part of
primary productivity, as they actively participate in the acquisition, modification,
and metabolization of many organic molecules containing the elements we call
“Nutrients.” For example, it has largely been demonstrated that mycorrhiza
translocate phosphorus to plants. At present, very few people challenge this.
However, what form of phosphorus is translocated from mycorrhiza to plant?
Surely, it is not the phosphorous as molecule, but organic molecule where P is
forming part of the structure. Plants can take up P from inorganic molecules in
general or from phosphoric acid. Why do they need mycorrhiza to supply P? It
is still an open question, but the degree of specificity of the plant-mycorrhiza
association allows to conjecture that plant and mycorrhiza share metabolites
containing nutrients (not just P) for metabolic complementation, and the same
could be true for mutualistic bacteria. This would explain why one species of
mycorrhizal fungi is mutualistic to several plant species but functions as pathogenic
or parasite to other ones.

Contrary to what happens in waters, soil fungi and bacteria are scattered
through soil and physically constrained to available surfaces. If they keep growing
unchecked, bacteria may become effective nutrient competitors to plants, as
nutrients forming bacterial biomass are non-available to plants. Mycorrhiza may
move farther away from the root than bacteria and can establish a mutualistic
relationship with other roots (whether they are from the same plant or from a
different species, it does not matter) to avoid becoming competitors. Absence of
bacterivores is a needed condition for bacteria to become a plant competitor in the
rhizosphere [83, 84]. Bacterivores ciliates, flagellates, and amoebae release nutrients
trapped in bacterial biomass, stimulating both plant and bacterial growth. In the
first case, nutrient release allows roots to take them in and bacteria microcolonies
may grow again in the root surfaces, already cleaned out, and obtain nutrients from
predators’ wastes [84].

Soil’s physical constrains allow growth of bacteria and fungi in differentiated
places. Sometimes bacteria also grow on the surface of hypha, helping fungi to
mimic bacteria and somehow escape from fungal predators. It has been possible to
observe protists feeding predominantly on fungi and avoiding bacteria as much as
possible (Dermamoeba granifera, Cochliopodium sp.). There are also protist species
feeding on soil algae (Colpoda sp., Polychaos sp., Thecamoeba sp.) Consequently, it is
possible to recognize the existence of several functional groups of soil protists: few
species of phototrophs feeders, large quantity of bacterivores, fungal feeders, rapto-
rial feeders (Balamuthia mandrillaris), and omnivores (Acanthamoeba castellanii,
A. polyphaga, A astronyxis).

This differentiation of soil’s physical spaces makes it easier to visualize the
small productivity compartments around roots, absorbing hairs inside small soil
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aggregates, bigger compartments covering aggregates on the tip of the root and
getting in contact through fungal hypha.

Motility of bigger protists are limited to litter and upper soil layer by the
available spaces, restricting their abundance in the underneath layers. Testate
amoeba, ciliates, and flagellates, around 100 pm, dominate in these 2 layers and
actively participate nutrient recycling from litter, while smaller size ciliates like
Colpoda cucullus, small flagellates and small naked amoebae distribute better in the
underlying soil strata in and around soil aggregates.

Primary productivity in soil is restricted to the upper layers where cyano-
bacteria and eukaryote algae may survive and even form thin layers known as
microbial soil crusts. Both phototrophic bacteria and algae may form stable
mutualistic symbiosis with other organisms, like fungi, to develop thicker
structures composing soil crusts showing lichens and mosses. Beneath and into
soil crusts, ciliates, flagellates, and amoebae are among the most important
microbial predators, active mainly during the time of water availability [85,
86]. However, the main photosynthetic carbon input is released by roots into
soil layers [87]. Roots secrete amino acids and other complex organic molecules
to attract symbiotic bacteria and mycorrhiza conforming the trio of soil pro-
ductivity sustaining microbial food webs deep into soil [88, 89]. Consequently,
protists’ species diversity may be higher around roots and the dominance of
ciliates may be restricted to the sizes of soil pores [86, 90-92]. Soil protists were
recognized as purely bacterivorous because fungi feeding protists may transito-
rily feed also on bacteria. However more detailed studies have recognized spe-
cies of soil protists feeding only on bacteria or fungi [93-95]. Among the main
bacterivorous ciliates are Colpodida (Breslaua vorax, Colpoda aspera, Colpoda
inflata, Colpoda maupasi, Colpoda steinii, Cyrtolophosis elongata, Cyrtolophosis
mucicola, Platyophrya vorax, Pseudocyrtolophosis terricola, Pseudoplatyophrya
nana [85, 96].

Fungi and bacteria normally use different kind of organic molecules, bacteria
normally metabolize low molecular weight organic molecules while fungi nor-
mally metabolize complex organic polymers of high molecular wight [97]. This
metabolic difference allows to conceptualize two pathways for nutrient cycling:
the bacterial and the fungal paths. However, this concept is being challenged
because of the abundance of protists feeding on both kind of microorganisms
[98, 99]. All the early recognized fungi feeding ciliates and amoebae in soil ranges
from 50 microns to above 150 pm [100]. However, there are also smaller ciliates
and flagellates feeding on both spores and hypha [100]. The main groups of spe-
cialized fungal feeder ciliates are grouped in the family Grossglockneriidae [93].
This family of ciliates may account for mora than 2% of the protists sequences in
the forest litter and grassland while may drop below 0.3% in peatland soil, prob-
ably due to the reduction of soil pore sizes [100]. Although, counting techniques
based in MPN calculated around 200 cells/gram soil DW in previous studies
[101]. Protists have a very limited capacity to disperse throughout the soil system
by themselves. However, oligochaeta disperse them as cysts farther than a few
centimeters, in the range of several meters both horizontally as well as vertically
into the soil system.

Soil functioning is much more variable than the aquatic systems, as it is regularly
subjected to dryness and several flooding events per year. For microbial ecologists,
soil is a natural stressed environment, having enormous variations of water avail-
ability through seasons, especially in arid and semiarid environments. However,
there is a comparable situation, although at lesser degree, in the tropical dry forests,
temperate, and tundra regions. Even at the equator, the rainy forests may show an
excess of soil in water, stressing microbial food webs.
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5. Perturbations and food webs

Microbial communities have been evolved by modifications and adaptations in
responses to natural stresses that finally allow them to get along with environmental
change. The problem we are facing now resides in the velocity of environmental
changes imprinted by human activities. The most important, but hardly the only one,
resides in the use of fossil fuels because of the acceleration of climate change. The CO2
released as byproduct of combustion is just one of the causes of climate modification
in the short term (in historical and geological times). Internal combustion engines
also produce other greenhouse gases such as NxO or NO2, having a bigger capacity of
keep heat, and this is a big problem generated only for the atmosphere. Hydrocarbons
pose a permanent threat of contamination to aquatic and soil systems near the
extraction zones, the transporting infrastructure to refineries, infrastructure for later
transportation as fuel to expending places, and by illegal activities damaging oil ducts.

Soil microbiota react in different ways along the gradient of contamination when
hydrocarbons reach soils. The plume of contamination normally eradicates the
phototrophs and exert a strong selective pressure on bacteria and fungi, by killing
or inhibiting the growth of sensitive species while enhancing the growth of resis-
tant ones. These effects can be modified by the toxicity of the different compounds
rupturing and/or changing the connections of the trophic networks [102, 103].

The effect of hydrocarbon contamination and others contaminants (pesticides,
heavy metals) on communities will depend on the intensity, duration, and fre-
quency of the perturbation. Then, lower species richness and abundance, shorten-
ing of the trophic webs, and the simplification of the trophic web are among the
first observable damages contamination cause on microbial and protist communi-
ties [104]. Protists must at least tolerate the presence of the contaminant to achieve
this function. Protists do not feed on hydrocarbons, but their grazing activity on
the microorganisms that can keep the metabolization of the contaminant as high as
another limiting factor allows them to.

Greater richness and abundance of ciliates species are associated with less
perturbed areas; the greater the perturbation, the lesser species richness and
abundance [105], regardless of the nature of the perturbing factor. For example, a
significant reduction of ciliate diversity has been found in systems polluted by high
hydrocarbon concentrations [106]. Medium concentrations only reduce the quan-
tity of individuals from dominant species [106], while low concentrations produce
an increase in the numbers of heterotrophic protists [107]. Saline accumulation
forces the ciliates’ diversity to decrease as salinity values increase [108, 109]. In the
same way, acidic pollution produces lower species richness and abundance as the
environment becomes more acidic [110, 111], and the same pattern is observed with
heavy metals’ contamination [104, 110].

Addition of organic matter in excess suddenly changes the base of production of
the microbial food web, from phototrophs’ productivity to heterotrophic bacteria
and yeasts’ productivity. The time of reaction is also different along the different
microbial groups surviving the contamination event. Bacteria may start their bio-
logical activities several hours after the pollution event, whereas yeast and protists
will delay from days to weeks, depending on the size of the organism.

Changes of primary producers from phototrophs to heterotrophs scale to func-
tional groups, accommodating species richness and abundance of bacterivores
protists, followed by omnivores. This is due to hydrocarbons stimulation of bacterial
growth and the consequently increase of bacterivores species [112, 113]. Some species
of genera Colpoda and Vorticella dominate aquifers receiving constant hydrocarbon
discharges [114]. The bacterivorous ciliates, Parauronema virginianum, strongly domi-
nate sites highly polluted with hydrocarbons and are replaced by Pseudocohnilembus
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and Euplotes later [115]. Additionally, organic contamination and heavy metals
increase the abundance of bacterivorous ciliates in water and sediments [116].

An increase in diversity and complexity of food webs are direct effects of these
perturbations. Oil spill in deep waters increase the richness of the microbial com-
munity species and the complexity of their corresponding relationships, and the oil
stimulated microbial activity supports greater variety of ciliates functioning along
several trophic levels [117].

Other events of enriching oligotrophic systems with organic matter produce
similar changes in the community structure of ciliates. Tirjakova and Vda¢ny [118]
analyzed the changes in the communities of ciliates before and after a windstorm
hit a stream, and they found a significant increase of ciliates’ species’ richness and
abundance after the storm. Several weeks later, the community of ciliates presented
the typical values of oligotrophic sites. The increase in resources availability is
the factor indirectly responsible of these changes of ciliate community, but later,
communities tend to return to states similar to the initial ones after resources
exhaustion, which my take place around six months [118]. However, Shabarova et
al. [119] report that the microbial community recovers from perturbation to a pre-
flood state within two weeks after the event.

Regarding the connections’ shrinkage of the trophic networks, a gradual
narrowing of the planktonic size spectrum has been reported in hypersaline lakes,
correlated to salinity increases during the summer, resulting in a simplification of
the community represented by the ciliated Fabrea salina, diatoms, and Dunaliella
spp. [120]. Simplifications of food webs have also been described as consequence
of heavy metal contamination, herbicide use, and lake acidification [104, 121,

122]. Loss of connections have consequences on carbon transfer in food webs. The
decrease of bacterivores species allows an excessive increase in bacterial biomass,
which may produce up to 300-fold reduction in the transfer of carbon from the
bacteria to higher levels of the trophic networks [104].

Communities’ characteristic of hypersaline lakes are dominated by Fabrea
salina, which has a broad tolerance to salinity and contributes to high proportion
of the biomass of ciliates in hypersaline lakes [108, 109, 120, 123]. In addition, its
abundance is strongly related to the microalgae, Dunaliella sp. [123], and can act as
a competitor to shrimp, Artemia salina, in saline environments [108].

Regarding the perturbances in the soil ciliated communities, similar effects
have been described as in aquatic ecosystems. Exposure of ciliate communities
to heavy metals induces a reduction in the biomass of ciliates and this effect
lasts for 20 weeks [124]. Insecticides also generate a decrease in ciliates species
immediately after contamination, they also generate a change in the dominance of
ciliates, the bacterivores (Colpoda spp. and Paracolpoda steinii) and macrophage
(Grossglockneria) considerably increased their abundance after 90 days, while that
other genera of ciliates decreased [125]. In soils contaminated with hydrocarbons,

a decrease in diversity and a lower functional diversity have also been observed, the
ciliated communities in soils with hydrocarbons are dominated by the Colpodea
class [96, 126, 127]. It has also been observed that along with the decrease in the
diversity of ciliates there is a decrease in the trophic groups after an intense pulse of
contamination by hydrocarbons. However, the community recovers its diversity and
trophic groups after a month of contamination [127].

6. Conclusions

Protists in general, and ciliates in particular, play a key role in nutrient cycling
and food web functioning in both aquatic and terrestrial ecosystems. In the world
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experiencing climate change and other kind of anthropogenic menaces, protists
may be useful partners to tell us how aquatic and terrestrial systems are dealing
with these issues while mesmerizing the observer with their great diversity of
beautiful forms.
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Abstract

Although many ciliates are free-living, more than 140 families of ciliates (Alveolata,
Ciliophora) include symbiotic species of animals. Symbiosis, defined as an interaction
between two species, is analyzed in this chapter to show a wide diversity of symbiotic
systems in ciliates (epibiosis, commensalism, mutualism, and parasitism), providing
some data about ciliate strategies showing their success as symbionts. Some species are
free-living as well symbionts, facultative symbionts, and obligate symbionts. Analysis
of reconstructions of ancestral state evidence that the parasitism arose numerous times
and independently among the lineages of ciliates. At least three evolutionary routes can
be traced: (1) transition from free-living to mutualism and parasitism, (2) transition
from free-living to parasitism, and (3) regression from parasitism to free-living. The
evolution of the symbiosis in ciliates demonstrates a higher diversification rate con-
cerning free-living ciliates. The analysis of the evolution of the life cycles complexity,
exploring molecular data of the phases of the ciliate cycle in their hosts is also essential.
We propose new approaches for an integrative study of symbiotic ciliates.

Keywords: Ciliophora, diversity, ecology, macroevolution, morphology, physiology,
symbiosis, taxonomy

1. Introduction

Ciliates (Alveolata: Ciliophora) comprise free-living and symbiotic species.
According to Corliss, [1] 2,600 species of ciliates have been described as symbionts,
mainly of individuals of metazoan phyla. This is equivalent to 33% of all the known
species of the phylum. They belong to eight classes (Armophorea, Heterotrichea,
Litostomatea, Nassophorea, Oligohymenophorea, Plagiopylea, Phyllopharyngea
and Spirotrichea), 31 orders, 151 families, and almost 700 genera [2]. These sym-
biotic ciliates have been reported in aerobic and anaerobic environments and from
aquatic and terrestrial habitats [2, 3].

The term symbiosis can be defined as a sustained relationship between at least
two individuals from different species, either living in direct contact or close
enough to each other during a part or the whole life cycles of the partners. This
interaction is transmitted vertically (from one generation to the next) or horizon-
tally (acquired de novo in each generation). The intricate associations are believed to
have an essential driving force in evolutionary biology, as a host and their symbiotic
microbiota acclimatize on scales of short time [4].
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Due to the diversity of symbioses, a classification system for symbiotic associa-
tions has been developed. This classification is based on several features: i) the
dependence, where symbionts can be obligate or facultative; ii) specificity of the
symbionts; iii) nutrients obtention, then biotrophic and necrotrophic symbionts are
distinguished on the basis of whether nutrients are obtained from a living or dead
partner, and iv) location of the symbionts, ectosymbionts or endosymbionts [5].
The symbiotic relationships can be categorized into mutualistic, commensalistic, or
parasitic [2, 6]. The boundary between these categories sometimes is not clear, and
there are frequent transitions between them.

Several papers have been focused on providing taxonomic reports for symbiotic
ciliates, some of them as general works, and a few directed to certain groups [7-16],
and some were focused on certain geographic areas [17-24]. Critical reviews of
some species as Balantidium coli were done by Schuster and Ramirez-Avila [25]; for
chonotrichs [26]; peritrichs [27] and suctorians [28].

Also, very different topics about ciliates and their hosts have been devel-
oped as shown: symbiotic interactions [epibiotic, hyperepibiotic, commensals,
parasites (obligates and facultatives)], codiversification: [29-37]. Morphology
(variation, molecular characterization): [38], clevellandellid, Nyctotheroides;

[391, Dicontophrya; [40, 41] peritrichs. Taxonomy (new family, genus or species),
redescription, revision: Apostomatia: [42]; Apostomatida: [43]; Trichodina:

[44]; Epistylis and Opercularia: [45]; Spirochona: [46]; Buetschlia and Charonina:
[31, 47-51]. Life cycles, encystment/excystment process: [52-54]. Pathogenicity,
damages, infestation degree, virulence: [55-59]. Molecular and phylogeny:

[30, 60-68]. Ecological aspects: [69, 70]. Immunity: [71, 72]. Stomatogenesis:
[73]. Ultrastructure: [74].

Symbiotic systems between ciliates/animals are present in a broad spectrum of
kingdom Animalia, and some examples are the following (animal group alphabeti-
cally arranged, different taxonomic levels): acari: [75]; amphipods: [76]; antilope:
[77]; anuran: [78]; Asian elephant: [79]; baboon: [80]; bryozoans: [81]; buffaloes:
[82]; capybara: [83-85]; cattle: [86]; chimpanzees: [87]; cirripedians: [88]; crusta-
ceans: [89]; ctenophores: [90]; cuttlefish: [91]; dromedary camels: [92]; elephants:
[93]; fishes: [94, 95]; frogs: [96]; great apes: [97]; horses: [98, 99]; humans: [100,
101]; polyps of hydras: [102]; insects: [103]; isopods: [104, 105]; kinorhynchs:
[106]; llamas: [107]; maccacus: [108]; mammals: [109]; mollusks: [71, 76]; nema-
todes: [29, 110]; nemerteans: [13]; oligochaetes: [111, 112]; ostracods: [113]; poly-
chaetes: [114, 115]; rhinoceroses: [116]; sea urchins: [117]; thoroughbreds: [118];
turbellarians: [119]; wood-feeding roaches: [120].

Some examples of ciliate taxa that include symbiotic species are the following:

Heterotrichea: Folliculinids attach to the integument of various invertebrates as
bivalve shells, crustaceans exoskeleton, polychaete tubes, hydroid perisarcs, bryo-
zoan tests, with a widespread occurrence [121], and may cause the skeletal eroding
band or brown band diseases of scleractinian corals [2]; their life cycle includes a
migratory swimming stage.

Spirotrichea: Hypotrichs are known mainly as free-living organisms, but some
species such as Euplotes balteatus have been recorded in some sea urchins’ intestinal
tract [122]. Some species of stichotrichids as Plagiotoma lumbrici are endosymbionts
of oligochaetes [123].

Armophorea: Class Armophorea includes clevellandellids as Nyctotheridae, with
obligate endosymbionts usually as commensals of invertebrates and vertebrates; life
cycles include a phase of the cyst [2].

Litostomatea: Trichostomes are symbionts of vertebrates as ruminants and
foregut fermenters [2], including the human pathogen, Balantidium coli, species
that have a life cycle including two phases: trophozoites and cysts [25]. This species
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has been considered to be included in a new genus, Neobalantidium coli [124]. The
genus Balantidium has a more significant number of species that have been reported
as endocommensals in the digestive tracts of a widely diverse range of metazoan,

as mollusks, arthropods, fishes, reptiles, birds, and mammals [124]. In the rumen
ecosystem, ciliates can account for up to 50% of the total microbial nitrogen, reach-
ing densities of 10° to 10° cells/ml rumen fluid, being Charonina ventriculi one of
the smallest rumen ciliates [125].

Ophryoscolecidae and Cycloposthiidae include species as endosymbionts
of ruminants and equids, respectively [126]. Entodiniomorphid ciliates of the
genus Triplumaria are found in the intestine of elephants and rhinoceroses [60].
Entodiniomorphida do not form cysts, and in non-ruminant mammals, the infections
of hosts occur by coprophagy [47].

Phyllopharyngea: Chonotrichs live on marine and freshwater hosts and divide
by forming external or internal buds [127], with a dimorphism where the adults live
attached to several appendages of crustaceans, and the larva is free and swims to
reach a new host [128].

Suctorians, as a rule, reproduce by different modes of budding, produce one
to several larvae, with a short swimming existence, and then lose their cilia and
metamorphose into adults or trophonts [127]. The non-ciliated mature stages of
suctorians are usually sessile, attached to the substrate by a non-contractile stalk,
and reproduce by ciliary larvae called swarmers or migrators [129].

Oligohymenophorea: Yi et al. [130] documented that the life cycle of
Ichthyophthirius multifiliis, a parasite of fish, consists of three key developmental
stages: the infective theront, the parasitic trophont, and the reproductive tomont.

Mesanophrys pugettensis, is a scuticociliate thata was observed with a diphasic
life history, the larger phase or trophont, and the smaller phase resembling tomites
[34], is a facultative parasite of the Dungeness crab. Conchophthirus species are
generally considered an endocommensal inhabiting the mantle cavity of freshwater
clams or mussels [30].

Thigmotrichids from several families were analyzed by Raabe [131-134], where
species of Hemispeiridae are symbionts of the mantle cavity and nephridia of
molluscan, those of Ancistrocomidae, Sphenopryidae and Thigmophryidae are
ectosymbionts of mantle cavity and gills of molluscan, and Hysterocinetidae
species were categorized as endoparasites of the gut of prosobranch mollusks; life
cycles include tomites.

The apostomes is a small group of oligohymenophorean ciliates, with four
major life histories: 1-exuviotrophic, that remain encysted on the exoskeleton of a
crustacean host, and excyst to feed on exuvial fluid, reproducing during the host
ecdysis, 2-sanguicolous, penetrate the cuticle of the host, feed on the cells and
fluid of the hemocoel and reproduces, 3-chromidinid, found in the renal organs
and opalinopsids found in the liver and intestines of cephalopods ingesting fluids
and cells, 4-histotrophs, such as Vampyrophrya [135]. Apostome ciliates have life
cycles typically involving crustaceans, with a non feeding microstome tomite and a
macrostomous trophont [127]. Species of apostome of genus Collinia are endopara-
sites able to reproduce rapidly within the host that invariably kill the euphausiid
within 40 hours of infection; Gymnodinioides genus includes exuviotrophic species
that feed on the fluid within the exuviae of crustacean hosts and Landerset al.,
[136] documented for Gymnodinioides pacifica the presence of trophonts, phoronts,
tomonts and tomites. For Synophrya the phoront, hypertrophont, hypertomont, and
hypertomites were observed [137].

Pilisuctorian ciliates spend most of their lives perched on cuticular setae of
crustaceans, and complete their life cycle on a single host, having the stages tomite,
tomont and trophont [138].
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In peritrichs, a significant character is the scopula which is the region that
originates the stalk to attach the organism to the substrate and modifies to a highly
complicated adhesive apparatus in mobiline [127]; two phases are known, the
trophont and the dispersive telotroch.

Species of sessile peritrichs genera such Ambiphrya, Epistylis, Heteropolaria,
Rhabdostyla, and Zoothamnium are epibionts of zooplanktonic invertebrates, larval
stages of aquatic insects, aquatic mollusks, crustaceans, fish, amphibians, and
reptiles as the main groups of organisms [139]. Members of genus Epistylis have been
reported as epibionts in several metazoans, but also as an important fish ectoparasite
being considered an emerging pathogen [140]. Genus Lagenophrys comprises only
symbiotic species of freshwater and marine crustaceans [89]. Trichodinids are the
most devastating ectoparasites of cultured fish, causing severe damage [141], and
for genus Trichodina about 300 species have been described, mostly from freshwater
environments [142]. Also, there are reports of trichodinids from the gills of limpets
[143] and have been documented as symbionts of a broad spectrum of aquatic and
terrestrial invertebrates and vertebrates hosts [65]. Trichodinella epizootica is one of
the most widely distributed freshwater trichodinids in Europe and Asia, but has also
been reported from Africa, the Pacific region and North America [55]. Urceolaria
includes species ectosymbionts of freshwater turbellarians, marine polychaetes, and
mollusks; Leiotrocha species are ectocommensals and endocommensals of marine
molluscans, and species of Polycycla are endocommensals of Holothuroidea [144].

2. Ecological relationships: Classical definitions and approaches
2.1 Epibiosis

Epibiosis is a facultative association of two organisms: the epibiont, which
colonizes the surface of live substrates, and the basibiont, which hosts the epibionts
[145]. Some species of epibiotic communities show preferences for specific location
sites on the host [76]. According to Wahl and Mark [146], when the effects associ-
ated with epibiosis are neutral or positive for a basibiont species and beneficial for
an epibiont species, selection should favor the evolution of the epibiotic relation-
ship, which tends to increase specificity through evolutionary history. Although
many epibiont ciliates are not harmful to their basibionts, some studies have shown
that the epibionts can cause deleterious effects on their hosts [147-149].

Historically, studies involving epibiont ciliates focus on the following interests:
new records and checklists [27, 28], descriptions of new taxa using morphological
and molecular data [150], possible deleterious effects on hosts [149, 151], distribu-
tion and preferred sites of epibiont populations and communities [152], spatial
and temporal distribution of the epibiotic relationship [153], laboratory rearing
and experimentation studies [154-156], and even investigations into extrinsic and
intrinsic factors involved in the kinetics of epibiont ciliate populations [157, 158].

2.2 Mutualism

Mutualism is a relationship with high metabolic dependence, where both
organisms, ciliate and their hosts, obtain benefits [159, 160]. In the phylum
Ciliophora, this type of relationship is seen, mainly in the subclass Trichostomatia,
which includes the ciliates of the digestive tract of herbivorous mammals [161].
The symbiont ciliates represent approximately 2,600 of the described organisms,
of which around 1000 species belong to the subclass Trichostomatia [2]. This
subclass comprises ciliated protists, mostly mutualists of the digestive tract of
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several vertebrate hosts, with only one species showing parasitism in humans,
Balantidium coli [2, 162, 163]. The subclass Trichostomatia is divided into three
orders: Vestibuliferida, Entodiniomorphida, and Macropodiniida.

Ruminant ciliates and the host have a fundamental symbiosis relationship for
the digestion and absorption of large amounts of plant material by the ruminant
[164, 165]. On the one hand, the host provides an ideal environment for the survival
of the symbiotic microbiota. The rumen is a strictly anaerobic environment, with
temperatures ranging from 38 to 41° C, redox potential around 250 to 450 mV
(millivolts), osmolarity ranging from 260 to 340 mOsm (millivolts), and pH levels
between 5.0 and 7.5. Maintaining these characteristics is essential for microbial
enzymatic activity to occur. In return, symbionts provide energy, protein, and
vitamins to the host [166]. In energy terms, about 50-70% of the energy obtained
by the host comes from the absorption of volatile fatty acids (VGAs) (eg. acetate,
butyrate, and propionate), which are absorbed after the breakdown and fermenta-
tion of plant fiber by ruminal microorganisms [165]. Ciliates also represent a great
source of protein for the ruminant (about 2 to 5%). Still, the ruminal microbiota
also synthesizes B and K vitamins in sufficient quantities for the maintenance and
growth of the animal. Due to the important participation in the physiology of the
ruminant, the evolutionary dynamics of ruminal ciliates has been suggested as
closely associated with the radiation of their hosts [167-169].

2.3 Commensalism and parasitism

Commensalism occurs when the symbiont inhabits in the host with no evident
benefit or harm [170].

Parasitism, which is less common in ciliates, involves the parasites that usually
cause disease being pathogens. They may be localized or spread throughout a host,
defined as the independent and dominant member of the symbiotic pair. Here, the
parasite inhabits on or inside the host to obtain resources and to harm it [171].

3. Ecological relationships: evolutionary approach

From an evolutionary point of view, there are species that are entirely free-living,
those which can live equally well both free or as symbionts, species that are almost
entirely symbiotic with only occasional periods of “free” existence during their life
cycles (facultative symbionts), and species which are entirely symbiotic (obligate
symbionts). Most of the well documented associations between Ciliophora and
Metazoa are the ones leading to a certain degree of metabolic dependence. We will
use in this topic the idea of metabolic dependence to define the ecological relation-
ships: “free-living” (no metabolic dependence), “epibiont” (facultative metabolic
dependence), “mutualistic” (mutual metabolic dependence) or “parasitic” (unilat-
eral metabolic dependence, including commensalism).

For many years the evolutionary studies for Ciliophora were based only on
morphological data, mainly those related to the ultrastructural characterization of its
complex infraciliature [2]. However, in recent years this scenario has been modified
with the implementation of modern tools that use multidisciplinary methods to inte-
grate morphological, phylogenetic, molecular, and ecological data [161, 172-174]. A
reliably dated phylogeny is fundamental to infer a broad macroevolutionary scenario
for Ciliophora [172]. The inference of diversification rates from molecular phylog-
enies has increasingly been used to derive macroevolutionary patterns of lineages.
Understanding how the different ecological relationships evolve in Ciliophora along
time is a complex task that has been developed for many years. Different hypotheses
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about the origin and evolution of parasitic life have been proposed. Parasitologists
suggest that the symbiotic way of life probably descended from free-living lineages
that subsequently adapted to life in special habitats. Besides this, several authors
suggest multiple origins of parasitism based on a comparison of morphological and
ultrastructural aspects between them and their free life co-specifics [175], however,
the processes that lead to its emergence are still imprecise [176-178].

Concerning the phylum Ciliophora, the vast majority of ciliates are categorized as
free-living, and studies suggested that symbiosis apparently arising independently
among various classes [179]. For genus Tetrahymena (subclass Hymenostomatia,
order Hymenostomatida), all gradations of adaptations to symbiosis occur. There
are species that live totally free, those that can live equally well both free and as
symbionts, species that are almost entirely symbiotic with only occasional periods
of “free” existence during their life cycles (optional symbionts), and species that are
totally symbiotic (mandatory symbionts) [180]. Different transition routes between
ecological associations have also been proposed, based on morphological and
ecological characteristics. The first one proposes that free-living organisms assume
habits of low metabolic dependence (mutualism, commensalism, among others),
and with the strengthening of relationships, where they become parasites [176, 181].
The second hypothesis suggests that a free-living organism, when it comes into
contact with a host accidentally, adapts itself to live both freely and within that host
(optional parasite) [179], that is, free-living organisms adapt to live inside a host,
which becomes something advantageous and increases fitness, making this a favor-
able way of life for the species.

Previous studies aimed to test these hypotheses based on phylogenetic analyzes of
small groups within Ciliophora [174, 182, 183]. The macroevolutionary analyzes from
the whole Ciliophora phylogeny presented Figure 1 suggested that the ancestral way
of life of the ciliates originated from a free-living organism and that the parasitic way
of life arose numerous times and independently in Ciliophora, which was induced
by two types of ancestors, free life and mutualistic (Figure 1). The transition to the
parasitic way of life was recovered from two different origins: 1) a free-living ances-
tor evolved into a mutualistic organism and, later, to a parasitic organism, and 2) a
free-living ancestor evolved into an organism parasite (highest number of cases).
There are also cases where there has been a regression in the ciliate’s way of life, where
parasite clades evolved to free-living clades (Figure 1).

Evolutionary transitions in Ciliophora

S~ e~ [

@ Freeliving
) Mutualism

@ Parsilism

Figure 1.
Ancestral habit veconstruction for Ciliophora showing the main routes of transitions. Blue: Free-living. Yellow:
Mutualism. Red: Parasitism/commensalism.
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4. Future perspectives

The analytical improvement for morphological, ultrastructural, molecular, and
evolutionary characterizations in Ciliophora culminated in an “Age of Integration”,
which several disciplines interact to infer patterns of biodiversity [184]. Although
it is an age in full expansion, several gaps often prevent a study of diversity in its
diverse areas in a complete way.

We are in a period of the paradigm shift, where Next Generation Sequencing
(NGS) techniques have been applied exponentially, and, therefore, it is expected
that new discoveries will emerge and new panoramas will be drawn on the diversity
of the strains, as well as their respective ecological interactions. The transition from
phylogenetic studies to phylogenomics is based on technological progress combined
with exponential sequencing of molecular sequences (DNA, RNA), reduced associ-
ated costs, increased computational capacity, and improved analytical protocols. It is
important to make efforts in studies to expand such technologies to lineages with little
sampling in databases. For example, the classes Prostomatea, Oligohymenophorea,
Litostomatea, and Phyllopharyngea, which present several examples of symbiosis, do
not have available molecular sequences which prevents the evolutionary inferences of
these lineages, requiring in the future more studies to refine the evolutionary hypoth-
eses about the phylum. Efforts to expand metataxonomy using metagenomics and
metatranscriptome methods have fed the databases exponentially in several lineages,
revolutionized the analysis of environmental microbial diversity [175, 185, 186]. In
fact, the generation of data for the target sequencing of phylogenetic, metagenomic,
and metatranscriptomic markers is now reasonably well established, and several DNA
sequencing platforms based on different technologies are currently available as well
as different bioinformatics programs for each level of data extraction. However, due
to the limited size of the molecular sequences produced by the platforms (~ 500 bp),
phylogenetic estimates may be inadequate. With longer readings comes an improved
phylogenetic signal, and we show that it is possible to employ a complete phylogenetic
signal approach to taxonomically classify sequences and obtain a robust evolutionary
structure of environmental diversity. New sequencing technologies such as nanopore
sequencing, which offer long reads, improved the phylogenetic signal and more
robust taxonomic patterns, can be an alternative in future studies [187].

With the significant increase in the number of available sequences from NGS
sequencing, more effective and less subjective methodologies have been proposed to
define the limits and number of independent evolutionary entities, to accelerate the
biodiversity assessment process. In the last two decades, the field of species delimita-
tion has intensified in relation to the number of methods available. For this, several
methodologies have been proposed, based on biological [188], ecological [189], and
molecular data [190], in addition to combining phylogenetic theory and population
genetics [191-193]. The use of these methodologies in ciliates performed very recently
to delimit organisms of free life, as species of the genus Frontonia, using the mito-
chondrial gene COX1 [194], species of the genus Spirostomum, using the ITS spacer
region genes [195], and COI and 18S markers of the Paramecium genus.

Finally, several authors have emphasized the lack of studies on the distribu-
tion and occurrence of ciliates associated with Metazoa in natural conditions and
the the lack of information on the ecology and interactions between epibionts
and hosts. Few studies are exploring the natural history and complexity of life
cycles, which makes it difficult to characterize optional and mandatory relation-
ships. The absence of the characterization of the ciliate at the stage it is in the
host, most studies, only in the environment, making it difficult to characterize
the life cycle. Relevant information about habitat, life cycle, infection site is rare
for Ciliophora [160, 196, 197].
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Abstract

Fatty acids are molecules with important physiological functions, proved to
be good bioindicators of the presence of natural and chemical stressors and so used as
early warning signals. Indeed, biochemical analyzes, such as fatty acids, are an
important tool in water body management and water quality analysis, allowing
detecting molecular changes in aquatic communities, related to the trophic status of
the systems, before they are perceived in the environment. In this work was investi-
gated the fatty acid composition on zooplankton community collected in four reser-
voirs of hydroelectric plants on the Iguagu River, Brazil, and assessed the species
distribution to assess and compare the water quality in these reservoirs. Results
showed the trophic state index presented a wide variation among samples, ranging
from oligotrophic (Salto Caxias) to hypereutrophic (Foz do Areia). The most abun-
dant fatty acid was docosahexaenoic acid (DHA, C22:6n3) an essential fatty acid with
health benefits, playing a pivotal role in biological functions. This study highlights the
sensitiveness of the zooplankton community to environmental conditions and
underlines the role of fatty acids as good bioindicators, being good endpoints to use in
ecological studies. This supports the zooplankton contribution as a biological quality
element in the assessment of reservoir quality elements.

Keywords: fatty acids, hydroelectric reservoirs, Iguagu river, reservoir dynamics,
zooplanktonic diversity

1. Introduction

The development of urban centers leads large cities in many regions (for
example, as in South America and Asia) to discharges of industrial and domestic
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wastewater treated inadequately or depleted directly to the environment. The
release of sewage from residential and industrial areas and the overuse of fertilizers
and pesticides in aquatic environments, cause deoxygenation, increases the levels of
toxic compounds and spread infectious diseases, with the degradation of water
quality and significant negative impacts on health and mortality [1]. In addition,
overexploitation of groundwater can damage wetlands, cause soil subsidence, and
induce saltwater intrusion into coastal aquifers. In other regions, over-exploitation
of surface water disrupts flow regimes, affecting aquatic ecosystems and the quan-
tity and quality of water supply. Thus, extensive hydrological information and
monitoring ecosystem plans are crucial for the development and protection of water
resources. In studies of water quality assessment, a range of parameters are deter-
mined and assessed, which can be divided into three groups: (1) analysis of biolog-
ical parameters (2) determination of physical, chemical, trophic, ecological and
saprobicity indices (3) ecological aspects of community’s biological processes [2, 3].
Several works were carried out based on the response of specific biological species
to determine water quality [3-6]. With the implementation of the European Water
Framework Directive (WFD), the ecological status of surface water is classified to
standardize procedures based on the evaluation of a series of biological quality
elements (BQEs). Different BQEs can act as pressure-respondents with comple-
mentary roles as proxies of structural and functional ecology [7]. In lakes, phyto-
plankton is the “fast responder” to eutrophication, while other BQEs are more
sensitive to other pressures like hydromorphological or chemical ones [8-10].
However, zooplankton has not yet been included as a BQE, despite being consid-
ered as a key component of aquatic food chains, but the reason for this omission
remains unclear.

According to Jeppesen et al. [11], the value of zooplankton as an indicator of
ecological conditions stems from its position in the food chain, controlled by top-
down regulators (fish) and bottom-up factors (phytoplankton), thus providing
information on the relative importance of both main regulatory processes, as well as
the impact of zooplankton on water quality. These authors concluded that the
focus primarily on ecosystem structure and less on WFD should be reconsidered,
and it should be demonstrated that zooplankton is a key element in understanding
the function of lake ecosystems and perhaps also in large rivers and transitional
waters [11].

The use of zooplankton for the environmental characterization of aquatic envi-
ronments is potentially advantageous because of its key position in the food chain,
and for wide geographic distributions [12, 13]. These organisms respond rapidly to
acute and chronic stress factors, showing a high sensitiveness to chemical and
environmental stressors, making them favorable candidates as indicators of
ecosystem quality [2, 3].

The concentration of nutrients varies among the various aquatic systems
influencing the chemical composition of the aquatic organisms. Some organisms are
considered good bioindicators and can be used in studies of water quality, since
their occurrence is related to the degree of pollution of the sampling site [3, 5].
Thus, observing the variations in the biochemical composition of the zooplankton
organisms, can be correlated it with the eutrophication status of the system, and
infer about the quality of the ecosystem. Indeed, lipids are very sensitive to envi-
ronmental and chemical stressors [12, 14, 15]. In the last decades, the interest in the
fatty composition of aquatic organisms has increased. The knowledge in biochemi-
cal composition of the main zooplankton groups has become important to under-
stand the metabolism, physiological functions and nutritive value due to its
relevance for the energy transfer in aquatic systems and secondary production.

156



Changes in the Fatty Acids Profile of the Zooplankton Community Reveals the Quality of...
DOI: http://dx.doi.org/10.5772 /intechopen.102711

Still, studies on the biochemical composition of zooplankton, more precisely on
fatty acids, related to the trophic condition of the environment are scarce in the
literature.

In Brazil, the reservoirs of the five hydroelectric plants located on the Iguacu
River—Foz do Areia, Salto Segredo, Salto Santiago, Salto Osério and Salto Caxias -
are characterized by forming a cascade system. The mainstream of Iguacu River and
some of its tributaries are currently polluted and receive high man-induced loads of
nutrients, substantially originating from domestic sewage. This study aims to
determine the fatty acids composition of the zooplankton community collected
from four reservoirs along the Iguagu River, and to relate them to the ecological
status of the aquatic system to assess its quality.

2. Material and methods
2.1 Study area

The Iguagu River originates from the junction of the Irai and Atuba rivers, in the
metropolitan region of Curitiba, Parana State. Its formations, originating at alti-
tudes above 1000 m, constitute the Iguagu River at an elevation of 908 m, from
where it travels 1060 km, in the east-west direction, receiving water from various
tributaries until reaching an altitude of 78 m and flowing into the Parand River, near
the city of Foz do Iguagu [16]. From the Parana rivers, it has the largest hydro-
graphic basin, covering an area of approximately 72,000 km?, of which 79.00%
belong to the state of Parand, 19.00% to the state of Santa Catarina and 2.0% to
Argentina [17]. The Iguagu River is the main river in the State of Parand, runs from
east to west, having its source located near the municipality of Curitiba and its
mouth in the city of Foz do Iguagu.

Due to the favorable conditions of uneven terrain, several hydrographic basins
(among them that of the Iguagu River) were used for the construction of reservoirs
in sequence. The series of dams built in the same hydrographic basin forms what is
known as a cascade of reservoirs [18], a condition that changed the physiography in
many hydrographic basins in the country.

There are five large reservoirs for power generation along the Iguacu River,
located in the southern region of Brazil, in the Parana state, all with more than
80 km? of surface area: Foz do Areia, Salto Segredo, Salto Santiago, Salto Osério and
Salto Caxias (Figure 1). Together they have a surface area of 753.98 km? and an
installed power generation capacity of 6644 megawatts, contributing to 6.54% of
the national production. In general, they are dendritic and deep reservoirs, Foz do
Areia has 180 m deep [16]. These reservoirs, built in a cascade system are usually
operated as single units, so from the physical, chemical and biological point of view,
each can behave as a unit with unique characteristics [19].

The Foz do Areia reservoir is the first of the large reservoirs of the Iguagu
River, it was formed in 1980 by a 160 m high and 820 m long dam, flooding an
area of 139 km” on the border between the municipalities of Pinhio and
Bituruna. The reservoir has its margins protected by natural vegetation and
regions with secondary forests, mainly due to the relief of the region. The banks
of Foz do Areia reservoir are constituted of natural vegetation and agricultural
lands [20].

The Salto Segredo reservoir is located downstream of the Foz do Areia reservoir
and upstream of the Salto Santiago reservoir, in the municipalities of Reserva do
Iguagu and Mangueirinha, was formed in 1992, with a flooded area of 82.5 km?. It is
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Figure 1.
Reservoirs along the Iguagu River (modified from da Silva [19]).

a little dendritic reservoir with an average depth of 36.6 m (in some places it can
reach up to 100 m) and a water residence time of 47 days. It receives numerous
tributaries, both on its right bank (Forest, Sio Pedro, Verde and Touros) and on its
left bank (Patos, Iratim, Butid and Covd). In Salto Segredo reservoir there is an
Environmental Protection Area (APA). The area that is not covered by the protec-
tion area is of agricultural use [20].

The closure of the Salto Santiago dam took place in 1979, flooding an area of
208 km?, on the border between the municipalities of Rio Bonito do Iguagu and
Saudade do Iguagu. The main dam is 80 m high and 1400 m long. This reservoir
covers an area of 208 km” and covers part of the territory of eight municipalities,
five on the right bank—Rio Bonito do Iguagu, Porto Barreiro, Virmond, Candéi and
Foz do Jord3o (central west region)—and three on the left bank—Saudade do
Iguagu, Chopinzinho and Mangueirinha (southwest region).

The Salto Santiago Lake differs from the others for its size, the great distance
between its banks, the large meanders, the large number of inlets on the edges and,
above all, the predominance of immense vertical walls on its banks [21].

Salto Caxias is the last of the large reservoirs on the Iguagu River, it was closed in
1998, flooding an area of 124 km? on the border of the municipalities of Capitio
Lednidas Marques and Nova Prata do Iguagu. The relief of the area surrounding the
reservoir is less accentuated than that of the Segredo region, with more intense
agricultural occupation, being dominated by pastures with small areas of secondary
forests [20]. In Salto Santiago and Salto Caxias reservoirs the banks are constituted
mainly of agricultural lands. All these reservoirs are artificial, built by man, to
generate energy.

It was not possible to carry out sampling in the Salto Osdrio reservoir due to
logistical issues, with this reservoir not included in the study. According to the
Parana Reservoirs Water Quality Report (2005-2008), the water quality of the Foz
do Areia reservoir is the worst among the plants on the Iguacu River. This reservoir
was considered moderately degraded. The other reservoirs showed better qualities,
with Salto Segredo considered moderately degraded, and Salto Santiago, Salto
Osério and Salto Caxias classified as little degraded. From the report, it is possible to
observe a gradual improvement in reservoirs further away from the metropolitan
region of Curitiba. When passing through this region, the Iguagu River receives a
large amount of polluting substances of domestic, industrial and diffused origin,
most of which are untreated, as this is in a region with little access to basic
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sanitation, as well as the presence of industries. Thus, the pollution load from the
metropolitan region of Curitiba (RMC) significantly influences the water quality of
the Iguagu River [22].

2.2 Collection of biotic and abiotic data

Four campaigns were carried out in the four reservoirs: the first in July 2012, the
second in November 2012, the third in February 2013 and the last in October 2013.
These campaigns were named according to the seasons, the first “W” (Winter), the
second “Sp” (Spring 2012), the third “S” (Summer) and the latter “Sp2” (Spring
2013). For logistical reasons, it was not possible to perform sampling in autumn.

To study the spatial distribution and variation of the zooplankton community in
the reservoirs of hydroelectric plants, nine collecting stations were chosen, three in
the lake region, three in the intermediate region of the lake and three in the river
region. In each region, sampling was carried out in three points: one in the center of
the lake and at two points in the lake shores.

The collections were carried out during the period between 8:00 AM and
2:00 PM in all campaigns carried out, during high tide, maintaining the same
conditions in all sampling collections. At each sampling site, two samples were
collected, one of which was placed in a specific flask and preserved in 4% formal-
dehyde saturated with sucrose [23], to prevent distortion of the shells and loss of
eggs in Cladocera. These samples were counted and analyzed using an optical
microscope with a Sedgwick-Rafter counting chamber. The other sample was pre-
served on ice and transported to the laboratory, whereas much water as possible
was removed, frozen and subsequently lyophilized.

For the qualitative and quantitative analysis of the zooplankton community
were performed vertical hauls on the water surface to a 0.3 m depth, with zoo-
plankton nets with 45 pm mesh opening and 0.3 m of mouth diameter. The tows
were performed on the boat with an electric motor at a two-nodes speed, for 5 min.
The total filtered water is calculated using the cylinder volume formula, and the
final volume of each sampling was about 13 m°.

In all collections, the following environmental variables were measured: water
temperature (°C), dissolved oxygen concentration (mg L") and pH, using a
multiparameter probe. Water samples (1000 mL) were also collected at all collec-
tion points for further quantification of dissolved organic carbon (DOC), phospho-
rus forms (total phosphorus (P-total) and phosphate (P-PO,37)), the forms of
nitrogen (nitrite (NO, ™), ammonia nitrogen (N-NHj3), nitrate (NO3 ™), organic
nitrogen (N-org), total nitrogen (N-total)) were determined by the methods
described in APHA [24].

2.3 Calculation of trophic state index (TSI)

To calculate the trophic state index of the reservoir, the trophic state index for
chlorophyll (TSI¢L) and the trophic state index for phosphorus (TSIp) were initially
determined.

The trophic state indices (TSI¢L, and TSIp) were calculated according to
Lamparelli [25]. In reservoirs, the calculation of the TSI from phosphorus values is
performed by the equation (1),

TSI = 10, (6 B (1,77 — O,42.(1nTP)>> %
In2

the concentration of total phosphorus (TP) is expressed in pg L.
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The calculation of the TSI from the chlorophyll values is performed by the
equation (2),

TSI = 10. (6 B (0,92 —0,34.(In Cl))) @)
In2

the concentration of chlorophyll (Cl) is expressed in pg L™". The chlorophyll
concentration was quantified by the spectrophotometric method described in
APHA [24].

The TSI is the result of the arithmetic mean between the TSI¢;, and the TSIp.

2.4 Determination of fatty acid profile

Zooplankton organisms collected in the field were previously frozen, lyophi-
lized, placed in Eppendorf’s and later maintained with silica gel in the freezer, to
avoid lipid photooxidation [26] and subsequently frozen at —80°C. For each
sampling site, three replicates were prepared and weighed.

The extraction of total lipids from the zooplankton community and the methyl-
ation of fatty acid methyl esters (FAMEs) for fatty acid analysis was performed as
described by Gongalves et al. [12]. Samples were incubated with methanol for the
extraction of lipids. The fatty acid Methylnonadecanoate (C19:0) was added as an
internal standard for quantification. The samples were centrifuged and dried under
a vacuum. The FAMEs obtained were analyzed by a Trace 1300 ThermoScientific
GC. The GC used a FAME biodiesel column (60 m x 0.250 mm x 0.20 pm). The
column temperature was programmed to increase from 140 to 240°C, the analysis
time was 45 min per sample, injecting 1.0 pl of the sample, and the carrier gas was
Helium (20 cm/s, 175°C).

The FAMEs were identified by comparison with the retention times. The quan-
tification of the individual FAMEs was performed by external standards, and the
function of the quantification of each FAME was obtained by linear regression
applied to the areas of the chromatographic peaks and corresponded with the
known concentrations of the standards [12].

In fatty acid data analyses, an average of the sampling points to each region was
calculated, because in some samples of some collection points it was not possible to
extract the fatty acids, preventing the comparison with the results of other sam-
plings. Region 1 (R1) corresponded to the region farthest from the dam, region 2
(R2), corresponded to the central region of the lake, and region 3 (R3)
corresponded to the region near the dam of the reservoir.

2.5 Statistical analysis

Multivariate statistical analysis was carried out to examine the variation in fatty
acid profiles, spatial and temporally, through multidimensional scaling (n-MDS)
plots. Cluster analysis using the Bray-Curtis dissimilarity factor, using the group
average was performed to assess the degree of similarity between the fatty acid
samples. For these multivariate analyzes, the program PRIMER-E 6 was used. Data
was not normalized, as the values are very similar, the Kruskal adjustment scheme
was used, adopting 25 restarts and minimum stress of 0.01.

To assess the temporal and spatial changes of the physical, chemical and biolog-
ical variables, data were processed from a matrix using Principal Component Anal-
ysis (PCA), which was based on eigenvalues greater than 1.0, which explained 70%
of the total variability. To obtain greater reliability in the data analysis, greater
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importance was given to the correlations between factors and variables greater than
or equal to 0.7.

3. Results
3.1 Abundance of zooplankton community

In the Foz do Areia reservoir, 35 species of rotifers, 11 species of cladocerans and 3
species of copepods were found throughout the study period (Table 1). Although,
Polyarthra dolichoptera was the most abundant rotifer during the sampling in July
2012 (W) and spring 2013 (Sp2), the abundance averages were quite different, from
5978.58 to 537.48 ind m >, respectively. In addition, species’ abundance was also
differentiated, with 20 species in July 2012 (W) and 10 species in October 2013 (Sp2)
collections. In spring 2012 (Sp—November 2012) and summer 2013 (S—February
2013) different abundances of rotifer species were registered, with 16 and 23 species
respectively, with Synchaeta jollyae being the most abundant species in spring 2012
(average density of 1427.50 ind m ), and Keratella cochlearis the most abundant
rotifer species in spring 2012 (average density: 1628.33 ind m ) (Table 2). The
presence of several zooplankton species in the Foz do Areia reservoir may be related
to the higher effluent load, as it is the first dam after the metropolitan region.

The abundance of cladocerans species in winter (W—July 2012) and in summer
(S—February 2013) was the same, with Ceriodaphnia cornuta being the most abun-
dant cladoceran (256.83 ind m 2 in winter and 106, 33 ind m 3 in the summer). In
spring of 2012 (Sp—November 2012) and 2013 (Sp—October 2013) there was an
equal abundance of species, with Moina minuta being the most abundant in spring
2012 (average density: 464.17 ind m ™), and Bosmina longirostris the most abundant
cladoceran species in spring 2013 (average density: 171.40 ind m ). Among cope-
pods, naupliar stages were the most abundant (Table 2).

In the Salto Segredo reservoir 28 species of rotifers, 10 species of cladocerans and
two species of copepods were found throughout the study period. The most abun-
dant rotifer was P. dolichoptera in three of the four samples, November 2012 (Sp),
February 2013 (S) and October 2013 (Sp2) with density values of 19.22, 1011.67 and
748.10 ind m >, respectively. Although, P. dolichoptera was the most abundant
organism during these periods, the species abundance was different, with 9 (Sp), 13
(S) and 11 (Sp2) species (Table 2).

In July 2012 sampling (W) 17 species of rotifers were found, in which the most
abundant was K. cochlearis with an average of 640.00 ind m >, Regarding cladoc-
erans, B. longirostris was the most abundant species (156 ind m~>) in July 2012 (W),
C. cornuta was the most abundant cladoceran (120.22 ind.m >) in November 2012
(Sp), Diaphanosoma spinulosum was the most abundant cladoceran (210,44 ind
m °) in February 2013 (S) and Bosminopsis deitersi the most abundant species in the
October 2013 sampling (Sp2). In spring of 2012 (Sp—November 2012) nine cladoc-
eran species were found, with B. longirostris being the most abundant, with an
average of 156.00 ind m 3, and in the summer of 2013 (S—February of 2013) six
species of cladocerans were found, and the most abundant was D. spinulosum with a
mean density of 210.44 ind m > (Table 2).

Regarding copepods, in all samples only two species of copepods were found,
with the exception of the October 2013 sampling, where only one species was
found. In all samples, the naupliar stages were the most abundant organisms.

In the Salto Santiago reservoir, in July 2012 sampling (W) 19 species of rotifers
were identified, in which the most abundant was Kellicottia longispina with an average
of 120.00 ind m%; in November 2012 sampling (Sp), were identified 13 species of
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Rotifera Reservoirs
Order Code FA SG ST
Bdelloida Bdelloida"” Bdel X X X
Family Species/Genus
Asplanchnidae Asplanchna sp. Aspl X X X
Brachionidae Anuraeopsis fissa Ap fiss X

Brachionus caudatus Brach cd X

Brachionus dolabratus Brach dl X X

Brachionus falcatus Brach fc X

Brachionus sp. Brach X

Brachionus urceolaris Brach urc X

Kellicottia longispina Klong X X

Keratella americana K amer X

Keratella cochlearis K coch X X

Keratella sp. Ksp X

Keratella tropica K trop X X

Keratella valga K val X

Notholca sp. Noth X X

Platyas quadricornis P quadr X
Collothecidae Collotheca ornata Cornt X

Collotheca sp. Collot. X

Colurella sp. Colur X
Conochilidae Conochiloides sp. Cchldes X X

Conochilus sp. Cchilus X X X

Conochilus coenobasis Cchilus cb X X
Epiphanidae Epiphanes macrourus E macr X X
Euchlanidae Euchlanis dilatata E dilat X X X
Filinidae Filinia longiseta F long X X

Filinia opoliensis F opo X

Filinia terminalis F term X X
Flosculariidae Ptygura libera Pty lib X X
Gastropodidae Ascomorpha ovalis A ov X X X

Ascomorpha saltans A salt X
Hexarthridae Hexarthra mira Hex m X X X
Lecanidae Lecane bulla L bul X

Lecane luna L luna X

Lecane sp. L sp. X X X
Philodinidae Philodina sp. Phil X
Synchaetidae Polyarthra dolichoptera P doli X

Synchaeta jollyae Synch jo X

Synchaeta sp. Synch sp. X
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Rotifera Reservoirs

Testudinellidae Pompholyx sulcata Pom sul X X

Trichocercidae Trichocerca bicvistata T bicr X X
Trichocerca bidens T bid X X
Trichocerca cylindrica T cylin X X
Trichocerca rattus T rat X
Cladocera

Family Species/Genus Code

Bosminidae Bosmina hagmanii Bn hag X X X
Bosmina longirostris Bn long X X X
Bosminopsis deitersi Bs deit X X X

Chydoridae Alona sp. Al sp. X X X
Chydorus sp. Chyd X
Pseudochydorus globosus Pschy glob X X

Daphniidae Ceriodaphnia cornuta Cd corn X X X X
Ceriodaphnia silvestrii Cd silv X X X X
Daphnia gessneri Dp gess X X X X
Daphnia laevis Dp lvis X X X X
Daphnia parvula Dp par X X

Moinidae Moina minuta Mn min X X

Sididae Diaphanosoma spinulosum Dph spin X X
Copepoda

Order Species Code

Calanoida Calanoida sp. Calan sp X
Notodiaptomus spinuliferus Q Nt spinF X X X X
Notodiaptomus spinuliferus 3 Nt spinM X X X X
Calanoida copepodite Cp Calan X X X X

Cyclopoida Cyclopoida copepodite Cp Cyclo X X X X
Tropocyclops prasinus Q Tp prasF X X X X
Tmpocyclops prasinus 3 Tp prasM X X X X
Nauplius Naup X X X X

Table 1.
List of zooplankton taxa found in the Iguacu River veservoirs during the study period. (*) order. FA = Foz do
Aveia reservoir, SG = Salto Segredo reservoir, ST = Salto Santiago reservoir, CX = Salto Caxias veservoir.

rotifers, and the most abundant species was Collotheca sp. With an average density of
647.78 ind m >, In samples collected in February 2013 (S), 12 species of rotifers were
identified. The most abundant among the rotifers species was Colurella sp. With an
average of 1164.67 ind m . In samples collected in Salto Santiago in October 2013
(Sp2), six species of rotifers were identified, and the most abundant was Asplanchna
sp. With an average density of 4536.74 ind m > (Table 2).

During July 2012 sampling (W) nine cladoceran species were identified. The
most abundant species was Ceriodaphnia silvestrii with an average of 140.00
ind m >, while in the November 2012 sampling (Sp) eight cladoceran species were
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w Sp S Sp2
FOZ DO AREIA veservoir
Polyarthra dolichoptera 5978.58 275.83 332.33 537.48
Synchaeta jollyae 0.00 1427.50 900.83 0.00
Keratella cochlearis 1083.50 340.00 1628.33 66.70
Ceriodaphnia cornuta 256.83 170.83 106.33 64.36
Diaphanosoma spinulosum 97.50 464.17 21.17 5.17
Bosmina longirostris 118.25 149.17 57.50 171.40
Nauplii 8635.83 2338.33 3130.25 2779.07
SALTO SEGREDO Reservoir
Keratella cochlearis 640.00 9.33 192.33 66.70
Polyarthva dolichoptera 145.89 19.22 1011.67 537.48
Bosmina longirostris 156.00 22.00 60.67 107.32
Ceriodaphnia cornuta 36.67 120.22 23.89 3.77
Diaphanosoma spinulosum 21.56 3.22 210.44 66.53
Bosminopsis deitersi 115.56 111 0.00 118.23
Nauplii 1582.22 138.11 2109.11 4356.47
SALTO SANTIAGO Reservoir
Kellicottia longispina 120.00 2.22 0.00 0.00
Polyarthra dolichoptera 112.22 355.89 128.78 217.90
Colurella sp. 0.00 0.00 1164.67 0.00
Asplanchna sp. 0.00 0.00 0.00 4536.74
Ceriodaphnia silvestrii 140.00 156.89 78.44 65.40
Ceriodaphnia cornuta 2222 804.78 18.44 0.00
Bosmina longirostris 77.88 96.00 17.44 171.44
Nauplii 254.44 948.67 703.33 2506.94
SALTO CAXIAS Reservoir
Polyarthra dolichoptera 837.78 406.44 84.86 116.06
Collotheca sp. 250.00 808.00 74.36 135.71
Synchaeta sp. 0.00 20.44 1798.20 0.00
Asplanchna sp. 0.00 0.00 124 3018.71
Ceriodaphnia silvestrii 224.44 418.67 18.06 100.02
Diaphanosoma spinulosum 48.56 74.89 101.57 18.34
Nauplii 995.56 4473.56 326.56 2436.87
Calanoid Copepodites 524.44 1646.89 497.90 91.02

Values in bold in the table indicate the most abundant species.

Table 2.
List of the most abundant taxa in the Iguacu River reservoirs.

found and the most abundant was C. cornuta, with an average of 804.78 ind m 3,
Seven species of cladocerans were identified in the February 2013 sampling (S) and
the most abundant species was Ceriodaphnia silvestrii, with a mean density of 78.44
ind m>. In October 2013 sampling (Sp2), five cladoceran species were identified,
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and the most abundant cladoceran was B. Longirostris, with a mean density of 171.44
ind m . Regarding copepods, only two species were found in all samples, with
naupliar stages being abundant throughout the study period (Table 2).

In the Salto Caxias reservoir, 20 species of rotifers, ten species of cladocerans
and two species of copepods were found.

In the July 2012 sampling (W) eight species of rotifers were identified, in which
P. dolichoptera was the most abundant species with an average density of 837.78
ind m 3. Both in November 2012 (Sp) and February 2013 (S) samplings, the abun-
dance of species was the same (14 species), being Collotheca sp. The most abundant
in November 2012 (Sp), with an average density of 808.00 ind m>. In February
2013 (S) Synchaeta sp., was the most abundant with an average density of 1798.20
ind m 3 (Table 2). In October 2013 (Sp2), five species of rotifers were identified
with Asplanchna sp. The most abundant, with an average density of 3018.71
ind m . Except in the sampling of July 2012 (W), where eight cladoceran species
were identified, the most abundant species was Ceriodaphnia silvestrii, with an
average density of 224.44 ind m >, The other three samples had the same abun-
dance of cladoceran species (eight species).

In November 2012 sampling (Sp), the most abundant species was Ceriodaphnia
silvestrii, with an average density of 418.67 ind m . In February 2013 (S), the most
abundant was D. spinulosum, with an average density of 101.57 ind m 3, and in the
sampling of October 2013 (Sp2), the most abundant species was Ceriodaphnia
silvestrii, with an average density of 100.02 ind m . In all samplings carried out, the
naupliar stages were the most abundant among the copepods, with the exception of
the February 2013 sampling (S) where the calanoid copepodites were the most
abundant, with an average density of 497.90 ind m > (Table 2).

3.2 Trophic state index (TSI)

The TSI showed a wide variation from sampling to sampling. In July 2012 (W)
the environment was characterized as oligotrophic, while in the following sampling
there was a sharp drop in water quality, and the environment was characterized as
hypereutrophic and the following two as eutrophic. The eutrophication process that
occurred in November 2012 (Sp), may have been possibly caused by the great
drought that occurred at the time of the study, but just before this great drought,
there was a large precipitation phase, which may have caused the entry of matter
causing the concentration of nutrients that increased temporarily. When the calcu-
lated averages were observed in each sampling site, it was seen that the variation
was low, with some collected areas with different trophic classifications (Figure 2).

3.3 Fatty acids composition of zooplankton community in the sampling sites

In Foz do Areia reservoir, 19 FA were determined during the entire study period,
of which nine were saturated fatty acids (SFA), four monounsaturated fatty acids
(MUFA), three polyunsaturated fatty acids (PUFA) and three highly unsaturated
fatty acids (HUFA). The period in which a greater abundance of fatty acids was
observed was in July 2012 (W), in which thirteen fatty acids were identified, mostly
SFA, however, in the November 2012 (Sp2) sampling, only seven fatty acids were
identified (Table 3).

The most abundant fatty acid was docosahexaenoic acid (DHA), with the
exception of February 2013 sampling (S), where palmitic acid (C16: 0) was the only
one that contributed to the total densities of fatty acids (100%). In the first sam-
pling (W) there was an increase in the number of fatty acids from region 1 (R1) at
the region 2 (R2), which covers the points furthest from the dam, and the
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Figure 2.

Average of trophic state indexes for the Iguacu River reservoirs. The bars indicate the standard deviation.

intermediate points of the reservoir respectively. At the other samples, region 3
(R3), which covers the points closest to the dam, was registered the highest fatty
acid densities. Sampling in October 2013 registered the highest number of fatty
acids. In region 2, sampling in November 2012 (Sp), DHA represented more than
91% of all identified fatty acids (Figure 3).

In Salto Segredo reservoir, 20 fatty acids were found, of which eight are satu-
rated fatty acids (SFA), five monounsaturated fatty acids (MUFA), four polyunsat-
urated fatty acids (PUFA) and three highly unsaturated fatty acids (HUFA)

(Table 3). In the two spring samplings (Sp and Sp2) more fatty acids were found,
15 and 16 respectively, of which eight are SFA found in November 2012 sampling
(Table 3).

The most abundant fatty acid in the Salto Segredo reservoir was docosahexaenoic
acid (DHA), representing 96% of the total concentration of fatty acids in the first
sampling. The high concentration of this fatty acid appears to be due to the large
presence of phytoplankton in the environment, which can be observed by the
relatively high concentration of chlorophyll-a in the reservoir (on average
5.91 ug L™ "). However, in the February 2013 sampling (S) almost no fatty acids
were found in the reservoir, and only palmitoleic acid (C16:1) was identified. EPA
and C16:0 were also quite representatives (around 20% in both) (Figure 3).In a
more general context, high C16:1 value indicates a high presence of diatoms [27].

In Salto Santiago reservoir, 18 fatty acids were identified, being six saturated
fatty acids (SFA), six monounsaturated fatty acids (MUFA), three polyunsaturated
fatty acids (PUFA) and three highly unsaturated fatty acids (HUFA) (Table 3). In
October 2012 sampling (Sp2), 14 fatty acids were identified, being five SFA and five
MUFA; in the February 2013 sampling (S), only three fatty acids were identified,
two being SFA and one HUFA.

In Salto Santiago reservoir, DHA was the most abundant fatty acid in the three
regions of the samplings of July 2012 (W), February 2013 (S) and October 2013
(Sp2). In the November 2012 sampling (Sp) the fatty acid with the highest density
was C16:0, with more than 60% of the total densities (Figure 3). Looking at the
results, C16:0 seems to be related to poorer water quality, which suggests the algae
that is responsible for the production of this fatty acids is probably more abundant

166



C0-dELY  €0-H60'T  ¥0-HC9'S €0-H6L'8 TO-AYTT €0-4/CT  T0-H06'T  +¥0-H/9'9  €0-d88'T ¥O-HYL'S €0-HES'S SO-HY/'L €0-H9LT €0-480°¢ VINNX

€0-409°€ €0-406'C €0-49C°T YO-g¥T'S  ¥0-H9SE $0-480°C 6UTHTD
€0-489°'C T:2eD
£0-908'S ¥0-46€'6 €0-H7LT 6UT:07D
T0-HEET S0-489'T  £0-AIS'S £0-9LE'8 Y0-48TY SO-AYLL €0-HT0'T  96UT:8ID
T0-HOET  €0-H60'T  $0-HT9'S  €0-HLIE  €0-AV6E 90-H88'S  €£0-HS0'9 €0-4LT'S 16UT8ID
€0-4Y6'8 €0-H0LT €0-HES'L €0-HS8'T  Y0O-H/99  €0-HSHT €0-HSST  €0-H/0T  T9ID
(ot
€O-4LT'Y -SP)GUTGID VANIN

¥0
10-4ZI'T  TO-HCO'T  €0-H90°S <CO0-A/T'9 TO-H0SE -AIOT €0-A¥THY  €0-ASL'S  C0-AL6'9 T0-A8TT  $0-479°L T0-H60°v CTO-HIET €0-4C6'6 C0-H80C VASX
€0-H6€°€ $0-8+SC €0-486'C ¥0-4¢C'8  0°TCO
20-30CT €0-H¢8'8 T0-4SLT ¥0-49L¥ €0-49C°6  €0-ASY'T (sl xée}
¥0-HLE'8 $0-HLET ¥0-209'9 €0-H8CT  €0-ASLT G0-d80°L 007D

90
€0-H0TL €0-HOET  +O-H/E'S TO-H6ET ¥0-H99'9 -HSI'T $0-HE€9°€  €0-HI6T €0-HC9T  ¥O-HCK'T  €0-HOY'T YO0-HSTL +O-H6TL €0-HIET 081D
$0-HC8'T Y0-2¥6'T 031D

¥0
T0-d7LL  €0-HLLL  €0-ASY'Y  CO-HOEY TO-H6TT -H66'T  €0-AITY  €0-H99F  C0-HE8'E €0-H4€9'8  ¥0-H0T'9 TO-HIL'C €0-HIT8 €0-49/Z <TO-AIST 091D

¥0-360°T 0-S1D

C0-4LST  ¥0-HIST S0-4€9L  €0-d¥8'S  €0-dISS G0-400't  S0-360'9  €0-30SL Y0-9€L°6 €0-480°¢  ¥0-d6L'6 €O-AVY'T €0-dSLT 01D

S0-369°1 0-€1D

//dx.doi.org/10.5772/intechopen.102711

http

Changes in the Fatty Acids Profile of the Zooplankton Community Reveals the Quality of...

DOl

90-49+'8 071D
S0-a¥T6 0:8D vas
7ds S dg M uds S dg M zds S dg M zds S dg M ao LA
S410a4252Y
SVIXVD OLTVS ODVLLNVS OLTVS 0QaADIS OLTVS VIHIV 0d ZO4

167



Plankton Communities

“SUOLIDANIDS SU0GUV) = (7D "(§T0T 42q0300) Sutads = zds ‘(ET0T L1wniqag)
douuns = § “(2T0T 4oquisaoN) Suids = gz dg ‘(zroz qnf) sommm = g “(,_SurSu) uogyuvidooz Jo Sus ad sprov 3vf fo Fus ur spun saroaiasa 42ary n3vnsy ay1 ur parfiauapr spov (vl o s

"€ 9Iqe,
9T L 9 6 vI € € 6 9L I 91 S Fas 6 L €1 N
20 20 20
10-980°C T0-AST'E  €0-H08'9 TO-AC6T TO-HOE'6 -HO6'T €O-ATVH  C0-AI0°6  T0-AC9T  +0-4/9'9  T0-H06'T <TO-H60°€ <TO-AL6'L -AVST TO-A¥S6 -Aly'H Vix
20
0-deey  C0-d10°C ¥0-468'S 10-d40C'T <TO-dST'E -ASS'T 70-4d¢T'8 70-9€0°9 €0-d6v'€  T0-H96'C TO-dSC’E €0-dECT <TO0-d/E'8 T0-HC0'C VANHX
0 S0
20-98€T  Z0-A10°T T0-AITT  70-dELT -H88'T 20-917'8  T0-AES'E €0-990'T  0-9S6'T  TO-ASLT A0V C0-ALE'S  €0-AT96  VHA
20-968'T ¥0-368'S  €0-4/T'6  TO-AIET YO-4/UT  C0-ALK'T €0-980°C +0-A8ET  T0-HOST €0-H6LT €0-960'6  vdd
vO-d¥L¥y €0-490°T v0-d6v°¢ ¥0-d6¥°¢ €0-dEST 070 VANH
¥0
€0-AEY'S  ¥0-A89F  Y0-H06'S £0-40T°T ¥0-469°T  €0-H9¥'T  TO-AVET $0-995'8 $0-990'8 -4S9'6  SO-ALET SO-ATK'E VINdX
Y0-ATH'T w0
[Ca%ns
¥0-306'S €0-49%'T  €0-3S0'6 S0-9€€T -SP)7:07D
¥0-466'S €0-d0T'T ¥0-H8LC ¥0-4£9°S €ue8ID
0
¥0-369'T -459'6 So-gTv'e €8I0
£0-969'% £0-900'C Y0-A€6'C ¥0-390°8 29uz:8TD
¥0-89'% £0-960°C 9UzsID  vANd
7ds S dg M uds S dg M uds S dg M uds S dg M an vd
S410a4252Y
SVIXVD OLTVS ODVLLNVS OLTVS 0aaIDIS OLTVS VIZYVY 0d Z0d

168



Changes in the Fatty Acids Profile of the Zooplankton Community Reveals the Quality of...
DOI: http://dx.doi.org/10.5772/intechopen.102711

— Foz do Areia Reservoir Salto Segredo Reservoir
100%
90% 90%
80% DHA 80%
;:"‘ 70%
1 %
EPA - 60%
§ 50% E 50%
40% uC16:0 E a0
0% 30%
20%
20%
o %
Rl R2Z R3 R1 RZ R3 R1 R2 R3 Rl R2 R3 R1 R2Z/R3 RL R2 R3 Rl R2 R3 R1|/R2 R3
w Sp 5 Sp2 w sp s sp2
Season/Region Season/ Region
Salto Santiago Reservoir Salto Caxias Reservoir
100% 100%
90% iR 90%
80% 80%
70% 70%
- 50% WEPA - 0%
) )
E 50% E s0%
E 0% mciso E40%
30% 30%
20% —_— 20%
10% e 10%
0% o%
Rl R2Z R3 R1 R2 R3 Rl R2 R3 Rl R2 R3 R1 R3 Rl R2 R3 R1 R2 R3 R1 R2Z R3
w sp H 5p2 w sp s sp2
Season/ Region Season/ Region
Figure 3.

Fatty acids densities of the Iguagu River reservoirs.

in these waters. The bloom of the cyanobacterium Microcystis aeruginosa is a ubiq-
uitous phenomenon in eutrophic lakes and reservoirs in many countries of the
world. According to Cordeiro [28], Microcystis has a higher proportion of palmitic
acid (C16:0). Adloff [29] in his work with phytoplankton, to the same studied area,
found that the four reservoirs have water quality characteristics of eutrophic envi-
ronments, with intense flowering of cyanobacteria, with a predominance of M.
aeruginosa and Sphaerocavum brasiliense. Flowering occurred mainly in November
2012 and February 2013, and M. aeruginosa adapted to the best environment and
dominated S. brasiliense.

In Salto Caxias reservoir, 19 fatty acids were found, being five saturated
fatty acids (SFA), six monounsaturated fatty acids (MUFA), five polyunsaturated
fatty acids (PUFA) and three highly unsaturated fatty acids (HUFA) (Table 3).

In October 2013 sampling (Sp2) was found the most content in fatty acids, 16
in total, of which six are MUFA. In November 2012 sampling (Sp), only 6 fatty
acids were identified, of which three were SFA, one PUFA, one MUFA and one
HUFA.

In Salto Caxias reservoir, the most abundant fatty acid was DHA in the February
2013 sample (S), being quite representative in region 1 (R1) in November 2012
collection (Sp) with 89% of the total density, and more abundant in the February
2013 sampling (S) contributing more than 93% of all fatty acids (Figure 3). As it
was not possible to extract the fatty acids from the samples in region 2 (R2) in July
2012 sampling (W), as there was not enough material to extract the fatty acids, only
regions 1 (R1) and 3 (R3) were considered.

The collected stations were grouped into regions, with region 1 (R1) covering
stations located in the lotic zone of the reservoir—stations P1, P2 and P3; region 2
(R2) includes stations located in the intermediate zone of the reservoir- P4, P5 and
P6; and in region 3 (R3) were included the stations in the lake area of the reservoir,
those close to the dam—P7, P8 and P9.

In the Cluster analysis, with a cut range of 50%, can clearly be observed the
separation of the fatty acid composition according to the season. There a group was
formed only with the samples from the collection carried out in spring 2012 (Sp)
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and the other clusters were composed of samples from other seasons, not being able
to differentiate an isolated group.

In the Salto Segredo reservoir, a formation of groups can be well observed in the
Cluster analysis. Four groups are distinguished: a group with the regions of the
sampling of July 2012 (W), one with all the regions of the sampling of February
2013 (S), one with the samples from November 2012 (Sp) and the other with the
samples from October 2013 (Sp2) (Figure 4). These results highlight seasonal
differences in fatty acid content.

In the Cluster analysis of fatty acids in the Salto Santiago reservoir, it is possible
to observe the separation of the fatty acid composition according to the seasons.
Groups are formed only with the samples from the collection carried out in the
spring of 2013 (Sp2) and spring 2012 (Sp) and the other clusters are composed of
samples from other seasons, not being able to differentiate an isolated group
(Figure 4).

In the Salto Caxias reservoir, the Cluster analysis clearly shows the separation of
the fatty acid composition according to the season, where three groups are formed:
one with the spring 2012 samples (Sp), another with the samples summer 2013 (S)
and another that mostly has samples from spring 2013 (Sp2) (Figure 4).

In the multidimensional scaling analysis (n-MDS), in the Foz do Areia reservoir,
it was observed the most similar regions according to the composition of fatty acids.
Note that the composition of fatty acids was similar when observed the season
(Season), showing similarities between the regions (Region), mainly observed in
the samples collected in spring of 2012 (Sp). These similarities may indicate a
greater homogeneity reservoir, possibly caused by the great drought that occurred
there. It was also noted that the region with the greatest dissimilarity was region 3 in
February 2013 sampling (S) (Figure 5).

In the Salto Segredo reservoir, it is noticed that the composition of fatty acids
was similar when observed the season of the year and their respective collection
stations, showing similarity mainly in the samples collected in February 2013 (S).
This was also observed in the samples of October 2013 (Sp2) and July 2012 (W),
with similarities around 60%, reaching up to 80%. In November 2012 (Sp) sampling
is observed that the samples from region 2 (R2), show less similarity about the other

FARS-S
CFARLE:
FAR2Sp -

FARDSp |

Sampies

FARCW | SGR1-5p -

100 80 & ) F 0
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Figure 4.
Cluster analysis of the collection regions according to the seasons in the Iguagu viver reservoirs. W = winter of
2012, Sp = spring 2012, S = summer of 2013, Sp2 = spring 2013.
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n-MDS in the Iguacu river reservoirs according to the fatty acids found. FA = Foz do Areia veservoir, SG = Salto
Segredo reservoir, ST = Salto Santiago reservoir, CX = Salto Caxias reservoir.

regions (20%). As this is the intermediate region, that is under the fluvial influ-
ences, and also under the lake influences, may showing a different fatty acids
content, that may also be related to the composition of the phytoplankton commu-
nity, from which a large part of the zooplankton community feeds (Figure 5).
During the sampling in February 2013 (S), in addition to a slight increase in diatom
densities [30], there was a great drought in the region, which resulted in a decrease
in the level of reservoirs, increasing the concentration of nutrients, which can
become an indication of the sudden variation in the concentration of fatty acids.

In the Salto Santiago reservoir, it is clear that the composition of the fatty acids
in the Sp and Sp2 samples were similar when observing their respective collected
regions (Region), where the similarity is around 60% between the R2 and R3 in the
two samples, and less similarity with the R1 region (Figure 5).

In the Salto Caxias reservoir, it is noticed that the composition of fatty acids was
very different when observed in the collected region (Region). Regions 1 and 3 (R1 and
R3) of October 2013 sampling (Sp2) were very similar to region 2 (R2) of the July 2012
sampling (W). Only the February 2013 (S) sample had similar regions (Figure 5).

Observing the n-MDS of fatty acids in the reservoirs, it can be noted that in Foz
do Areia there is the formation of several groups, where EPA and C16:0 showed a
similarity around 60% and DHA a similarity of 40%. The group formed by C14:0
(myristic acid), C16:1 (palmitoleic acid) and C18:0 (stearic acid) shows a similarity
of 60% (Figure 6).

In Salto Segredo, it is possible to notice the formation of several groups in which
EPA and C21:0 (Heneicosylic acid), and DHA and C16:0 (palmitic acid) show a
similarity around 60%, one can also perceive a similarity around 80% in the group
formed by C18: 1n9c (oleic acid) and C20: 2 (cis-11,14), and also in the group
formed by C18: 3n3 (a-linolenic acid) and C20:4 (arachidonic acid).

In the Salto Santiago reservoir, observing the n-MDS of fatty acids, it is possible
to notice the formation of two groups, one composed only by C8:0 (caprylic acid)
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n-MDS indicating the groups of fatty acids in the Iguagu river reservoirs. FA = Foz do Areia reservoir,
SG = Salto Segredo reservoir, ST = Salto Santiago veservoir, CX = Salto Caxias reservoir.

and the other covers all the other fatty acids in the reservoir. In the Salto Caxias
reservoir, it is possible to notice the formation of several groups: group I composed
by EPA, C14:0, C21:0 and C16:1, showing a similarity around 60%, as well as group
IT and group III composed by C20:1n9, C18:2n6, C24:1n9 and DHA, C16:0 respec-
tively (Figure 6).

Comparing the fatty acid data with the TSI, it was observed that DHA had a
higher concentration in sampling stations where the environment was
hypereutrophic, whereas C16:0 was more abundant in sites classified as eutrophic,
with other fatty acids like EPA and C20:0 also occurring in some specific sampling
sites (Table 4).

At the response of zooplankton species and fatty acids behavior about the tro-
phic environmental conditions, a Pearson correlation was made between taxa and
fatty acids with the trophic state index (TSI). Regarding zooplankton species, the
TSI presented a strong negative correlation with P. dolichoptera (r = —0.8232;

p = 0.001), in the Foz do Areia reservoir, which may indicate that this species is
more abundant in less eutrophic environments. However, it is clear that, despite the
densities of P. dolichoptera decrease when the TSI increases, most samples accumu-
late in TSI values above 58, which means eutrophic environment (Figure 7).

In the Salto Segredo reservoir, about taxa, the TSI had a negative correlation
with K. cochlearis (r = —0.670; p = 0.017), which may be an indication that this
species may be an indicator of an intermediate trophic situation. However, it can be
seen that regarding these values, most samples are between 59 and 60, which may
mean that this species prefers eutrophic environments (Figure 7).

The TSI showed a positive correlation with P. Dolichoptera (r = 0.765;

p = 0.004), which may be an indication of the contribution of this rate to the
trophic state of the Salto Santiago reservoir. Most of the samples in which P.
dolichoptera was more abundant were between the values of 55 and 60, showing a
preference of these organisms for Mesotrophic to Eutrophic environments,
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Figure 7.
Pearson correlation between TSI and most abundant zooplankton taxa in Iguagu viver reservoirs. B) Pearson
correlation between TSI and DHA in the Foz do Areia reservoir.

although the highest density was found in the supereutophic range (63 < TSI <67)
(Figure 7).

In the Salto Caxias reservoir, the TSI had a strong negative correlation with
Asplanchna sp. (r = —0.667; p = 0.025) (Figure 7), which may be indicative of
improved water quality over time, as this genus is a predator, and usually appears
when there is a lot of food available, like herbivorous rotifers, and when food is
scarce. Consequently, there is an improvement in the trophic state, since the pho-
tosynthetic organisms were consumed by the herbivores and there is a large amount
of these small herbivores left, which are preyed upon by Asplanchna sp., and at this
stage, the environment is already recovering from the large nutrient load caused by
the activities changes and phytoplankton senescence.

Regarding fatty acids, the TSI had a strong negative correlation with oleic acid
(C18:1n9c) (r = —0.7392; p = 0.006) and a strong positive correlation with
docosahexaenoic acid (DHA) (r = 0.666; p = 0.018) (Figure 8), in the Foz do Areia
reservoir. When the environment was hypereutrophic (TSI > 67), the highest
concentrations of DHA appeared, however, most samples were in the range
between 59 to 63, related to the eutrophic environment, although the concentra-
tions were not very high.

In the Salto Segredo reservoir, regarding fatty acids, the TSI had a strong nega-
tive correlation with DHA (r = —0.648; p = 0.023), which may indicate that this
fatty acid has its highest concentrations in less eutrophic environments. However, it
can be seen that there are more samples of fatty acids in more eutrophic environ-
ments, however, with lower concentrations (Figure 8).

In the Salto Caxias reservoir, the TSI had a strong negative correlation with fatty
acids C16:0 (r = —0.610; p = 0.046), C18:3n3 (r = —0.748; p = 0.008), C20:1n9
(r = —0.663; p = 0.026) and EPA (r = —0.611; p = 0.046) (Figure 8), which may

174



Changes in the Fatty Acids Profile of the Zooplankton Community Reveals the Quality of...
DOI: http://dx.doi.org/10.5772/intechopen.102711

TSI vs. DHA TSI ws. DHA
DHA = -0,1483 + 0,00235 * IET FA DHA = 0,3963% - 0,0063 * IET SG
Correlation: r=0,66610 Comelation: r = -0,8479

:
e\

= o I ) W O &
ooz} © e £ \\\ o
4 / g <,
) 0,00 o 00 °
0,00 — - o O o \
B
-0.02 = 0,01
4 43 50 52 54 56 58 60 62 64 66 68 70 72 L] o s7 s 53 &0 &1 62 63
! ] 0L 95% confidence TSI 0L 95% confidence
Tsi vs. EPA
EPA =0,06931 - 0,001 * IET cx
Correlation: r=-0,6113
0,035
0,030
0,025
e
e <)
0,020 ~ 4 o
S .
=7 s
= ooisf e £y
w o -\\
0,010 ‘H\\‘ Bl i 2 N -4
,,,,, el o
0,008 o
o i
0,000 OOy o\ o]
10
0,005 :
42 44 46 48 50 52 854 5 58 €0 62 64 66 68
L 9. 95% confidence
Figure 8.

Pearson correlation between TSI and most important fatty acids in the Iguagu river reservoirs.

indicate that the reduction in water quality in relation to the TSI may result in a

decrease in the concentrations of fatty acids above. In the Salto Santiago reservoir,
the TSI did not show any significant correlation with fatty acids, which may be an
indication that these fatty acids are not related to the trophic state of the reservoir.

The principal component analysis (PCA) between zooplankton species and fatty
acids in Foz do Areia explained 75.45% of the total variability, with the first main
component (PC1) explaining 44.22% and the second main component (PC2)
31.23%. PC1 (Factor 1) is separated into two distinct groups between the most
abundant species and fatty acids. PC1 positively explained the following variables:
Eicosapentaenoic acid (EPA) (0.96), Docosahexaenoic acid (DHA) (0.84), B.
longirostris (0.82), as well as a large group of fatty acids. PC1 negatively indicated an
association between DHA, o and y-linolenic acids (C18:3n3 and C18:3, respectively)
and the species Synchaeta jollyae (Synch jo) and K. cochlearis (K coch), which may
indicate that these fatty acids can be associated with these species (Figure 9), since
many organisms can synthesize DHA from «-linolenic acid (18,3n3) found in algae
and plants.

Observing PC2 (Factor 2), it was noticed that there was a positive separation,
mainly between B. longirostris, myristic acid (C14:0) and elaidic acid (C18:1n9t).
That may indicate that this cladoceran species may be related to these fatty acids, as
Bosmina species is a highly selective consumer [31], not absorbing some forms of
fatty acids, preferentially feeding on EPA-producing algae. On the negative side of
PC2, it was noticed that there is a great relationship between the copepod nauplii
(Naup), C. cornuta (Cd corn) and P. dolichoptera (P doli) with oleic acid (C18:1n9c),
which can be indicative that this fatty acid was important for the densities of these
taxa (Figure 9). It has been suggested that myristic (C14:0), palmitic (16,0), and
oleic (C18:1n9c) acids are derived from fatty acids from algae [32, 33].
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Association between fatty acids and the most abundant taxa in the Iguagu River reservoirs duving the study period.

In the Salto Segredo reservoir, the principal component analysis (PCA) among
the fatty acid data with the most abundant taxa explained 67% of the total variabil-
ity, with the first main component (PC1) explaining 49.02% and the second main
component (PC2) 22.92%. The first main component (PC1) separated two groups of
distinct variables.

The positive side of the first component explained better the relationship
between the following variables: the taxa C. cornuta (Cd corn), K. cochlearis
(K coch) and D. spinulosum (Dph spin) and the fatty acids, lauric acid (C12: 0),
arachidic acid (C20: 0) and nervous acid (C24: 1n9). These associations may indi-
cate that these species may be feeding on phytoplankton that have these fatty acids.
The negative side of the first component shows the association between DHA, B.
deitersi, P. dolichoptera and copepod nauplii (Naup). These associations may indi-
cate that certain environmental conditions provide the production of DHA and the
zooplankton community is receiving these fatty acids through food. The second
main component located on the positive side, associated taxa with some types of
fatty acids indicating that these fatty acids may be contributing to the development
of species. On the negative side, there is only a grouping of fatty acids (Figure 9).

The principal components analysis between fatty acids and the most abundant
taxa in the Salto Santiago reservoir explained 78.54% of the total variability, with
the first main component (PC1) explaining 49.35% and the second main component
(PC2) 29.19%, and two distinct groups were formed, being explained by the first
main component (PC1). The larger group located on the positive side indicates that
the genus Asplanchna sp., influenced several fatty acids, possibly contributing to the
increase of its densities, such as C16:0, C18:3n3, C18:1n9c, C20:0 and C20:4.

The variables contained in the other ellipse show a greater association between
copepod nauplii and C14:0, C21:0 and EPA fatty acids, indicating that the concen-
trations of these fatty acids may have influenced nauplii densities. The second
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group formed by the ellipse on the negative side of factor 1 showed that the
concentrations of DHA, C24:1n9, C20:2(cis-11,14), may have influenced the abun-
dances of the rotifer Kelicottia longispina (K long), which was the most abundant
rotifer in this reservoir. The second main component (factor 2) explained the
relationship between P.dolichoptera and C.cornuta with C18:3 (Figure 9).

In the Salto Caxias reservoir, the principal component analysis, between fatty
acids and taxa, explained 70.63% of the total variability, with the first main com-
ponent (PC1) explaining 41.50% and the second main component (PC2) 29.13%.
The positive side of factor 1 explained the relationship of Asplanchna sp. With
several fatty acids, mainly with EPA, C14:0 and C16:0. These associations may
indicate that a certain group of algae may be producing these fatty acids, which
favored the abundance of rotifers, which are the food source of Asplanchna sp. The
second main component, located on the positive side, associated DHA with several
taxa, among them S. jollyae, Collotheca sp., C. cornuta, copepods and calanoid
copepodites, indicating that these taxa may possibly be related to a diet rich in DHA
(Figure 9).

4. Discussion

This study highlights the predominance of zooplankton species that are some-
how adapted to eutrophic environments, corroborating, in part, with the observed
trophic condition of the reservoir, with the aquatic system classified as oligotrophic,
according to the TSI in winter of 2012 (W). In the four reservoirs, the dominant
species were similar. P. dolichoptera was the most abundant species among the
rotifers and C. cornuta, whereas in the cladoceran species Ceriodaphnia silvestrii, D.
spinulosum and B. longirostris were the most abundant. In November 2012 (Sp) and
February 2013 (S) collections, it may have a large phytoplankton density, and
herbivorous rotifers such as P. dolichoptera become dominant over other species,
and later can be controlled by small zooplanktonic carnivorous organisms [34],
which may explain the dominance of Asplanchna sp. In upstream reservoirs,
namely, Salto Santiago and Salto Caxias.

According to Hollowday [35], P. dolichoptera is found mainly in eutrophic envi-
ronments, but also occur in water bodies with different trophic state degrees, but
present higher densities in eutrophic water bodies in periods of low temperature
[36]. This dominance of P. dolichoptera may indicates that environmental eutrophi-
cation could occur, which was confirmed in the Foz do Areia reservoir in the spring
of 2012 (Sp). Regarding the TSI, the trophic environmental conditions were quite
different, because in the spring of 2012 (Sp) the region was experiencing a great
drought, and the reservoirs were below their normal level and present a probable
“bloom” of cyanobacteria M. aeruginosa, according to Adloff et al. [29].

Due to this combination of factors, probably resulted in changes in trophic status
in aquatic bodies. Another factor that may have been the cause of this eutrophic
condition, mainly in the Foz do Areia reservoir, is the dumping of waste into the
Iguagu River, in the region of the city of Curitiba, as it is in a region with little access
to basic sanitation, as well as, the presence of industries.

Over time, these wastes accumulate in the first reservoir, and combined with the
drought, the high temperature and the low level of the reservoir, increases the
concentration of nutrients, consequently making it hypereutrophic. This high con-
centration of nutrients in the Foz do Areia reservoir passes to the other reservoirs
along the river, a fact that was possible to see in the following samples, arriving at
the Salto Caxias Reservoir, in the last collection. In the last sampling, the reservoir
floodgates were opened, which may have caused these nutrients to be carried along
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the river, however, as this study was carried out during this process, it is not
possible to infer the impact caused.

Farage et al. [37] observed an opposite result, in which the trophic state of the
studied aquatic environment increased during the rainy season, which is justified by
the runoff mechanism, which often occurs during the rainy season, especially in
soils without vegetation or predominance undergrowth.

Observing the results of the analysis of fatty acids superimposed with the TSI, it
is noticed that the main compounds are DHA, C16:0. In lesser proportions occurred
EPA and C15:1n5. Thant appears in certain trophic states, as in the spring sampling
of 2012 (Sp), where in the Foz do Areia reservoir it was presented as
hypereutrophic at all sampling sites, where the most abundant fatty acid was DHA.
However, DHA was more abundant in places classified as mesotrophic in the 2012
winter sampling (W) in the Salto Santiago reservoir.

In the Salto Caxias reservoir, environments classified as mesotrophic, C16:0
fatty acid was the most abundant. This variation may have occurred due to changes
in the climate and the water regime of the reservoirs, in the spring of 2012 (Sp),
where there was a great drought, and the reservoir levels decreased considerably.

This variation may have occurred due to changes in the climate and the water
regime of the reservoirs, in the spring of 2012 (Sp), where there was a great
drought, and the reservoir levels decreased considerably. In Foz do Areia the envi-
ronment was classified as hypereutrophic, and DHA was the most abundant fatty
acid while the other fatty acids had a lower concentration. A dominance of DHA
may indicate a diet based on flagellate organisms [38]. The seasonal variation of
fatty acids, mainly DHA, indicates a temporal change in the availability of phyto-
plankton [39]. Observing the results obtained, DHA is more present in more eutro-
phic environments, where according to Nozaki [40], some flagellated algae are
more abundant, while EPA, as well as C14:0 and C16:0 are more abundant in less
eutrophic environments.

Palmitic acid (C16:0) is a fatty acid that is found in several groups of phyto-
plankton that are food sources for zooplankton [41] and also in some species of
Cyanophyceae [42]. Also, according to Patil et al. [42], C16:0 is one of the main
groups of saturated fatty acids (SFA) among freshwater phytoplankton, while
marine phytoplankton is the main producer of DHA, and little is found in freshwater
species, considering that DHA is the most important fatty acid for copepods and
many fish species [43, 44]. Indeed, palmitic acid is one of the most common satu-
rated fatty acids in organisms, in general. Generally, phytoplankton with high pro-
portions of EPA or DHA, such as Cryptophyceae and Bacillariophyceae are excellent
food sources for zooplankton. Cyanophytes have practically no EPA and DHA, while
diatoms are rich in EPA, and dinoflagellates have high amounts of DHA [45].

In aquatic ecosystems, the level of essential fatty acids (EFAs), such as EPA and
DHA, in algae is highly variable [46]. The HUFA content represents between 3 and
7% of the total fatty acids of phytoplankton during flowering, making the nutritional
value of phytoplankton flowering questionable [46]. There is also evidence that the
amount of EPA and DHA in algae varies significantly between the major taxonomic
groups [47]. For example, Cryptophyceae have high proportions of EPA and DHA,
while in Chlorophyceae it is nonexistent, scarce or has traces of these fatty acids.
There is ample evidence that essential fatty acids (EFA) such as eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) are extremely important for several
aquatic organisms [48]. Indeed, marine phytoplankton generally contains high
amount of omega-3 (n-3) fatty acids, which are good for human health being one of
the main foods sources the consumption in fish species. These essential fatty acids
are related with the prevention and treatment of ocular, cardiovascular, autoim-
mune and cancer diseases [48-50].
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The availability of PUFAs is a critical factor that influences trophic dynamics
and biological production in the ecosystem. However, this PUFA pool is in turn
influenced by the set of planktonic organisms present, as well as physical and
chemical factors. To date, few studies have analyzed the transfer efficiencies of
these fatty acids at various trophic levels.

The concentration of zooplanktonic fatty acids is a useful tool for defining the
trophic state of the environment, especially EPA, DHA and C16:0. It is known that
the zooplankton community is important for the flow of energy in the trophic
chain. According to the concentration of nutrients in the environment, there may
be a differentiation in the biochemical composition of this community. To under-
stand how these differences can be related to water quality is an issue to be further
studied.

Although, zooplankton is not included as BQE (Biological Quality Element) in
the WFD (Water Frame Directive of the European Union Water Framework), some
studies use this community to assess the water quality of aquatic systems [51, 52].
This work corroborates zooplankton is a good bioindicator to assess water quality
and thus identified as a BQE by Water Framework Directive.

Biochemical analyzes of zooplankton, such as lipids (including fatty acids),
showed to be an important tool for water body management and water quality
analysis, and for detecting molecular changes in the zooplankton community, related
to the trophic status of systems, before they are perceived in the environment.

Although, the use of fatty acid analysis is not a low-cost tool and can only be
used with the help of a specialist, the results obtained are more accurate than other
types of analysis, thus being able to generate faster conclusions, accelerating the
assessment and evaluation process of the aquatic bodies.

Public policies and environmental campaigns should be adopted by the respon-
sible environmental agencies to minimize the discharge of sewage into the river, in
the region of Curitiba, or if possible, its treatment, so that this load of pollutants
does not reach the first reservoir—Foz do Areia—as well as environmental
education campaigns for the population.
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