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Abstract We investigated the individual and com-
bined impacts of manipulation of submerged mac-
rophytes, large-bodied cladocerans, and nutrients on
plankton communities in a tropical hypereutrophic
shallow reservoir. We tested how the addition of the
macrophyte Ceratophyllum demersum, the cladoceran
Sarsilatona serricauda, and nutrients affected phy-
toplankton and zooplankton diversity, composition,
and structure using mesocosms and a factorial design
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(3x3) with eight treatments. During the experi-
ment, the reservoir experienced an intense bloom of
algae (207 mg 17! of biomass), mainly composed of
cyanobacteria (>98%). The submerged macrophytes
were found to significantly reduce the biomass of
cyanobacteria (by 85%), diatoms (80%), and green
algae (78%), while the addition of zooplankton and
nutrients led to a 96% reduction for diatoms. While
both submerged macrophytes and the added clad-
ocerans impacted the native zooplankton community,
the macrophytes exerted stronger effects on phyto-
plankton and zooplankton diversity, composition,
and structure. Intriguingly, nutrient addition did not
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alter the main effects of macrophytes and large cla-
docerans. Our findings reveal the positive potential
of introducing submerged macrophytes in tropical
shallow lakes, even at a low to moderate percentage
of the volume inhabited, to control toxic cyanobacte-
rial blooms. Under our experimental conditions, the
method was effective even without extra zooplankton
grazing and at increased nutrient input.

Keywords Biomanipulation - Cyanobacterial
blooms - Eutrophication - Non-native species -
Restoration - Shallow lakes

Introduction

Harmful algal blooms have become a threat to fresh-
water biodiversity as they reduce water quality and
ecosystem functioning and services (Reid et al., 2019;
Amorim & Moura, 2021). Freshwater phytoplank-
ton blooms are often composed of cyanobacteria that
can release cyanotoxins and jeopardize aquatic com-
munities and harm humans (Olokotum et al., 2020).
Nutrient input is the most important factor trigger-
ing algal blooms, which are favored under eutrophic
conditions (Griffith & Gobler, 2020). Consequently,
many countries have adopted restoration measures
to reduce eutrophication and algal blooms (Jeppesen
etal., 2017).

An important restoration technique is biomanipu-
lation, which involves modification of important
structuring components of aquatic communities (Sha-
piro et al., 1975; Lammens et al., 1990; Meerhoff &
Beklioglu, 2024). The most successful cases of bio-
manipulation, in the form of fish removal, come from
the temperate region, showing efficient reduction of
nutrient concentrations, turbidity, and phytoplank-
ton biomass (e.g., Sgndergaard et al., 2008; Ha et al.,
2013; Ekvall et al., 2014; Geletu, 2023). The success
of this technique usually depends on the recovery of
submerged vegetation, which stabilizes the clear state
of the lakes (Hilt et al., 2018; Gao & Hu, 2023).

The efficiency of biomanipulation, along with the
effects of top-down and bottom-up forces on phyto-
plankton, depends on nutrient levels (Jeppesen et al.,
1997) and their critical thresholds that control the
shift from turbid- to clear-water states (Scheffer et al.,
1993). For instance, top-down control of phytoplank-
ton is unlikely in (hyper)eutrophic deep lakes even
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after biomanipulation as phytoplankton can be ined-
ible and phosphorus reduction may not cause nutrient
limitation (Benndorf et al., 2002). In shallow lakes,
the zooplankton grazing pressure is also diminished
at high phosphorus concentrations in the absence
of submerged macrophytes (Jeppesen et al., 1997).
Stronger eutrophication might impair submerged
macrophyte growth, thereby reducing the bottom-
up control of phytoplankton (Sgndergaard & Moss,
1998). Furthermore, nutrient levels affect the sensi-
tivity of phytoplankton to macrophytes (Hilt & Gross,
2008) as allelopathic effects are stronger under nutri-
ent limitation (Reigosa et al., 1999; Sim et al., 2024).

For tropical regions, the efficiency of biomanipula-
tion is not yet fully elucidated. Some characteristics
of warmer regions may impair the success of fish
removal, such as dominance of fast-growing omniv-
orous fish, lower densities of piscivores (Jeppesen
et al., 2012; Meerhoff & Beklioglu, 2024), and pre-
dominance of small zooplankton (Jeppesen et al.,
2007). Warmer conditions can also decrease the
energy transfer efficiency and biomass of plankton
communities, thereby affecting the structure and func-
tioning of lake ecosystems (Barneche et al., 2021).
Consequently, even a tenfold increase in zooplankton
community or addition of the large cladoceran Daph-
nia did not control algal blooms in subtropical lakes
(Lacerot et al., 2013). Similarly, stocking of piscivo-
rous fish in subtropical lakes did not increase zoo-
plankton grazing on phytoplankton importantly due
to sustained high abundances of small zooplanktivo-
rous fish (Liu et al., 2018; Rao et al., 2023), which
in some cases may lead to increased turbidity, nutri-
ent levels, and chlorophyll-a concentrations due to
sediment disturbance (He et al., 2022) and increased
amounts of fish excrements. These findings highlight
the challenges of managing phytoplankton blooms in
warmer lakes through enhanced zooplankton grazing
and the need for more effective strategies.

Despite the low efficiency of zooplankton graz-
ing, some studies have demonstrated that introduction
of submerged macrophytes can decrease phytoplank-
ton biomass in subtropical (e.g., Vanderstukken et al.,
2011; Dong et al., 2014) and tropical lakes (e.g., Liu
et al., 2018; Amorim & Moura, 2020; Portilla et al.,
2023; Rao et al., 2023). Submerged macrophytes can
inhibit the phytoplankton biomass through the reduc-
tion of light and nutrient availability, secretion of allelo-
pathic substances, provision of refuges for zooplankton
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against fish predation, at least in temperate lakes (Meer-
hoff et al., 2007), and reduction of sediment resuspen-
sion (Scheffer et al., 1993; Sgndergaard & Moss, 1998).
Among these mechanisms, allelopathy has a strong
influence on phytoplankton structure because of the
different sensibilities of the main algal groups (Hilt &
Gross, 2008; Amorim et al., 2019).

Although the combined influence of submerged
macrophytes and large zooplankton may suppress the
phytoplankton biomass (e.g., Ha et al., 2013; Rao et al.,
2023), the introduction of a different species may have
substantial effects on the diversity and dominance pat-
terns of native phytoplankton and zooplankton com-
munities (Rohwer et al., 2023). For submerged macro-
phytes, the effects of the introduction are dependent on
the coverage (Ferreira et al., 2018). Similarly, the intro-
duction of a non-native zooplankton can reduce the
abundance of native species through competition, lead-
ing to changes in diversity and food-web interactions
(Rohwer et al., 2023). Therefore, besides evaluating
the efficiency of the introduction of non-native species
on the control of eutrophication and algal blooms, it is
crucial to elucidate their impacts on native planktonic
communities.

In this study, we experimentally evaluated the iso-
lated and combined effects of the introduction of a sub-
merged macrophyte, a large cladoceran, and nutrients
on phytoplankton and zooplankton biomass, diversity,
composition and structure in a tropical shallow reser-
voir with cyanobacterial blooms. We tested the follow-
ing three main hypotheses: (i) submerged macrophytes
effectively suppress prokaryotic algae (cyanobacteria),
whereas large cladocerans are effective at reducing the
biomass of edible eukaryotic algae (green algae, dia-
toms, and flagellates) but not cyanobacteria due to their
low edibility; (ii) input of nutrients alters the response
of phytoplankton and zooplankton groups to the addi-
tion of submerged macrophytes and non-native large
cladocerans; (iii) presence of submerged macrophytes
drives the diversity, composition, and structure of
native communities of phytoplankton and zooplankton.

Materials and methods

Study site and experimental design

We performed a mesocosm experiment in the Tapa-
cura reservoir, Pernambuco, Brazil (8°2'36"S,

35°11'52"W), from February 8th to February 18th,
2019. This reservoir is located at the Ecological
Station of Tapacura, an Atlantic Rain Forest frag-
ment, and has a water storage capacity of 105x 10°
m® (APAC, 2019). During the experiment, Tapacura
only reached 26% of its maximum storage capac-
ity and had a mean depth of 2 m. Although the res-
ervoir is used for multiple purposes, including water
supply, fishing, agricultural irrigation, livestock, and
transportation, it is hypereutrophic and exposed to
multiple stressors, such as pollution, habitat degrada-
tion, and agriculture. The reservoir has large stands of
the floating macrophyte Eichhornia crassipes (Mart.)
Solms and annual blooms of Microcystis spp. Rotifers
and cyclopoid copepods dominate the zooplankton
community, while the fish assemblage is composed
of small zooplanktivorous and omnivorous species
(Amorim & Moura, 2020).

A total of 32 mesocosms, constructed of PVC tubes
and transparent polyethylene bags (1.25 m depth and
0.32 m width), were kept open to the atmosphere and
closed at the bottom. The mesocosms were fixed to
two trees in the limnetic region of the reservoir, and
their buoyancy was maintained using PET bottles.
Each mesocosm was filled with 100 1 non-processed
water from the reservoir, ensuring the same initial
conditions for all mesocosms. We designated eight
treatments (each with four replicates): C—control;
M—macrophytes; Z—zooplankton; MZ—macro-
phytes +zooplankton; N-—nutrients; MN-—macro-
phytes + nutrients; ZN—zooplankton + nutrients; and
MZN—macrophytes + zooplankton + nutrients. The
submerged macrophyte Ceratophyllum demersum
L. and the large cladoceran Sarsilatona serricauda
(Sars, 1901) (mean body size>1 mm) were added
to the treatments with macrophytes and zooplankton,
respectively. These organisms were collected from
the Carpina reservoir, another hypereutrophic system
located in the same watershed (22 km from Tapacura
reservoir) (Amorim et al., 2020). We selected these
organisms due to the known allelopathic activity of
C. demersum, the large size of S. serricauda, and
their availability in nearby reservoirs, allowing trans-
portation within the same day.

The submerged macrophytes were washed several
times with tap and distilled water and then introduced
into the mesocosms with a biomass of 3.5 g 17! (wet
weight) based on the mean biomass in the Carpina
reservoir, corresponding to a plant percentage volume
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inhabited (PVI) of 28%. For the sampling of large
cladocerans, 200 1 water from the Carpina reservoir
was filtered with a 320-um mesh-opening plankton
net, which allowed selection of only large organisms.
The mean zooplankton biomass added to each mes-
ocosm was 85 ug 17! (+10.4), composed of 92% .
serricauda and 8% Notodiaptomus cearensis (Wright,
1936), a large calanoid copepod (>1 mm) also pre-
sent in Tapacurd reservoir. In the treatments with
nutrient additions, we added 0.4 and 0.5 mg 17! of
ammonium (NH,*) and phosphate (PO43_), respec-
tively, weighted from ammonium chloride (NH,CI)
and potassium phosphate (KH,PO,) and diluted in
200 ml autoclaved distilled water. Details on the
nutrient concentrations during the experiment are
described in Amorim & Moura (2020). Briefly, the
addition of nutrients led to an increase in ammonia
(NH,: 66 ug 1" in C and 180 ug 17! in N), dissolved
inorganic nitrogen (DIN: 86 ug 17! in C and 194 pg
17! in N), orthophosphate (PO,: 225 pg 1"! in C and
443 ug 1! in N), total dissolved phosphorus (TDP:
560 pg 17" in C and 736 ug 17! in N), and total phos-
phorus (TP: 900 pg I~ in C and 1080 pg I~! in N)
concentrations after 10 days in the N treatment. Low
chlorophyll-a to DIN or TDP ratios indicate that there
was no nutrient limitation.

Sampling and analyses

Phytoplankton analyses were performed based on
depth-integrated samples collected with a 1-m long
PVC tube at different points of the mesocosms on
days 0 and 10 and then preserved with 1% acetic
Lugol. Species identification was performed using a
light microscope (400xand 1000 X magnifications)
and specialized literature. The density of each spe-
cies was analyzed in sedimentation chambers in an
inverted microscope (Utermohl, 1958). Phytoplank-
ton biomass (mg 17!) was determined using the geo-
metric formulas from Hillebrand et al. (1999). The
biomass was divided into cyanobacteria, green algae,
diatoms, and phytoflagellates (Cryptophyta, Dino-
phyta, and Euglenophyta).

Zooplankton were analyzed in samples collected
on days 0 and 10 by filtering the water of the meso-
cosms (100 1) in a 60-um mesh-opening plankton net,
followed by fixing with 4% formalin. Three subsam-
ples per sample were analyzed in a 1 ml Sedgewick-
Rafter chamber in a light microscope for species
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identification and quantification. Species were iden-
tified following specialized literature. Regressions
between dry weight (ug 17!), length, and width of the
organisms were used to estimate the biomasses of the
rotifers (Ruttner-Kolisko, 1977), cladocerans, and
copepods (Dumont et al., 1975).

Data analyses

Species with relative biomasses greater than 50%
were considered dominant and those with relative
biomasses greater than 5% were considered abundant.
Phytoplankton and zooplankton species richness (S)
was defined as the number of species identified per
sample. Shannon diversity (H’) and Pielou even-
ness (J’=H’/log(S)) indexes were calculated using
the vegan package of the R software (Oksanen et al.,
2022).

A three-way ANOVA was used to verify signifi-
cant differences between the phytoplankton and zoo-
plankton biomass, species richness, diversity, and
evenness on day 10 based on the factors macrophytes,
zooplankton, and nutrients and possible interactions
between them (macrophytes+ zooplankton, macro-
phytes + nutrients, zooplankton + nutrients, and mac-
rophytes +zooplankton + nutrients). The normality
and homoscedasticity of the data were tested by Kol-
mogorov—Smirnov and Bartlett tests, respectively, in
addition to Q-Q and residuals vs. fitted plots. When
those premises were not met, we applied a variance-
stabilizing transformation or tested the data using
Generalized Linear Models test instead of ANOVA.
PERMANOVA analyses were used to test for signifi-
cant differences in phytoplankton and zooplankton
composition (presence and absence matrix) and struc-
ture (biomass matrix) between treatments on day 10.
Then, the data were graphically represented in non-
parametric multidimensional scaling plots (NMDS)
in the vegan package of the R software. All statistical
analyses were performed in R (version 4.0.5) with a
significance level of P <0.05 (R Core Team, 2024).

Results
Phytoplankton

In total, 57 phytoplankton taxa were identified,
composed of 24 species of cyanobacteria and 33
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eukaryotic algae (21 green algae, six diatoms, and six
phytoflagellates). The initial phytoplankton biomass
in the control treatment was 207 mg 17! (standard
error+7.8), which increased to 297 mg 17! (stand-
ard error+12.5) on day 10. Cyanobacteria always
constituted more than 98% of the phytoplankton bio-
mass, and Microcystis panniformis Komarek et al.
dominated most of the samples (>50%). After cyano-
bacteria, the second most abundant group was dia-
toms, followed by green algae and phytoflagellates
whose relative biomasses were always lower than 2%
(Fig. 1).

Cyanobacteria biomass was influenced by the fac-
tors macrophytes, macrophytes +zooplankton, and
zooplankton +nutrients. Higher inhibition of the
cyanobacteria biomass was observed in the M (85%),
MN (81%), MZN (67%), and MZ (54%) treatments.
For the treatments with nutrient addition, there was
a significant reduction in the cyanobacteria bio-
mass in the ZN (26%) compared to the N treatment

(Table S1; Fig. 1a). For green algae, only the factor
macrophytes exhibited significant effects, with a 78%
reduction of the biomass in treatment M (Table S1;
Fig. 1b). The biomass of diatoms was influenced by
the factors macrophytes, zooplankton, nutrients, mac-
rophytes + zooplankton, and macrophytes + nutri-
ents. Diatom biomass was reduced by 96% in the ZN
treatment, followed by MZ (89%), MN (87%), and M
(80%) (Table S1; Fig. 1c). The factors zooplankton
and macrophytes +zooplankton significantly influ-
enced the phytoflagellate biomass, but they did not
differ from the control. However, in the set of meso-
cosms with higher eutrophication, there was a signifi-
cant reduction in phytoflagellate biomass in the ZN
treatment compared to N (Table S1; Fig. 1d).

Zooplankton

In total, 19 native zooplankton taxa were identified,
consisting mainly of rotifers (13 spp.), copepods
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Fig. 1 Boxplots showing the biomass of cyanobacteria (a),
green algae (b), diatoms (c), and phytoflagellates (d) on days
0 and 10 of the experiment in the control (C), macrophyte (M),
zooplankton (Z), and nutrient (N) treatments and their possible

interactions. Different letters represent significant differences
between the treatments (P <0.05). Boxplots show the median
(black line), 25th and 75th interquartile range (box), minimum
and maximum values (whiskers), and outliers (dots)
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(3 spp.), and cladocerans (3 spp.). The initial zoo-
plankton biomass in the control treatment was 179
pg 17! (standard error+9.8), decreasing to 147 ug
17! (standard error+18.1) on day 10. Copepods had
the highest biomasses in most of the treatments,
with the cyclopoid Thermocyclops decipiens being
the dominant species in Z (96%), C (94%), N (90%),
ZN (69%), MZ (55%), and MZN (52%), followed by
copepod nauplii and Notodiaptomus cearensis. All
the macrophyte treatments had high biomasses of
rotifers, which became dominant in M (74%), MN
(56%), MZN (47%), and MZ (45%), represented
mainly by Lepadella patella as the dominant species,
followed by Lecane bulla and Brachionus calyciflorus
Pallas, 1766. Among the cladocerans, Diaphanosoma
spinulosum Herbst, 1975 showed the highest abun-
dances in the C and ZN treatments (Fig. 2).

macrophytes + added zooplankton + nutrients.
A remarkable increase in the biomass of rotifers
compared to the control (2 ug 17!) was observed
in all the macrophytes treatments: M (12,147%
or 236 pg 171, MN (8692%), MZN (8510%), and
MZ (4131%), differing from the control in the M,
MN, and MZN treatments (Table S2; Fig. 2a). As
for the biomass of copepods, there were significant
effects of the factors macrophytes, nutrients, and
macrophytes + added zooplankton. However, only
the Z and ZN treatments differed from the MZN
(Table S2; Fig. 2b). Cladocerans were affected
by all factors and interactions, with all treatments
showing significantly lower biomasses than the con-
trol. Cladocerans completely disappeared (reduc-
tion of 100%) in the M, MZ, and MN treatments,
followed by reductions in the Z (90%), N (85%),

The biomass of rotifers was  signifi- MZN (84%), and ZN (76%) (Table S2; Fig. 2¢). The
cantly influenced by the factors macro- biomass of the introduced S. serricauda declined by
phytes, macrophytes+added zooplankton, and 81.1% in treatment Z from day O to day 10; in the
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Fig. 2 Boxplots showing the biomass of the native zooplank-
ton groups Rotifera (a), Cladocera (b), and Copepoda (c)
besides the introduced Sarsilatona serricauda (d) on days O
and 10 of the experiment in the control (C), macrophyte (M),
zooplankton (Z), and nutrient (N) treatments and their possible
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interactions. Different letters represent significant differences
between the treatments (P <0.05). Boxplots show the median
(black line), 25th and 75th interquartile range (box), minimum
and maximum values (whiskers), and outliers (dots)
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other treatments S. serricauda showed a reduction
of only 12-23% (Table S2; Fig. 2d).

Phytoplankton and zooplankton diversity,
composition, and structure

Only the factor macrophytes influenced phytoplank-
ton species richness, while macrophytes, macro-
phytes +added zooplankton, and macrophytes + nutri-
ents impacted phytoplankton diversity and evenness.
Moreover, there was a significant effect of nutri-
ents on the Pielou evenness. None of the treatments
showed significant differences from the control for
species richness, while Shannon diversity and Pie-
lou evenness were significantly lower in M, MZ,
MN, ZN, and MZN than in the control (Table S1;
Fig. 3a—c).

Native zooplankton species richness was signifi-
cantly influenced by the factors macrophytes, added
zooplankton, nutrients, macrophytes+added zoo-
plankton, macrophytes +nutrients, and added zoo-
plankton +nutrients, with all treatments showing
lower species richness than the control. Shannon
diversity was affected by the factors added zooplank-
ton, nutrients, macrophytes+ nutrients, and added
zooplankton + nutrients, with reductions in the diver-
sity in the Z, N, and ZN treatments, while the mac-
rophyte treatments did not differ from the control.
Moreover, Pielou evenness was affected by macro-
phytes and macrophytes +added zooplankton + nutri-
ents. Although none of the treatments differed from
the control, MZ, MN, and MZN had higher evenness
than Z and N (Table S2; Fig. 3d-f).

The presence of submerged macrophytes was the
most important factor driving the composition and
structure of phytoplankton and native zooplank-
ton, and the differences between treatments with or
without macrophytes were always highly signifi-
cant (PERMANOVA: P<0.001). The phytoplank-
ton composition and structure were also influenced
by the factors macrophytes+nutrients and macro-
phytes+added zooplankton, respectively. Besides
macrophytes, the native zooplankton structure was
also significantly affected by the factors nutrients,
macrophytes +added zooplankton, and added zoo-
plankton + nutrients (Table S3, Fig. 4). Cyanobacteria
were typically more abundant in the treatments with-
out macrophytes (Fig. 4b). In the zooplankton com-
munity, copepods and cladocerans were abundant in

the treatments without macrophytes, whereas rotifers
were more abundant in the macrophyte treatments
(Fig. 4d).

Discussion

The introduction of the submerged macrophyte Cera-
tophyllum demersum and the large-bodied cladoceran
Sarsilatona serricauda caused significant changes in
the composition and structure of the native phyto-
plankton and zooplankton. The addition of C. demer-
sum led to major changes in phytoplankton, inhibit-
ing cyanobacteria, green algae, and diatoms, while for
zooplankton, it led to an increase in rotifer biomass.

The first hypothesis was partially confirmed:
Although the added cladocerans grazed upon eukar-
yotic algae, submerged macrophytes inhibited not
only cyanobacteria (reduction of 85%) but also dia-
toms and green algae. The release of allelopathic
substances seems to be the most plausible reason
for the cyanobacterial inhibition (see Amorim &
Moura, 2020 for detailed explanations). The inhi-
bition of cyanobacteria and diatoms was expected
due to their sensitivity to macrophyte allelochemi-
cals (Hilt & Gross, 2008). Although green algae are
known to be less affected (e.g., Amorim et al., 2019;
Souza et al., 2021), they are considered nutritious
food for zooplankton (Wilson et al., 2006) and could,
in part, be grazed upon by the rotifers in the macro-
phyte treatments. Regarding diatoms, it is unclear
if they were inhibited by the macrophytes or grazed
upon by rotifers as small-sized grazable diatoms were
abundant.

The introduction of the large cladoceran, S. ser-
ricauda, had a smaller effect on cyanobacteria bio-
mass than the effects of the submerged macrophytes.
Besides being less edible, cyanobacteria also pos-
sess adaptive strategies to avoid zooplankton graz-
ing, such as large size, toxicity, and poor nutritional
quality (Moustaka-Gouni & Sommer, 2020). The
addition of S. serricauda, however, decreased the
biomass of diatoms and phytoflagellates in the ZN
treatment compared to N, both groups being suscep-
tible to zooplankton grazing. The selectivity of zoo-
plankton for these small-sized phytoplankton may
also have stimulated cyanobacterial growth through
the exclusion of their main competitors (Ger et al.,
2019). The decline in the biomass of the introduced
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Fig. 3 Boxplots showing the species richness, Shannon diver- ters represent significant differences between the treatments
sity index, and Pielou evenness of phytoplankton (a—c) and (P<0.05). Boxplots show the median (black line), 25th and
zooplankton (d—f) in the control (C), macrophyte (M), zoo- 75th interquartile range (box), minimum and maximum values
plankton (Z), and nutrient (N) treatments and their possible (whiskers), and outliers (dots)
interactions on days O and 10 of the experiment. Different let-
S. serricauda, however, reflects its poor capacity to not differ from those of the macrophyte-only treat-
coexist with dense cyanobacterial blooms. Reduced ment, emphasizing the crucial role of submerged
grazing effects of large-bodied cladocerans on phyto- plants in structuring phytoplankton communities in
plankton have been found also in other tropical and shallow lakes. Similarly, Liu et al. (2018) observed
subtropical lakes (e.g., Lacerot et al., 2013; Portilla that restoration of submerged macrophytes was more
et al., 2023). important than top-down effects of fish manipula-
The effects of combined addition of macrophytes tion for phytoplankton abundance in a tropical shal-
and zooplankton, or of macrophytes and nutrients, did low lake. A follow-up study in the same restored
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(NMDS) showing the composition (a) and structure (b) of
phytoplankton and the composition (c¢) and structure (d) of
zooplankton in the control (C), macrophyte (M), zooplankton
(Z), and nutrient (N) treatments and their possible interac-
tions on day 0 (DO) and day 10 of the experiment. The shapes
cluster the samples from day O and the treatments with or
without macrophytes. Phytoplankton species with relative
biomass >5%: Miae: Microcystis aeruginosa (Kiitzing) Kiitz-
ing; Mipa: Microcystis panniformis Komarek, Komarkova-
Legnerova, Sant’Anna, M.T.P.Azevedo, & P.A.C.Senna; Mipr:

lake (Rao et al., 2023) showed a higher proportion
of large herbivorous calanoid copepods, though in
low abundances, in macrophyte basins, while basins
with higher algal biomass did not experience changes
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Komarek & Komarkova-Legnerova. Zooplankton species with
relative biomass>5%: Brca: Brachionus calyciflorus Pallas,
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plii; Noce: Notodiaptomus cearensis (Wright, 1936); Thde:
Thermocyclops decipiens Disp: Diaphanosoma spinulosum
Herbst, 1975

in their zooplankton community, maintaining higher
abundances of omnivorous cyclopoid copepods.

To better understand the effects of macrophytes on
phytoplankton structure, it is important to consider
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the number of added plants and their percentage of
volume inhabited (PVI). A macrophyte PVI>15%
has been shown to be enough to decrease phytoplank-
ton biomass and thus the potentially harmful cyano-
bacteria in tropical lakes (Portilla et al., 2023). In
temperate lakes, a macrophyte PVI of 15-20% can
boost zooplankton abundance, consequently reducing
phytoplankton biovolume and increasing water trans-
parency, provided that planktivorous fish density is
low (Schriver et al., 1995). In our study (PVI of 28%),
macrophytes did not change the relative proportion of
phytoplankton groups, perhaps due to the short dura-
tion of the experiment. Longer periods of coexistence
of submerged macrophytes and the natural phyto-
plankton might result in a shift from cyanobacterial
to green algae dominance as observed in other studies
from subtropical lakes with similar macrophyte PVIs
(35% or 3.3 g 17!) (e.g., Vanderstukken et al., 2011).

Different from what we expected (hypothesis 2),
higher nutrient input did not affect the main response
of phytoplankton and zooplankton groups to the addi-
tions of submerged macrophytes and added large cla-
docerans. The weak effect of nutrients can be attrib-
uted to the overall high nutrient concentrations in
both the control and the treatments, as also empha-
sized in the low chlorophyll-a to DIN or TDP ratios
in all treatments (see Materials and Methods as well
as Amorim & Moura, 2020).

Despite the low effect of the isolated additions of
the large cladocerans in the Z-only treatment, they
lowered the cyanobacterial biomass when combined
with nutrients in the ZN treatment. Shurin et al.
(2012) and Kratina et al. (2012) found that eutrophi-
cation increased zooplankton biomass and size, which
consequently favored the grazing on phytoplankton in
the absence of fish predation, as in our experiment.
Large cladocerans, however, are unable to reduce the
cyanobacteria biomass in the blooming phase, even
in absence of fish (Gliwicz, 1990), as also shown in
the present study, and they may completely disap-
pear when the blooms become dense (Gliwicz, 1990).
This is critical for warmer regions where the classi-
cal biomanipulation model, through trophic cascades,
already has serious limitations due to high fish pre-
dation on zooplankton and the fact that cyanobacte-
ria thrive under eutrophic conditions (Jeppesen et al.,
2012). Moreover, the introduction of S. serricauda
apparently had negative effects on the abundance of
copepods and cladocerans (though only marginally
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significant for copepods), likely due to food shortage.
It is well established that non-native species may have
serious impacts on native organisms by changing the
interactions between different components of the food
web and by competing for resources (e.g. Papa et al.,
2012; Havel et al., 2015; Rohwer et al., 2023).

It is evident from our results that the presence of
submerged macrophytes was the most important
driving factor for phytoplankton and zooplankton
diversity, composition, and structure, corroborating
the third hypothesis. The reduction of phytoplank-
ton species diversity and evenness induced by sub-
merged macrophytes aligns with the findings by Fer-
reira et al. (2018), who compared areas with stands
of submerged macrophyte and the pelagic zone of a
subtropical lake. However, the degree of influence
usually depends on fish abundance, macrophyte
coverage, and trophic interactions (Sgndergaard &
Moss, 1998). The most noticeable impact of sub-
merged macrophytes on zooplankton structure was
the increase in rotifer biomass in all treatments with
C. demersum. This finding is consistent with previ-
ous studies, which have shown that plants with higher
structural complexity, such as C. demersum, signifi-
cantly impact rotifer life conditions and community
structure. Such plants provide greater habitat hetero-
geneity, increased surface area, higher food availabil-
ity through biofilms, and a favorable environment for
rotifer survival and reproduction (Kuczynska-Kippen,
2007). Consequently, higher biomasses of rotifers
may perhaps have contributed to the disappearance of
cladocerans in macrophyte treatments due to competi-
tion for resources.

Conclusions

We found that the submerged macrophytes (at a
low or moderate percentage of the volume inhab-
ited) decreased the biomass of different phytoplank-
ton groups in tropical shallow reservoir mesocosms,
likely reflecting allelopathy. The addition of macro-
phytes was the main driver of phytoplankton and zoo-
plankton community composition and structure, even
at higher eutrophication levels. We also tested the
effects of introducing a large-bodied cladoceran com-
monly occurring in the same watershed, which grazed
upon eukaryotic algae. Given its only modest effect
on the cyanobacteria biomass and negative effects on
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the native zooplankton in our experiment, as well as
the fact that fish predation will likely eliminate them
quickly in the real world (Jeppesen et al., 2012), addi-
tion of zooplankton is not recommended for (sub)
tropical lakes. We tested only the short-term effects of
macrophyte addition, so longer-term mesocosm and
field studies are needed to verify if the effects of the
introduced plants and the plants themselves will per-
sist and help to attain a clear-water state.
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