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experiment to simulate shallow lakes and added 
nutrients to produce eutrophic and oligo-mesotrophic 
environments. We found that conductivity and turbid-
ity increased with the nutrient enrichment process. 
Eutrophication did not change species richness; how-
ever, it increased the total phytoplankton density and 
chlorophyll-a concentration and decreased the diver-
sity indices (Shannon–Wiener diversity and Pielou’s 
equitability) over time, for both taxonomic and func-
tional facets. Our results indicate that eutrophication 
may not have marked effects on the composition of 
the initially dominant organisms in the short term 
but does increase the density of certain organisms 
and exclude rare species and functional groups in 
eutrophic environments along the time. Furthermore, 

Abstract Eutrophication is a key threat to aquatic 
biodiversity around the world, but especially in the 
Cerrado biome that has undergone intensive land use 
conversion and fertilizer use. In this study, we inves-
tigated how water conditions and different taxonomic 
and functional indicators of phytoplankton communi-
ties responded to eutrophication over time and also 
identified which of these variables can act as early 
indicators of eutrophication. We used a mesocosm 
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the diversity indices are more sensitive indicators of 
eutrophication compared to abiotic indicators and 
composition of species and functional groups. There-
fore, they may be considered reliable early warnings 
of ecosystem changes.

Keywords Algae · Freshwater mesocosms · 
Functional groups · Global change · Nutrient 
enrichment

Introduction

The relationship between productivity and diver-
sity has been the subject of intense research over 
the last decades (e.g., Strong, 2010; Vallina et  al., 
2014; Brun et  al., 2019). This is so because studies 
carried out to date have shown that this relationship 
can be unimodal, positive, and negative (Mittelbach 
et al., 2001). In addition, the type of the relationship 
between productivity and diversity may be further 
changed by the impacts caused by global changes, 

including climate change, eutrophication, and land 
use intensification (e.g., Zhou et  al., 2006; Lewan-
dowska et al., 2012; Zhang et al., 2021a).

The intensity of human-induced global changes is 
expected to increase by the end of this century (IPCC, 
2021). Thus, global changes that directly or indirectly 
impact freshwater environments are troublesome, as 
these systems harbor high biodiversity, provide sev-
eral ecosystem services, and are already among the 
most threatened on the planet (Dudgeon et al., 2006; 
Strayer & Dudgeon, 2010; Dudgeon, 2019). Fur-
thermore, human-induced changes in watersheds are 
transferred to aquatic ecosystems as these systems are 
tightly coupled (Allan, 2004).

Cultural eutrophication consists in increasing 
nutrient concentrations in aquatic environments 
by the action of human activities, promoting pri-
mary producers growth (Smith & Schindler, 2009; 
Jeppesen et  al., 2010). Urbanization and the conver-
sion of natural land cover to agriculture, for example, 
are major causes of nutrient enrichment in freshwater 
ecosystems (Carpenter et al., 1998; Carpenter, 2008; 
Jeppesen et al., 2010). This process, in turn, is consid-
ered one of the main threats to aquatic environments 
(Smith et  al., 1999; Jeppesen et  al., 2010), affect-
ing water supply, population health, and well-being 
(Smith & Schindler, 2009; Chislok et  al., 2013). 
Even more worrying, the negative consequences of 
eutrophication may be exacerbated by climate change 
as this process may further reduce the resilience of 
aquatic systems to eutrophication (e.g., Moss et  al., 
2011; Meerhoff et al., 2022).

Lakes and ponds are excellent model systems 
for studying eutrophication (Istvánovics, 2009) due 
their clearer boundaries, spatial ubiquity, and strong 
response to current and past changes in watersheds 
(Adrian et  al., 2009). Several approaches have been 
used to investigate the effects of eutrophication on 
lakes. Despite the ground-breaking experiments 
led by D. W. Schindler (Leavitt et  al., 2021), there 
are a predominance of observational studies (e.g., 
Jeppesen et  al., 2000; Ptacnik et  al., 2008; Muna-
war & Fitzpatrick, 2018; Bouraï et al., 2020). Also, 
experimental studies are mainly conducted in labo-
ratory conditions and based on small experimental 
units (e.g., microcosms; Soares et al., 2013; Di Car-
valho & Wickhan, 2019). Finally, the realistic whole 
lake experiments (Cottingham & Carpenter, 1998; 
Schindler, 1998; Wilkinson et al., 2018) usually have 
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a limited number of replications. In this sense, exper-
iments in mesocosms can simulate small lakes or 
ponds, considering the inherent complexity of eco-
systems and allowing for the necessary replication 
for statistical inference.

The transition from an oligotrophic to an eutrophic 
environment can lead to a regime shift, usually driven 
by changes in an external forcing variable, as nutri-
ent input (e.g., Donangelo et al., 2010; Buttita et al., 
2017). This process can produce abrupt, often irre-
versible changes, to a turbid water state (Dakos 
et al., 2019), with high social costs (e.g., Pretty et al., 

2003). Studies using the mesocosm approach to 
detect the effects of eutrophication have been devel-
oped in recent years, mainly in temperate and sub-
tropical regions (e.g., Ding et  al., 2019; Filiz et  al., 
2020; Zhang et al., 2021b; but see Crosseti & Bicudo, 
2005; Muhid et al., 2013 for tropical regions). Some 
of these studies simulated episodic nutrient inputs 
(e.g., Moss et  al., 2003; Baho et  al., 2017; Zhang 
et  al., 2021b). However, to evaluate how ecosystem 
properties change over time, in response to continu-
ous nutrient additions (e.g., smoothly, with a shift or 
catastrophically; see Fig.  1 in Scheffer et  al., 2001), 

Fig. 1  Experimental design used to assess the effects of 
gradual eutrophication on phytoplankton communities. The 
procedure was initiated with the stabilization phase (when 
nutrients were added to reach the concentrations of the lake) 

followed by the enrichment phase (when nutrients were added 
to the eutrophic treatment in increasing concentrations with 
the time). Before the enrichment phase, the water was mixed 
among all tanks
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one needs to precisely simulate this gradual process 
which, in general, is more common in nature. This is 
important for water quality monitoring because early-
warning indicators are likely to fail in detecting a cat-
astrophic shift as the state of the system changes little 
before a certain threshold of nutrient concentration 
(Scheffer et al., 2001).

Several environmental changes can be observed 
during the eutrophication process, including 
reduced water transparency and oxygen depletion 
(Callisto et al., 2014). In relation to biological com-
ponents, phytoplankton is one of the first groups of 
organisms to respond to eutrophication, which in 
turn triggers changes in ecosystem processes, such 
as productivity and biogeochemical cycles (Salmaso 
& Tolotti, 2021). Microalgae are usually limited by 
phosphorus and nitrogen (Reynolds, 2006) and can 
proliferate excessively under high-nutrient concen-
trations and suitable temperature (Smith, 2016). 
Moreover, some bloom-forming Cyanobacteria spe-
cies can produce toxins, causing serious damage to 
human health and aquatic organisms (e.g., Falconer 
& Humpage, 2005; Paerl & Otten, 2013; Huisman 
et al., 2018).

Biodiversity measures (e.g., species richness, 
Shannon–Wiener diversity (H’), and Pielou’s equi-
tability (J’) indexes) and the abundance of some 
taxonomic groups of microalgae have been sug-
gested as indicators of eutrophication (e.g., Cot-
tingham & Carpenter, 1998; Soares et  al., 2013; 
Baho et al., 2017; Filiz et al., 2020). Previous stud-
ies have found a temporal increase in algal bio-
mass (Donald et  al., 2013; Dong et  al., 2018), cell 
biovolume (Ferragut & Bicudo, 2012; Baho et  al., 
2017), abundance (Jeppesen et  al., 2000; Ferragut 
& Bicudo, 2012), as well as the predominance of 
Cyanobacteria (e.g., Ptacnik et al., 2008; Lira et al., 
2011) in eutrophic environments. Also, some stud-
ies found a reduction in species richness and diver-
sity (Shannon–Wiener) as a consequence of nutri-
ent enrichment over time (Cottingham & Carpenter, 
1998; Soares et al., 2013; Baho et al., 2017; but see 
Jeppesen et al., 2000 and Ferragut & Bicudo, 2012 
for opposite results).

Despite the importance of taxonomic-based 
indicators, it has become increasingly evident that 

functional characteristics of organisms can better 
indicate how they respond to environmental impacts, 
including eutrophication (e.g., Weithoff, 2003; Litch-
man & Klausmeier, 2008; Kruk et  al., 2012). For 
example, Chlorophyceae include unicellular, fila-
mentous, and colonial taxa and each of these groups 
of algae may respond differently to environmen-
tal changes (Jin et  al., 2020). Also, other functional 
characteristics of phytoplankton (e.g., cell size and 
shape, as well as presence of heterocytes, mixotro-
phy, and mucilage) may affect the uptake and storage 
of nutrients, which may favor species that have these 
characteristics in conditions where nutrients are limit-
ing (Reynolds, 2007; Litchman & Klausmeier, 2008; 
Litchman et al., 2010).

The Morphologically Based Functional Groups 
(MBFG) were proposed to delimit phytoplankton 
functional groups based on morphological character-
istics, including cell size, cell shape and presence of 
flagella, silica exoskeleton, mucilage, aerotopes, and 
heterocytes (Kruk et  al., 2010). The MBFG-based 
measures tend to show stronger relationships with dif-
ferent environmental gradients than taxonomic-based 
measures (Kruk et  al., 2011; Machado et  al., 2015; 
Rangel et  al., 2016), although similar strengths of 
relationships have also been observed (Santana et al., 
2018; Machado et al., 2019).

In this study, we tested the effects of continued 
increases in nutrient concentrations on phytoplank-
ton community using experimental mesocosms. We 
expect that (i) temporal increases in phytoplankton 
density and biomass (as measured by chlorophyll-
a concentration) and Cyanobacteria dominance 
will be larger in enriched than in control meso-
cosms. Consequently, we predict that (ii) temporal 
decreases in biodiversity indices (species richness, 
H’ and J’ for both taxonomic and functional fac-
ets) will be larger in enriched than in control meso-
cosms. Considering these changes, we expect that 
community structures (as summarized by ordination 
axes) in control and enriched mesocosm will differ 
over time. Finally, we (iv) hypothesize that func-
tional indicators better respond to eutrophication 
than taxonomic indicators.
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Methods

Study design

The study was carried out in an experimental facil-
ity at the Universidade Estadual de Goiás (UEG; City 
of Anápolis, Goiás State, Brazil; Mesocosm, 2021), 
between August and November 2019. This period 
represents the transition between the dry (ending 
around September) and the rainy season (beginning 
between October and November) in the Brazilian 
Cerrado. During the months of the experiment, the 
mean atmospheric temperature was 25  °C and the 
mean rainfall was 70 mm (INMET, 2021). The Cer-
rado biome represents one of the world’s biodiversity 
hotspots (Klink & Machado, 2005). However, it has 
gone through an intense process of land use conver-
sion, and the application of fertilizer in agricultural 
catchments can intensify the eutrophication (Hunke 
et al., 2015). In addition, human-induced fires in this 
biome generate a large amount of ash, which can 
affect water quality (Brito et  al., 2021). Thus, it is 
important to understand the effects of eutrophication 
in this region.

The experiment included 16 mesocosms (500 l 
polyethylene water tanks) exposed to external condi-
tions and buried in the ground to avoid overheating 
(Fig. S1 in Online Resource l). To avoid changes in 
nutrient concentrations due to animal activities and 
to prevent the proliferation of disease-bearing insects, 
the mesocosms were covered with transparent nylon 
screens (e.g., Muhid et al., 2013; Baho et al., 2017). 
The experimental area was fenced to prevent access 
of large animals.

Mesocosms were seeded with phytoplankton 
from a shallow oligo-mesotrophic lake, located 
nearby the experimental area at the ecological 
reserve of the UEG Campus (16° 23′ 11″ S and 
48° 56′ 35″ W). This is a small and shallow reser-
voir, with a surface area of approximately 1500  m2, 
formed by the damming of the Barreiro stream, sur-
rounded by native Cerrado vegetation (Cerradão) 
and abandoned pasture (Curado & Angeline, 2006). 
This reservoir has a diverse flora with representa-
tives of several phytoplankton taxonomic groups, 
such as Bacillariophyceae, Chlorophyceae, Cyano-
bacteria, Cryptophyceae, Chrysophyceae, Eugleno-
phyceae, and Dinophyceae (Machado et  al., 2019). 
Each mesocosm initially received 30 l of lake water, 

consisting of 2 l of a concentrated sample obtained 
through filtration, using a plankton net with a mesh 
size of 20  µm, and the remaining 28 l collected 
directly from the lake, without prior filtration. We 
used 2 l of filtered water to maximize the chances 
of representation of the main taxonomic groups and 
of species with low abundance in the mesocosms, 
whereas the 28 l of water were used to maximize 
the representation of species smaller than 20  µm. 
The total volume of the mesocosms was completed 
with approximately 470 l of water from an artesian 
well. We found low-nutrient concentrations in the 
artesian well, which characterizes it as oligotrophic 
(orthophosphate < 0.01  mg  l−1, nitrate = 0.10  mg 
 l−1, organic nitrogen = 0.28  mg  l−1, total nitro-
gen = 0.38 mg  l−1).

The experiment was divided into two phases: sta-
bilization and enrichment (Fig.  1). During the sta-
bilization phase, we added N-NO3

− and P-PO4
−3 

obtained from solutions of  NaNO3 and  KH2PO4 in all 
mesocosms. We added nutrients to reach concentra-
tions similar to that of the reservoir where the sam-
ples were obtained (0.80 mg  l−1 N-NO3

− and 0.01 mg 
 l−1 P-PO4

−3). These concentrations were adjusted to 
follow the Redfield proportion of 16  N:1P (Reyn-
olds, 2006), resulting in the addition of 0.16  mg 
 l−1 N-NO3

− and 0.01 mg  l−1 P-PO4
−3. This procedure 

was repeated every four days, until all mesocosms 
reached chlorophyll-a concentrations similar to those 
of the reservoir (mean = 4.4 µg  l−1). This strategy was 
adopted so that all tanks started the enrichment phase 
in a trophic state similar to each other and also to that 
of the lake, that is, oligo-mesotrophic. We used the 
nutrient concentrations of the reservoir as a baseline 
in the control mesocosms to avoid using an unreal-
istic comparison (as it would be the case if the con-
trol mesocosms had too low-nutrient concentrations, 
in other words, similar to those of the water well). 
The stabilization phase lasted for 20  days (August 
22, 2019—September 10, 2019) and promoted the 
growth and stabilization of phytoplankton commu-
nities, with species densities at the end of this phase 
similar to those observed in the lake (see Table S1 in 
Online Resource 1).

On the first day of the enrichment phase (Septem-
ber 11, 2019), the water of the different mesocosms 
were mixed to homogenize the communities. The 
control and nutrient treatments (hereinafter named as 
eutrophic) were randomly assigned to the mesocosms, 
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resulting in eight replicates for each group. In the 
control, we added nutrients every four days to avoid 
nutrient depletion and maintain the concentration 
similar to that observed at the oligo-mesotrophic lake, 
where the water samples were collected. Thus, the 
control always received 0.16 mg  l−1 of N-NO3

− and 
0.01 mg  l−1 of P-PO4

−3. After the chlorophyll-a con-
centration of the control mesocosms reached the limit 
established for a mesotrophic environment (11.03 µg 
 l−1; Carlson, 1977 adapted by Lamparelli, 2004), 
nutrients were added only if subsequent reductions in 
chlorophyll-a concentrations were observed.

In the eutrophic treatment, we simulated a gradual 
nutrient enrichment until the mesocosms reached the 
eutrophic state, based on the classification of Carl-
son (1977) adapted by Lamparelli (2004). For that, 
we added nutrients every four days with an initial 
concentration 10% higher than that used in control 
mesocosms and, subsequently, with an increase of 
10% over the previous concentration. Thus, in the first 
addition, the eutrophic treatment received 0.176  mg 
 l−1 of N-NO3

− and 0.011 mg  l−1 of P-PO4
−3. In the 

last enrichment event, on November 18, 2019 (70th 
day of the enrichment phase; 18th nutrient addi-
tion event), these concentrations were 0.48  mg 
 l−1 N-NO3

− and 0.028 mg  l−1 P-PO4
−3 (for the con-

centration of each enrichment event, see Table  S2 
in Online Resource 1). All the concentrations fol-
lowed the Redfield proportion 16  N:1P (Reynolds, 
2006). The total concentrations of nutrients added 
to the eutrophic mesocosms were 5.62  mg  l−1 of 
N-NO3

− and 0.35 mg  l−1 of P-PO4
−3. On the last day 

of the experiment, the concentrations in the enriched 
mesocosms were, on average, 0.09 mg  l−1 for nitrate 
and 0.12 mg  l−1 for total phosphorus (see Fig. S2 in 
Online Resource 1).

The chlorophyll-a concentration in the eutrophic 
mesocosms stabilized at around 20 µg  l−1 at the end 
of the experiment (after 70  days). Throughout the 
experiment (stabilization and enrichment phases), the 
replacement of the water lost by evaporation was done 
naturally by the incidence of rain. When this was not 
enough, we completed the volume of the mesocosms 
using water from the well.

Abiotic variables

Temperature (°C), conductivity (µS  cm−1), dis-
solved oxygen (mg  l−1), pH, and turbidity (NTU) 

were monitored in control and eutrophic mesocosms 
using a multiparameter probe (model Manta 2—
Eureka, Austin, Texas, USA). During the stabiliza-
tion phase, data were taken every four days, totaling 
five sampling events. During the enrichment phase, 
measurements were made every two days (a total of 
36 sampling events), always in the same period of 
the day (early morning). Water samples (500  mL) 
were taken weekly from all mesocosms to assess 
nutrient concentrations for control and eutrophic 
treatment (see Fig. S2 in Online Resource 1). The 
samples were immediately frozen to -20 °C for fur-
ther analyses in the laboratory. Orthophosphate and 
total phosphorus concentrations were determined 
using the ascorbic acid and molybdate method 
(Golterman et al., 1978; method 4500-P E in APHA 
2005), while nitrate and ammoniacal nitrogen were 
measured through the cadmium reduction method 
(Method 4500-NO3-E and 4500-NH3 F, respec-
tively; APHA 2005). Unfortunately, it was not pos-
sible to perform nutrient analyses at the 9th week of 
the experiment due to technical problems with sam-
pling storage.

Phytoplankton sampling and functional grouping

We used a multiparameter probe (model Manta 
2—Eureka, Austin, Texas, USA) to measure chlo-
rophyll-a concentrations every four days and every 
two days during the stabilization and enrichment 
phases, respectively. With the same sampling 
schedule, subsurface samples of phytoplankton 
were collected from the mesocosms using dark 
flasks (100  mL) and immediately fixed with 5  mL 
of Lugol’s solution (Vollenweider, 1974). Before 
each sampling event, we mixed the water of each 
mesocosm. Individuals were identified and counted 
under an inverted microscope with 400 × magnifica-
tion, using the sedimentation technique (Utermöhl, 
1958). Phytoplankton counting, considering cells, 
filaments, and colonies, was performed in random 
fields until no more new species were found (Bell-
inger & Sigee, 2010). Taxa were identified to the 
lowest possible taxonomic level and the density was 
expressed as individuals per mL (ind.mL−1). The 
richness was considered as the number of species 
per sample.
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We also grouped species into Morphologically 
Based Functional Groups (MBFG) according to the 
classification proposed by Kruk et  al. (2010). This 
classification differentiates seven groups based on 
morphological traits, including cell size and shape, 
flagella, silica exoskeleton, mucilage, aerotopes, 
and heterocytes. These traits have been shown to 
respond to nutrient limitation and eutrophication 
(Weithoff, 2003; Litchman & Klausmeier, 2008; 
Litchman et al., 2010).

Data analysis

Data obtained during the stabilization phase were 
used only to monitor the development of communi-
ties and their stabilization. Thus, we used data from 
the enrichment phase to test our hypotheses.

We used different variables to describe the phy-
toplankton communities in the mesocosms: chloro-
phyll-a, total density, taxonomic species richness, 
Shannon–Wiener diversity (H’), and Pielou’s equi-
tability (J’) indices. H’ and J’ were also calculated 
using the functional data. The richness of functional 
groups (MBFG) was not informative as these groups 
were present in all replicates of nutrient treatment and 
control in most time periods. Given our large num-
ber of samples, we opted to not measure biovolume as 
the time necessary to properly measure it (as detailed, 
for example, by Hillebrand et al., 1999; Bellinger & 
Sigee, 2010) would be prohibitively long (but see the 
Discussion section).

We used a Non-Metric Multidimensional Scaling 
Analysis (NMDS) to reduce the dimensionality of the 
phytoplankton data (Legendre & Legendre, 2012), 
based on log (density + 1) of species and of MBFG 
sampled along the enrichment phase. The NMDS was 
set to two axes and performed using the Bray–Curtis 
dissimilarity (Clark, 1993).

We used analysis of variance with repeated meas-
ures (ANOVA-rm; Zar, 2010) to test whether the 
abiotic variables (i.e., temperature, conductivity, pH, 
dissolved oxygen, and turbidity), chlorophyll-a con-
centrations, species richness, total species density, 
diversity indices (H’ species, H’ MBFG, J’ species, 
J’ MBFG), and community composition variables 
(NMDS Axes – species, NMDS Axes – MBFG) dif-
fered between control and eutrophic treatment and 
over sampling time, as well as to test the interaction 
between these factors. For this analysis, we evaluated 

the assumptions of normality, homogeneity of vari-
ances, and sphericity, and when these assumptions 
were not achieved, the data (except pH) were log 
transformed. A constant of 1.0 was added, before log-
transformation, for variables with zero values. The 
Greenhouse–Geisser correction was applied when the 
sphericity assumption was violated.

We calculated the Hedges’ g (and the associated 
95% confidence interval) to measure the difference 
between control and eutrophic mesocosms (Boren-
stein, 2009). This analysis was performed for each 
sampling event, considering only the abiotic and bio-
logical variables that showed significant effects of 
nutrients or significant interactions in ANOVA-rm, to 
identify when the differences between the eutrophic 
treatment and control became more evident over time 
(see also below). Positive values of g indicated that 
the values of the variable were higher in the nutrient-
enriched mesocosms than in the controls, whereas 
negative values indicated the opposite (eutrophic 
mesocosms < control).

For each indicator, we also used change-point anal-
ysis to find the time at which changes in mean and 
variance occurred in the time series of the Hedges’ g 
(Killick et  al., 2016). Taken together, the best early-
warning indicators of eutrophication would be those 
with significant differences between control and 
nutrient-enriched mesocosms (ANOVA-rm), with 
high effect sizes (Hedges’ g) and that also showed 
the earliest changes (as indicated by the change-point 
analysis).

All statistical analyses were performed using the 
R program (R Core Team, 2020). The diversity and 
NMDS analyses were performed using the vegan 
package (Oksanen et  al., 2020). The ANOVA-rm 
was conducted using the rstatix package (Kassam-
bara et al., 2020). The Hedges’g was estimated using 
the metafor package (Viechtbauer, 2010), while 
the change-point analysis was conducted using the 
changepoint package (Killick et al., 2016).

Results

We found significant interactions between nutrient 
and time for temperature, pH, conductivity and tur-
bidity (Table  1). The significant interactions indi-
cate that the differences between eutrophic treatment 
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and control were not constant over time. Despite the 
significant interaction, temperature and pH varied 
mainly through time and similarly in both groups 
(Fig. 2a and b). Dissolved oxygen concentrations var-
ied through time only, with variable and lower values 
at the end of the experiment (Fig. 2c). The temporal 
trajectories of conductivity (Fig.  2d) and turbidity 
(Fig.  2e) were similar between eutrophic treatment 
and control at the beginning of the experiment; how-
ever, later on, the enriched mesocosms showed higher 
values of both variables than the control mesocosms.

We identified 25 phytoplankton species, distrib-
uted in seven taxonomic classes. Chlorophyceae was 
the richest group (11 species), followed by Cyano-
bacteria (3), Dinophyceae (3), Zygnematophyceae 
(3), Cryptophyceae (2), Euglenophyceae (2), and 
Bacillariophyceae (1). Cyanobacteria and Chlorophy-
ceae reached the highest densities in both control and 
eutrophic mesocosms. The algae were classified into 
five functional groups, with predominance of groups I 
(small organisms with a high surface-to-volume ratio 
and IV (organisms of medium size and lack of spe-
cialized traits).

Species richness varied significantly over time 
only but did not show a clear trend (Table 2, Fig. 3a). 
We found a significant interaction between nutrient 
and time for chlorophyll-a (Table  2). Thus, the dif-
ferences between eutrophic treatment and control, 
with higher concentrations in the nutrient-enriched 
mesocosms than in the control mesocosms, progres-
sively increased over time (Fig.  3b). Total density 
was significantly higher in nutrient enriched than in 
control mesocosms as shown in Table 2. In addition, 

total density significantly increased over time in both 
groups (Table 2; Fig. 3c).

The temporal trajectories of all diversity meas-
ures (H’ and J’ for both taxonomic and functional 
data) differed between nutrient-enriched and control 
mesocosms, as indicated by the significant interac-
tions (Table  2). These trajectories can be divided 
into three phases: a period with high values in the 
nutrient-enriched and control mesocosms, followed 
by a period of decline (which was more intense for 
the eutrophic treatment) and a final period of stabi-
lization. During this last phase, the diversity meas-
ures tended to be higher in the control than in the 
eutrophic treatment (Fig.  3d–g). In general, these 
results can be explained by the higher increase 
in density and dominance in the eutrophic treat-
ment over time, when compared to the control 
mesocosms. Thus, despite the similarity between 
eutrophic treatment and control for species rich-
ness, there was a higher decrease in evenness (J’ 
and, consequently, in H’) at the nutrient-enriched 
mesocosms.

The first two NMDS axes derived from the taxo-
nomic data and the first NMDS axis derived from 
the functional data varied significantly over time and 
between eutrophic and control mesocosms as indi-
cated by the significant interactions (Table 2; Fig. 4). 
The second NMDS axis derived from the functional 
data varied significantly only between control nutri-
ent treatment (Table 2; Fig. 4).

In general, the Chlorophyceae Chlamydomonas 
sp., Monoraphidium contortum (Thuret) Komárk-
ová-Legnerová, and the Cyanobacteria Cyanobium 
plancticum (G.Drews, H.Prauser & D.Uhlmann) 

Table 1  Effects of nutrient enrichment and sampling time (36 events) on limnological variables assessed using Analysis of Variance 
with repeated measures

Bold values indicate significant results (P < 0.05). The last column (Change) indicates the time (in days) in which the differ-
ence between the eutrophic treatment and control began to be observed according to the change-point analysis. This analysis was 
employed only when a significant effect of nutrients or a significant interaction was detected

Nutrient Time Nutrient × Time Change

F(1,7) P F(35,245) P F(35,245) P

Temperature 1.7 0.024 153.8  < 0.001 1.7 0.008 48
pH 0.005 0.946 50.2  < 0.001 1.5 0.022 70
Dissolved Oxygen 4.8 0.063 41.2  < 0.001 1.2 0.162 –
Conductivity 94.1  < 0.001 1148.6  < 0.001 42.8  < 0.001 22
Turbidity 9.2 0.019 31.9  < 0.001 2.9  < 0.001 28
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Komárek, J.Kopecký & Cepák had high densities 
in both eutrophic treatment and control. However, 
the patterns of dominance of these species changed 
over time. At the beginning of the experiment, Chla-
mydomonas sp. showed high density in both eutrophic 

treatment and control, followed by C. plancticum. 
From the 34th day on, density of Chlamydomonas sp. 
decreased and of C. plancticum increased, followed 
by M. contortum. Then, C. plancticum and M. contor-
tum remained as the two dominant species throughout 

Fig. 2  Temporal variation in mean temperature (a), pH (b), 
dissolved oxygen (c), conductivity (d), and turbidity (e) for 
eutrophic treatment and control, considering the sampling 

events. Open and filled squares indicate data for control and 
eutrophic, respectively. Vertical bars represent 95% confidence 
intervals
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the end of the experiment in both eutrophic treatment 
and control (Fig. S3 in Online Resource 1).

Despite the lack of clear differences in species 
composition between eutrophic treatment and control, 
five rare species were found exclusively in the control. 
Ankistrodesmus falcatus (Corda) Ralfs, Euglena sp., 
and Staurastrum furcatum Brébisson only occurred in 
one sampling event (day 4, 62, and 68, respectively). 
Furthermore, Cryptomonas marssonii Ehrenberg and 
Frustulia sp. were found in two and three sampling 
events, respectively, distributed over the time of the 
experiment. These species were also the most associ-
ated with the first and second axes of the NMDS (see 
Table S1 in Online Resource 2).

For the MBFG, we found a temporal pattern simi-
lar to that observed for species composition (Fig. 4). 
At the beginning of the experiment, MBFG V (uni-
cellular organisms with medium to large size and 
the presence of flagella) was predominant in both 
eutrophic treatment and control, followed by group I 
(Fig. S3 in Online Resource 1). From day 34th on, the 
density of MBFG V decreased, whereas the density 
of MBFG I increased, becoming dominant in both 
eutrophic treatment and control, followed by MBFG 
IV (Fig. S3 in Online Resource 1). Among the least 
frequent functional groups, MBFV VI was found 
exclusively in the control mesocosms, while MBFG 

III was found most often in the eutrophic mesocosms. 
These groups were also the most important for the 
composition of the first two axes of the NMDS (See 
Table S2 in Online Resource 2).

Among the water quality indicators, we found that 
the largest effect sizes (Hedges’ g) of gradual nutri-
ent enrichment were observed for conductivity and 
turbidity (Fig. S4 in Online Resource 1). Large effect 
sizes were also found for Chlorophyll-a and total 
density (Fig. S5 in Online Resource 1). Our explora-
tory change-point analysis also showed that con-
ductivity, turbidity, and chlorophyll-a were the vari-
ables showing the earliest changes in effect sizes at 
day 22, 28, and 26, respectively (Tables 1 and 2). In 
short, conductivity, turbidity, and chlorophyll-a were 
simultaneously the variables that most differentiated 
the eutrophic treatment and control and did so early. 
However, according to the change-point analysis, H’ 
(for both taxonomic and MFBG data) and J’ (func-
tional MFBG data), despite their smaller effect sizes 
(Fig. S6 in Online Resource 1), were the earliest indi-
cators of differentiation between nutrient-enriched 
and control mesocosms (at the 16th day; Table 2).

Table 2  Effects of nutrient enrichment and sampling time 
(36 events) on chlorophyll-a, total density, diversity metrics, 
and community composition (axes 1 and 2 of the Non-Metric 

Multidimensional Scaling Analysis—NMDS) assessed using 
Analysis of Variance with repeated measures

Bold values indicate significant results (P < 0.05)
H’ Shannon diversity, J’ Pielou’s equitability, MBFG Morphologically Based Functional Groups. The last column (Change) indicates 
the time (in days) in which the difference between the eutrophic treatment and control began to be observed according to the change-
point analysis. This analysis was employed only when a significant effect of nutrients or a significant interaction was detected

Nutrient Time Nutrient x Time Change

F(1,7) P F(35, 245) P F(35,245) P

Species richness 0.5 0.475 2.2  < 0.001 1.2 0.185 –
Log Chlorophyll-a 36.6  < 0.001 91.0  < 0.001 6.6  < 0.001 26
Log Total Density 14.2 0.007 37.8  < 0.001 1.2 0.191 52
H’ Species 1.4 0.272 22.4  < 0.001 1.9 0.002 16
H’ MBFG 1.3 0.291 15.1  < 0.001 1.7 0.010 16
J’ Species 1.1 0320 18.1  < 0.001 1.7 0.007 70
J’ MBFG 1.2 0.298 14.3  < 0.001 1.7 0.008 16
NMDS 1 Species 119.1  < 0.001 8.4  < 0.001 8.3  < 0.001 26
NMDS 2 Species 41.1  < 0.001 1.4 0.052 6.4  < 0.001 70
NMDS 1 MBFG 130.1  < 0.001 9.8  < 0.001 6.1  < 0.001 70
NMDS 2 MBFG 8.5 0.02 0.9 0.544 1.2 1.159 70
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Discussion

Our experiment revealed the expected responses of 
abiotic and biological (phytoplankton) indicators to 
progressive eutrophication. In line with our expec-
tations, we found an increase in total density and 
chlorophyll-a concentration, as well as a reduction in 
the diversity indices (Shannon–Wiener diversity and 
Pielou’s equitability) of species and MBFG in the 
enriched mesocosms. The dominant species occurred 
in control and nutrient-enriched mesocosms, while 
rare species and MBFG tended to be exclusive to 
eutrophic treatment or control, accounting for most 
of the differences between them. This indicates that 
eutrophication process may not have marked effects 
on the composition of the initially dominant organ-
isms, but may strongly decrease the density of rare 
species and groups. Furthermore, although with 
lower effect sizes, diversity indicators (H’ for species 
and MBFG, J’ for MBFG) were the earliest indicators 
of eutrophication, whereas abiotic and chlorophyll-a 
changes were more evident, but occurred later during 
eutrophication.

Eutrophication causes several changes in aquatic 
ecosystems (Smith et al., 1999; Chislock et al., 2013). 
Increase in nutrient concentrations enhances cell 
growth and algal biomass (Cottingham & Carpenter, 
1998; Smith, 2016; Bouraï et al., 2020). In this sense, 
chlorophyll-a has been used as a proxy for algal bio-
mass or as an indicator of eutrophication (Ptacnik 
et  al., 2008; Liu et  al., 2019; Millette et  al., 2019). 
Indeed, we found that the highest effect sizes (i.e., 
the differences between nutrient-enriched and control 
mesocosms) and the clearest trends in their magni-
tudes were found for chlorophyll-a concentration and 
phytoplankton density. It is also worth emphasizing 
the theoretically consistent temporal order in which 
the variables showed the clearest changes in the effect 
sizes (as indicated by the change-point analysis). 
Thus, as expected during the eutrophication process, 
the change-point analysis indicated firstly a shift in 
the effect size based on the ionic concentration (22nd 
day). After, the earliest shifts were found for the effect 
sizes based on chlorophyll-a (26th day) and turbidity 
(28th day). Interestingly, a clear shift in the effect size 
for phytoplankton density was found only much later 
(52nd day).

We did not find evidence of an association between 
eutrophication and phytoplankton species richness, 

which varied over time but not consistently between 
eutrophic treatment and control. Some studies have 
shown that the relationship between phytoplankton 
species richness and nutrient enrichment is unimodal, 
being lower in oligotrophic and eutrophic condi-
tions and reaching peaks in mesotrophic conditions 
(Jeppessen et al., 2000). The absence of a large gradi-
ent in trophic status may account for the insensitiv-
ity of species richness to eutrophication, as found in 
many studies (Smith, 2007). However, this explana-
tion is unlikely as we found a wide range of trophic 
states over the experiment. Other studies indicate 
that the shift from eutrophic to oligotrophic condi-
tions tends to increase species richness, as it causes a 
reduction in the biomass of dominant groups, allow-
ing the coexistence of a higher number of species 
(Barçante et  al., 2020). Still others found that this 
relationship can be specific to each group of organ-
isms or environment (Dodson et  al., 2000). Further-
more, the relationship between productivity and spe-
cies richness can vary in different ways (positive or 
negative) depending on the range of the eutrophica-
tion gradient (Wang et  al., 2017). In addition, other 
factors such as ecosystem size (e.g., Smith, 2005; 
Baho et  al., 2017), physical structure of the aquatic 
environment (Liu et al., 2019), or biological interac-
tions between trophic levels (e.g., Korhonen et  al., 
2011) may also interact with nutrients or be more 
important to explain variations in species richness.

In line with previous studies (Smith, 2016; Wang 
et al., 2017; Filiz et al., 2020), we found an increase in 
the total phytoplankton density due to nutrient enrich-
ment. The increase in total phytoplankton density 
may be mainly driven by the increase in abundance 
of nuisance and bloom-forming species (Smayda, 
1997; Heisler et al., 2008). Our results are in line with 
previous studies showing a dominance of few spe-
cies in nutrient-enriched mesocosms, which promoted 
a decrease in species and MBFG diversity. Thus, 
eutrophication can lead to further decrease in the 
abundance of rare species or functional groups and to 
the dominance of those that thrive over a wider range 
of nutrient concentrations (Ansari et al., 2010). Thus, 
the increased rarity of these organisms in enriched 
mesocosms coupled with an increased dominance of 
a few ones caused a decline in H’ and J’, as also found 
in previous studies (Cottingham & Carpenter, 1998; 
Soares et al., 2013; Baho et al., 2017).
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In general, different classes of algae are found in 
lakes, each one showing tolerance to a wide range 
of nutrient concentrations and propensity to form 
blooms (Carvalho et  al., 2013; Munawar & Fitzpat-
rick, 2018). Many eutrophic environments are domi-
nated by Cyanobacteria and Chlorophyceae at high 
nitrogen and phosphorus concentrations, respectively 
(Jensen et al., 1994; Ferragut & Bicudo, 2012); how-
ever, each species may have a different response to 
nutrient enrichment (Piehler et  al., 2004; Kissman 
et al., 2013; Donald et al., 2013). The dominant spe-
cies observed in this study are cosmopolitans and 
occur in both high- and low-nutrient concentrations, 
although C. plancticum (Drews et  al., 1961) and 
Chlamydomonas (Soares et  al., 2013) are mainly 
found in eutrophic environments and M. contortum 
in water bodies ranging from oligotrophic to meso-
trophic (John & Tsarenko, 2002). This wide niche 
breadth may explain why these species became domi-
nant in both eutrophic and control mesocosms.

Less abundant species occurred mainly in the 
control. Thus, our main finding was that the initially 
dominant species (and with wide niche breadth) were 
favored, while those species that were naturally rare 
tended to disappear in eutrophic conditions or, at 
least, become even rarer (i.e., up to the point of not 
being detectable in our samples). Disturbances, which 
act negatively and selectively on rare species, can lead 
to biotic homogenization (Smart et al., 2006; Petsch, 
2016), losses of ecosystem functioning (Lyons et al., 
2005), and services (Dee et al., 2019), as their func-
tional roles may be disproportionate to their abun-
dance (Leitão et al., 2016).

Cell size is a key characteristic that affects repro-
duction, protection against herbivores, and the acqui-
sition of resources by phytoplankton (Litchman & 
Klausmeier, 2008). The large area–volume ratio of 
small species, as those classified in MBFG I, favors 
the rapid uptake of nutrients compared to larger spe-
cies (Litchman et  al., 2010). In addition, although 
with larger size when compared to MBFG I, other 

functional characteristics of MBFG V and IV may 
also have favored the growth of these groups over 
time in the eutrophic treatment and control and 
allowed their co-dominance together with MBFG 
I. These include the presence of flagella in MBFG 
V and structures to prevent sinking in MBFG IV, 
such as processes and spines (Kruk et  al., 2010). 
Traits related to motility, sinking, and cell length can 
increase the uptake of nutrients, favoring the growth 
of species that possess them (Litchman et al., 2010). 
These characteristics may have favored the growth of 
species belonging to these functional groups in both 
eutrophic and control mesocosms.

As stated above, the eutrophic treatment and con-
trol were similar in terms of MBFG dominance. 
Thus, even at lower-nutrient concentrations, we also 
found species with characteristics associated with 
motility, sinking, cell length, and small size belong-
ing to MBFG I, IV, and V. This implies that the rapid 
change from an oligo-mesotrophic to a eutrophic 
environment may not have produced marked effects 
on the composition of dominant functional groups 
or species, but on the number of individuals of these 
groups and species (e.g., Rhew et al., 1999).

Forestalling undesirable water quality changes, as 
those triggered by eutrophication, is an area of grow-
ing interest in ecology, and several studies have inves-
tigated ways to detect these changes and produce early 
warnings (e.g., Batt et al., 2013; Buttita et al., 2017; 
Aubriot et  al., 2020). In this context, we found that, 
with the progress of the eutrophication process, ionic 
and chlorophyll-a concentrations became higher in 
the nutrient-enriched mesocosms as compared to the 
control mesocosms. Subsequently, biogenic turbidity 
also became higher in the nutrient-enriched meso-
cosms. These were the variables with both the highest 
effect sizes and with the earliest responses to eutroph-
ication. Nutrient enrichment also led to an increase 
in the total density of individuals, but the shift in 
effect size, as detected by the change-point analysis, 
occurred later. Therefore, whereas the importance of 
chlorophyll-a as an indicator of eutrophication is well 
known (Wilkson et  al., 2018), our study adds evi-
dence that chlorophyll-a has the potential to be used 
as an early-warning indicator of eutrophication with 
high effect size.

Our results indicate that species and MBFG com-
position, as summarized by ordination scores, are not 
good early indicators of eutrophication. This may be 

Fig. 3  Temporal variation in mean species richness (a), chlo-
rophyll-a (b), total density (c), H’ species (d), H’ MBFG (e), 
J’ species (f), and J’ MBFG (g) for eutrophic treatment and 
control. The open and filled squares indicate data for the con-
trol and eutrophic, respectively. The vertical bars represent 
95% confidence intervals. H’ = Shannon diversity; J’ = Pie-
lou’s equitability. MBFG = Morphologically Based Functional 
Groups

◂
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related to the diversity of responses to environmen-
tal change among species and MBFG and to the high 
variability of species data, which preclude summariz-
ing a multidimensional data using a few ordination 
axes (Gauch & Gauch Jr., 1982). However, although 
with smaller effect sizes as compared to other vari-
ables, the diversity equitability indices were the ones 
that responded earlier to eutrophication. These find-
ings are in line with previous studies showing that 
diversity and equitability indices are good indicators 
of eutrophication when compared to species or group 
composition (e.g., Cottingham & Carpenter, 1998). 
In addition, most studies have used biomass met-
rics (i.e., chlorophyll-a) to understand the impacts of 
eutrophication in lakes (e.g., Chen et al., 2003; Wang 
& Liu 2005), probably due to the need of specialized 

skills for identification in species level and greater 
complexity in interpreting the results from species or 
group composition analyses (Carvalho et  al., 2013). 
Taken together, our results suggest that a set of abi-
otic and biological diversity variables would provide 
the best indicators of eutrophication in terms of effect 
sizes and earlier detection.

Biovolume is a key variable in different phyto-
plankton-based studies (e.g., Litchman & Klausmeier, 
2008; Kruk et al., 2010). Unfortunately, as explained 
above, we were unable to obtain this variable. Thus, 
we cannot rule out that biovolume-based variables 
would emerge as the best ones in terms of earlier 
detection of the eutrophication process. However, 
considering the translation of scientific results (obser-
vation and experimental) to applied settings, mainly 

Fig. 4  Temporal variation in the first and second axes of 
Non-Metric Multidimensional Scaling Analyses (NMDS) for 
species composition and Morphologically Based Functional 
Groups (MBFG) for eutrophic treatment and control. Open 

and filled squares indicate mean values for the control and 
eutrophic, respectively. Vertical bars represent 95% confidence 
intervals
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biomonitoring, we dispute that biovolume could be 
widely and routinely measured, at least in Brazil. This 
is so due to the scarcity of resources for biomonitor-
ing and skilled personnel to proper measure this time-
consuming variable.

In general, our study shows that gradual eutrophi-
cation events affect abiotic variables as well as taxo-
nomic and functional diversity. We recognize that 
eutrophication phenomena can also occur in the form 
of pulses (e.g., Di Carvalho & Wickham, 2019). 
However, investigating how communities vary with 
gradual nutrient inputs is important to detect earlier 
the several water quality problems caused by eutroph-
ication. Furthermore, climate change (Jeppesen et al., 
2010; Nazari-Sharabian et  al., 2018), lake hydrody-
namics (Bhagowati & Ahamad, 2019), and surround-
ing basin features (Salmaso & Toletti, 2021) can 
interact with eutrophication further exacerbating its 
effects. In this sense, the results of our study are con-
servative, as they do not consider interactions with 
these factors. However, this study adds relevant infor-
mation, being able to isolate the effects of eutrophica-
tion from other factors and detect early warnings of 
eutrophication.
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