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Abstract
Human activities can frequently affect aquatic ecosystems in irreversible ways, with flow regulation and

water quality being major concerns. Dams can promote the retention of sediments and nutrients, increase water
transparency, and reduce primary productivity, all of which characterize the oligotrophication process.
Although the beneficial effects of oligotrophication in eutrophic systems are well documented, the oli-
gotrophication process caused by river impoundment can negatively affect aquatic communities in non-
eutrophic systems. Our study aimed to assess the effects of oligotrophication on the specific growth rate of
small-bodied fish. We hypothesized that the fish-specific growth rate would decrease under an oligotrophic sce-
nario, due to bottom-up processes. We performed a full-factorial experiment with nine treatments, using three
levels of inorganic turbidity crossed by three levels of nutrients, in mesocosms during 24 d. In each tank,
we added plankton and 30 individuals of Moenkhausia forestii, a fish species with omnivorous feeding habits.
The fish were weighed at the beginning and at the end of the experiment to calculate specific growth rates.
We observed a significant interaction between inorganic turbidity and nutrients on the specific growth. The
smallest reduction in growth rate occurred in treatments with intermediate turbidity and high nutrient levels
(T2N3), and high turbidity and high nutrient levels (T3N3). Our results indicate that changes in inorganic tur-
bidity and nutrients, coinciding with oligotrophication caused by river dams, would negatively affect fish
growth, which could have severe implications for fishery production and irreversible impacts on aquatic
ecosystems.

Human activities have significantly altered the availability
of nutrients in both aquatic and terrestrial environments,
leading to their degradation. In aquatic ecosystems, modifi-
cation of natural river flow by impoundments is a common

anthropogenic impact that can alter both the structural
(i.e., richness and density of communities) and functional
(i.e., organic production) components of the ecosystem.
River impoundments modify the landscape, transforming
lotic ecosystems into large artificial lakes, which can have a
profound impact on nutrient cycling and organic matter pro-
duction, which can influence aquatic food webs (Ward and
Stanford 1995; Poff et al. 1997; Nilsson 2005; Agostinho
et al. 2008; Hoeinghaus et al. 2009). The construction of river
dams leads to an increase in sedimentation rates, which has
significant consequences for the ecosystem, with the reten-
tion of nutrients and organic and inorganic particulate mat-
ter in the area located upstream of the dam (Barbosa
et al. 1999; Agostinho et al. 2007). Sedimentation can be
increased in cascade reservoirs, which are a series of
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reservoirs constructed along a river, or under conditions of
prolonged water residence time in the reservoir area. This can
result in a reduction in sediment load, inorganic turbidity,
and concentration of nutrients, such as phosphorus and
nitrogen (Barbosa et al. 1999; Agostinho et al. 2007). As a
result, reservoirs function as sinks for phosphorus within the
ecosystem (Stockner et al. 2000) and are one of the primary
causes of oligotrophication in aquatic ecosystems.

Cultural oligotrophication resulting from river impound-
ments is an emerging environmental impact that proves
difficult to reverse in aquatic ecosystems, since it alters the tro-
phic structure and dynamics of the system (Manca and
Ruggiu 1998; Bergman et al. 1999; Jeppesen et al. 2005; Mil-
brink et al. 2011; Hartwich et al. 2012; Lorenz et al. 2019).
Despite its importance, studies evaluating the effects of oli-
gotrophication as a result of river impoundment on aquatic
biodiversity remain scarce, and most of these studies were per-
formed in temperate latitudes (Stockner et al. 2000; Ludsin
et al. 2001; Matzinger et al. 2007; Hartwich et al. 2012).

Throughout the process of oligotrophication, bottom-up
effects are expected within the food web. Reduced nutrient con-
centrations lead to diminished primary production, causing shifts
in secondary production (Finger et al. 2007, 2013; Dias
et al. 2017; de Melo et al. 2019; Braz et al. 2020), and affecting
planktivorous, detritivorous, and piscivorous fish production
(Ney 1996; Manca and Ruggiu 1998; Jeppesen et al. 2005; Ander-
son et al. 2005; Finger et al. 2007; Milbrink et al. 2011; Lorenz
et al. 2019; dos Santos et al. 2020). Consequently, the herbivorous
food web may be replaced by the microbial food web, which is
longer and has reduced energy flow, leading to lower biomass at
higher trophic levels (Anders and Ashley 2007). Therefore, alter-
ations in the limnological conditions induced by damming can
trigger strong bottom-up effects within the ecosystem, modifying
the base of the food web up to the higher trophic levels. On the
other hand, oligotrophication can also yield ecological benefits,
particularly when eutrophic systems shift toward oligotrophic
conditions. In such cases, positive impacts include improved
water quality (Müller et al. 2014), reduced cyanobacterial domi-
nance with an increase in eukaryotic algae (Cabrerizo et al. 2020),
and enhanced fish production (Gerdeaux et al. 2006).

The issue of dam-induced oligotrophication becomes even
more severe when downstream segments are regulated mainly
by natural flood regimes that supply sediment and nutrients.
This is particularly evident in floodplains, where the flood
regime is the main structuring force (Junk et al. 1989;
Neiff 1990; Humphries et al. 2024). The natural variability of
water flow sustains habitats and environmental conditions
essential for the aquatic biota within floodplains (Agostinho
et al. 2007; Winemiller et al. 2016). This phenomenon
has been widely demonstrated in the Upper Paran�a River
floodplain, where alterations in the water flow caused by an
upstream reservoir led to changes in hydrodynamics and physi-
cal, chemical, and biological variables within the ecosystem

(Abujanra et al. 2009; Fernandes et al. 2009; Roberto
et al. 2009; Bonecker et al. 2013).

Long-term ecological research conducted at the Upper
Paran�a River floodplain has revealed severe alterations in the
limnological variables following dam construction, including
a notable increase in water transparency and a decrease in
nutrient concentration (Roberto et al. 2009), as observed for
other aquatic ecosystems (Straskraba 1990; Nilsson 2005). Lim-
nological variables are directly related to the oligotrophication
processes induced by dams. This is due to the blockage of sedi-
ment loads flowing downstream, affecting ecosystems (Bovo-
Scomparin et al. 2013). Additionally, there has been a decrease
in the diversity of phytoplankton and zooplankton species in
the floodplain over time. This decline is primarily attributed to
changes in water transparency and nutrient concentration
(Agostinho et al. 2013; Bovo-Scomparin et al. 2013; Bonecker
et al. 2013; Rodrigues et al. 2015). Such changes have impor-
tant implications for the ecosystem, given their role as crucial
food resources for small-bodied fish (Carniatto et al. 2012).
They, consequently, influence the fish community as well.

Considering the ecological implications previously described,
as a result of the river impoundment and decrease in nutrients
in the floodplain, we conducted a mesocosm experiment to
evaluate the effects of water transparency (measured by inor-
ganic turbidity) and inorganic nutrient concentration (measured
by nitrate and phosphate) on the specific growth rate (measured
by weight variation) of a small-bodied fish species, Moenkhausia
forestii Benine, Mariguela & Oliveira, 2009. We hypothesized
that the current oligotrophic scenario of the Upper Paran�a River
floodplain (higher water transparency or lower inorganic tur-
bidity and lower nutrient concentration) would reduce the
fish-specific growth rate. We predicted that, given the current
oligotrophic scenario, there would be lower phytoplankton
biomass and zooplankton density, resulting in reduced
resource availability and, consequently, a decrease in the fish
growth rate. The environmental conditions simulated in our
experiment were modeled to replicate those observed in the
field data of the Paran�a River during the long-term monitor-
ing of this site over the past 30 years (Roberto et al. 2009). In
this sense, we used the floodplain of the Paran�a River as a
model to assess the impact of oligotrophication caused by
river impoundment on fish, simulating a real ecosystem in a
manipulative experiment.

Material and methods
Ethics statement

Our study was carried out in compliance with the Ethics
Committee on the use of animals in experimentation (proto-
col number 123/2010) and Brazilian legislation, including all
required permissions from Biodiversity Authorization and
Information System (SISBIO) and Chico Mendes Institute for
Biodiversity Conservation (ICMBio) under protocol number
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22442-1. Endangered or protected species were not included
in our study.

Long-term ecological data of the upper Paran�a River
floodplain

The floodplain (22�300–22�000S, 53�000–53�300W) is situated
in the upper segment of the Paran�a River basin, which ranks
as the second largest basin in South America in terms of both
length and drainage area (Agostinho et al. 2007). This flood-
plain between the Porto Primavera and Itaipu reservoirs
encompasses a 230 km non-dammed stretch of the Paran�a
River. It is an ecosystem of great importance for Brazilian bio-
diversity, harboring many endemic species and over 4500
plant and animal species (Agostinho et al. 2013). Furthermore,
it plays a pivotal role in maintaining fish populations, which
are largely absent from the upstream dammed stretches of the
basin.

The oligotrophication process of the Upper Paran�a River
floodplain has been documented over the past 30 years
through the long-term ecological research program conducted
by Maring�a State University (Roberto et al. 2009; Agostinho
et al. 2013; Rodrigues et al. 2015). From1986 to 1988, the
mean water transparency (measured by Secchi disk depth) was
1 m (� 0.5 SD), and total phosphorus was 27 μg L�1 (� 1.2
SD). Between 1992 and 1995, the mean water transparency
was 1.4 m (� 0.4 SD), and the mean total phosphorus concen-
tration was 16 μg L�1 (� 9 SD). After the construction of the
Porto Primavera reservoir in 1998, the mean water transpar-
ency increased to 3.9 m (� 1.6 SD), whereas total phosphorus
decreased to 11 μg L�1 (� 9 SD) (values taken between 2000
and 2012). Further details regarding the limnological variation
of this floodplain can be found in earlier studies (Roberto
et al. 2009; Agostinho et al. 2013; Rodrigues et al. 2015).

Experimental design
Our mesocosm experiment was conducted at the Nupelia

Advanced Research Base, situated within the Upper Paran�a
River floodplain in Brazil. The experimental design consisted
of three distinct treatments of inorganic turbidity (T1 = 15
NTU; T2 = 25 NTU; T3 = 35 NTU) combined with three
treatments of inorganic nutrient concentration (N1 = 100 μg
NO3 L�1 and 5 μg PO4 L�1; N2 = 240 μg NO3 L�1 and 12 μg
PO4 L�1; N3 = 360 μg NO3 L�1 and 18 μg PO4 L�1). These
combinations resulted in nine treatments, each replicated
three times, resulting in 27 mesocosms. These treatments
were established based on field data from the environmental
monitoring program (PIAP-LTER) to replicate realistic scenar-
ios of past and present environmental conditions within the
floodplain.

We designed our mesocosms to mimic natural communi-
ties. Each mesocosm consisted of polyethylene tanks (1.16 m
in base diameter, 1.51 m in top diameter, 0.8 m high) with
1000 L of water. The mesocosms were filled with water sou-
rced from the Paran�a River (filtered through a plankton net

40 μm mesh) and added a combination of phytoplankton and
zooplankton species from various lakes associated with the
Paran�a River. This was done to replicate the diverse planktonic
communities found in nature, particularly in the floodplain
lakes. Phytoplankton biomass and zooplankton densities were
similar to those recorded in long-term ecological research
studies in lakes within the Upper Paran�a River floodplain
(Lansac-Tôha et al. 2009; Roberto et al. 2009). Phytoplankton
was collected using a 20-μm plankton net and direct water
sampling from the lake to ensure representation of the entire
community, including small algae species (< 20-μm) not
retained by the net. Zooplankton was sampled using plankton
nets of different mesh sizes (45-μm and 68-μm). Both phyto-
plankton and zooplankton species were acclimatized together
in tanks similar to those of the experimental units for 3 d. In
each tank, 30 adult individuals of M. forestii were added. We
established this density based on fish samplings conducted in
the floodplain lakes prior to the experiment while also
accounting for a margin to compensate for potential individ-
ual losses during the experiment. The fish were captured using
seine nets with a mesh size of 0.4 cm from aquatic macro-
phyte banks, then acclimatized for 1 week in tanks and fed
with plankton. This species was selected due to its omnivorous
feeding habit, showing a preference for invertebrates such as
chironomid larvae, cladocerans, and copepods. However, it
also consumes vegetal resources such as algae, albeit to a lesser
extent (Quirino et al. 2017).

Our experiment was conducted over 24 d, from November
6th to November 29th, 2014. Inorganic turbidity was con-
trolled by adding sterile clay, and submerged pumps were used
to prevent sedimentation. Based on previous tests, in treat-
ment T1, no clay was added, while in treatments T2 and T3,
20 g and 40 g of clay were added, respectively. Differences in
nutrient concentrations were maintained by adding 1 mL
(N1), 2.4 mL (N2), and 3.6 mL (N3) of a solution containing
inorganic nutrients (80 g NO3 L�1 and 4 g PO4 L�1) every 3 d
to avoid depletion over time. The mix of phytoplankton and
zooplankton species (10 L) was added to each tank at the begin-
ning of the experiment. Thus, the initial mean biomass of phy-
toplankton (measured as chlorophyll a) was 24 μg L�1 (� 8 SD)
and the initial mean density of crustacean zooplankton was
17 ind L�1 (� 7 SD) in each tank. No difference among treat-
ments was found for the initial biomass of phytoplankton
(ANOVA, turbidity treatment, F2,0.08 = 0.21, p = 0.81; nutrients
treatment, F2,0.59 = 1.62, p = 0.22; interaction, F4,0.82 = 1.13,
p = 0.37) and initial density of crustacean zooplankton
(turbidity treatment, F2,0.52 = 0.64, p = 0.54; nutrients treat-
ment, F2,0.21 = 0.26, p = 0.78; interaction, F4,1.02 = 0.63,
p = 0.65). We used artificial macrophytes (around 15% cover-
age) to create zooplankton refuges in each mesocosm,
maintaining the same amount of cover to simulate the natural
environment.

During the experiment, the fish were not provided with
external food sources to ensure their reliance on plankton as
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the primary food source. No additional food sources were
introduced in the tanks. Dead fish were not replaced in the
tanks during the experiment to prevent any influence on
the results, considering that the objective was to assess the
effects of inorganic turbidity and nutrients, along with the
bottom-up effect.

Biological communities (phytoplankton, crustacean zoo-
plankton, and fish) were analyzed at the experiment’s begin-
ning and end. All fish were individually weighted using a
precision balance (nearest 0.01 g). Water samples were sampled
to determine chlorophyll a concentrations, a proxy for phyto-
plankton biomass (μg L�1). Chlorophyll a concentrations were
determined by filtering aliquots of water on glass fiber filters
(Whatman GF/ F), 90% acetone extraction, and reading in a
spectrophotometer (663 nm). Zooplankton was sampled by fil-
tering 10 L of water through a 45-μm plankton net and fixed
using a calcium carbonate-buffered formaldehyde solution.
Crustacean zooplankton density (expressed as ind L�1) was esti-
mated by sub-sampling with a Hensen–Stempell pipette
(2.5 mL) in Sedgewick–Rafter chambers, with at least 10% of
the concentrated sample being counted. Cladoceran and cope-
pod species were identified using specialized taxonomic litera-
ture (see Lansac-Tôha et al. 2009 for details). Fish-specific
growth rate, defined as the instantaneous growth rate per unit
time (Wootton 1998), was calculated based on variations of fish
mass before and after the experiment (g = ln Pd – ln Pa/24 d,
where: Pd and Pa are the mass at the end and at the beginning
of the experiment, respectively). It is important to evaluate fish
growth rates, considering that it represents an estimate of sec-
ondary production, allowing an inference of fish stocks.

Daily measurements of turbidity (nearest 1 NTU), water
temperature (nearest 0.1�C), dissolved oxygen concentration
(nearest 0.1 mg L�1), pH (nearest 0.1), and electric conductiv-
ity (nearest 0.1 μS cm�1) were measured in each experimental
unit using a multiparameter probe (HORIBA U-21). Water
samples were obtained at the end of the experiment to deter-
mine the nitrate and phosphate concentrations (nearest
0.1 μg L�1) (Roberto et al. 2009). These samples were obtained
to assess if the inorganic nutrients were absorbed by the algae.

Data analysis
Two-factor PERMANOVAs were used to test statistical dif-

ferences in the limnological variables (daily measurements)
among treatments (inorganic turbidity and nutrients). In the
first two-factor PERMANOVA, we used water temperature,
dissolved oxygen concentration, pH, and conductivity as the
response matrix. In addition, to verify significant differences
in turbidity among treatments, we performed a second two-
factor PERMANOVA using all the above-mentioned limnologi-
cal variables further to the turbidity (n = 648 samples) as the
matrix response. We used Euclidean dissimilarity measures
for this analysis, and each variable was previously standard-
ized to zero mean and unit variance. The response matrix was
continuous, while the explanatory variables were categorical.

The calculation of pseudo-F and p values was based on 4999
permutations.

We performed two-way ANOVAs to compare phytoplank-
ton biomass, crustacean zooplankton density, and fish-specific
growth rate among treatments: inorganic turbidity (three dif-
ferent levels—T1, T2, and T3), nutrients (three different
levels—N1, N2, and N3), as well as their interaction. Phyto-
plankton biomass and crustacean zooplankton density used as
response variables in two-way ANOVAs were defined as the
variation of these variables before and after the experiment
(end—beginning/24 d). The response variables were continu-
ous, while the explanatory variables were categorical. Post hoc
Tukey HSD tests were used to compare means when signifi-
cant effects were found. We log-transformed (log2 = x + a,
where x is the response variable and a is a constant added to
x to eliminate the negative values) phytoplankton biomass
to meet assumptions of homoscedasticity and normality,
which were met. For zooplankton density and fish-specific
growth rate, it was not necessary to transform the data to meet
the assumptions.

All analyses were performed in the R environment (R Core
Team 2023), using packages “vegan” (Oksanen et al. 2017) for
PERMANOVA and “stats” (R Core Team 2023) for ANOVA and
post hoc Tukey HSD tests. Graphs were generated using the
ggplot2 package (Wickham 2016). A p-value < 0.05 was con-
sidered indicative of statistical significance.

Results
Water temperature, dissolved oxygen concentration, pH, and

conductivity did not show significant differences among treat-
ments for turbidity (PERMANOVA, pseudo-F = 1.54; p = 0.194),
nutrients (PERMANOVA, pseudo-F = 1.66; p = 0.165), and their
interaction (PERMANOVA, pseudo-F = 0.59; p = 0.739). How-
ever, when inorganic turbidity was included in the response
matrix, significant differences were observed among treatments
for turbidity (PERMANOVA, pseudo-F = 48.56; p < 0.001), nutri-
ents (PERMANOVA, pseudo-F = 11.01; p < 0.001), and the inter-
action (PERMANOVA, pseudo-F = 7.51; p < 0.01). These results
highlight the differences in inorganic turbidity among treat-
ments throughout the experiment. Table 1 shows the results of
limnological variables during the experiment. Mean values of
nitrate concentrations at the end of the experiment were
4.6 μg L�1 (� 0.6 SD) in N1, 4.0 μg L�1 (� 0.2 SD) in N2, and
4.3 μg L�1 (� 0.4 SD) in N3; while phosphate concentrations
were 7.4 μg L�1 (� 4.9 SD) in N1, 11.2 μg L�1 (� 7.0 SD) in N2,
and 9.4 μg L�1 (� 7.7 SD) in N3. Inorganic nutrients were
absorbed by algae, as evidenced by the final concentrations
being lower than the concentrations added every 3 d in each
treatment.

Phytoplankton biomass (measured by chlorophyll a concen-
tration before and after the experiment) differs significantly
among treatments for nutrients (F2,26.51 = 8.52, p = 0.002), with
higher values of chlorophyll a found in the treatment with the
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highest nutrient concentrations and lower values of chlorophyll
a in the treatments with the lowest nutrient values (Tukey’s
HSD test < 0.05; Fig. 1). However, the turbidity treatments and
the interaction between turbidity and nutrients had no signifi-
cant effect on phytoplankton biomass (turbidity, F2,6.88 = 2.21,
p = 0.138; interaction, F4,5.50 = 0.88, p = 0.493).

We identified a total of 21 species of crustacean zooplank-
ton (7 cladoceran and 14 copepod species) in our experiment
(Table S1). Mean zooplankton density before and after the
experiment (17.5 � 7.8 and 13.3 � 13.2 ind L�1, respectively)
was consistent with those found in nature at the same flood-
plain lakes in 2000–2012 (6.9 ind L�1 � 10.3 SD). In general,
most treatments showed reduced zooplankton density at the
end of the experimental conditions. Zooplankton density (var-
iation before and after the experiment) did not differ among
treatments (turbidity, F2,1.08 = 0.43, p = 0.657; nutrients,
F2,0.58 = 0.23, p = 0.796; interaction, F4,4.88 = 0.97, p = 0.447).

However, the higher zooplankton density was registered in
the treatment with higher turbidity and nutrient concentra-
tion (Fig. 2).

Fish mass decreased in all treatments compared to the
beginning of the experiment, and the maximum mortality
rate per treatment was 2.22% (six fish per treatment, consider-
ing the three replicates) (Table 2). We observed a significant
interaction between inorganic turbidity and nutrients on the
fish growth rate (Table 3). The most pronounced reduction in
fish growth rate was observed in treatments T1N3 and T3N1.
These treatments differed significantly from T2N3 and T3N3
(Tukey’s HSD test < 0.05), which exhibited the smallest reduc-
tions in growth rate over the course of the experiment. No sig-
nificant differences were detected among the remaining
treatments (Tukey’s HSD test > 0.05) (Fig. 3).

Discussion
Our experiment revealed a significant interaction effect of

inorganic turbidity and nutrient concentration on the specific

Table 1. Mean values (� standard deviation) of limnological variables measured daily for 24 d and chlorophyll a concentration at the
end of the experiment in different treatments. N = nutrient treatments, T = inorganic turbidity treatments.

Treatments
Turbidity
(NTU)

Temperature
(�C) pH

Conductivity
(μS cm�1)

Dissolved
oxygen (mg L�1)

Chlorophyll
a (μg L�1)

T1 � N1 18.39 � 7.97 25.15 � 1.50 8.47 � 0.48 57.06 � 2.30 6.88 � 0.77 30.87 � 10.59

T1 � N2 16.24 � 10.44 25.09 � 1.54 8.60 � 0.57 59.23 � 2.16 6.92 � 0.98 32.31 � 10.25

T1 � N3 20.88 � 9.94 25.13 � 1.50 8.80 � 0.50 60.49 � 1.87 7.04 � 0.91 61.25 � 14.55

T2 � N1 21.96 � 6.77 25.16 � 1.58 8.33 � 0.38 56.70 � 2.12 6.65 � 0.80 24.48 � 13.98

T2 � N2 23.50 � 8.81 25.12 � 1.56 8.40 � 0.52 58.34 � 1.54 6.83 � 0.82 31.63 � 12.95

T2 � N3 33.13 � 12.22 25.08 � 1.59 8.47 � 0.48 59.41 � 1.67 6.57 � 0.62 58.22 � 31.16

T3 � N1 28.98 � 8.84 25.23 � 1.50 8.35 � 0.46 56.86 � 1.66 6.51 � 0.83 13.35 � 2.78

T3 � N2 34.15 � 11.04 25.13 � 1.53 8.55 � 0.67 55.97 � 2.20 7.18 � 0.20 38.01 � 7.73

T3 � N3 33.16 � 9.91 25.16 � 1.64 8.51 � 0.56 57.74 � 1.49 6.55 � 0.92 48.42 � 10.15

Fig. 1. Mean and standard error of the variation in phytoplankton bio-
mass (difference between end and beginning chlorophyll a concentra-
tions) after 24 d of the experimental conditions. Chlorophyll a
concentrations are expressed as log2(x + a), where x represents the
response variable and a (= 13) is a constant added to prevent negative
values. Different letters indicate significant differences among nutrient
treatments (Tukey’s HSD test < 0.05).

Fig. 2. Mean and standard error of variation in crustacean zooplankton
density (difference between end and beginning) in different treatments
after 24 d of the experimental conditions.
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growth rate of small-bodied fish. This suggests that the effects
of nutrients on fish growth rates change with increasing inor-
ganic turbidity. The most pronounced reduction in fish
growth rates occurred in treatments with lower turbidity and
highest nutrient concentration (T1N3) and higher turbidity
and lowest nutrient concentration (T3N1). The interaction
effect between inorganic turbidity and nutrient concentration
on fish-specific growth rate is expected. Inorganic turbidity
reduces light availability in the water column, thereby
inhibiting or diminishing phytoplankton productivity (Finger
et al. 2007, 2013; Bovo-Scomparin et al. 2013; Rodrigues
et al. 2015), which may be aggravated when nutrient concen-
trations are low. This was corroborated in our experiment,
considering that the lowest values of phytoplankton biomass
were registered at the treatment T3N1, concomitantly with
the low zooplankton density and lower fish growth rate. In
this case, limitation of plankton food resources may explain
the greater decrease in fish growth rate. Light attenuation cau-
sed by turbidity of allochthonous origin was considered the
main cause of low productivity in an oligotrophic lake (Finger
et al. 2007). This increase in inorganic turbidity and subse-
quent reduction in light availability can negatively impact fish
foraging by reducing their ability to detect prey (Figueiredo
et al. 2020; Ranåker et al. 2012; Turesson and Brönmark 2007).
Furthermore, this reduction in prey detection can affect fish
growth rates, as observed in our study. A recent meta-analysis
study confirms that turbidity can negatively affect the prey
capture rates of aquatic predators, regardless of their visual
ability or body size (Ortega et al. 2020).

Low fish growth rates registered at the treatment with lower
turbidity and higher nutrient concentration (T1N3) can be
explained by turbidity caused by an increase in phytoplank-
ton (organic turbidity) on fish foraging. In organic turbidity,
the decrease in light availability, which can reduce the visual
field of fishes and their foraging abilities, is primarily due to
the absorption of wavelengths by phytoplankton, whereas in
inorganic turbidity, it mainly occurs through scattering and

deflection of light (Kirk 1985; Figueiredo et al. 2020). Organic
turbidity can negatively affect fish foraging more than inorganic
turbidity (e.g., Ranåker et al. 2012; Wellington et al. 2010). In a
microcosm experiment also using M. forestii, Figueiredo et al.
(2020) demonstrated that both organic and inorganic turbidity
could negatively affect fish foraging. In our experiment,

Table 2. Mean values and standard deviation (SD) of the weight of Moenkhausia forestii before and after 24 d of the experimental con-
ditions, number of fish (n), and mortality rate per treatment. N = nutrient treatments, T = inorganic turbidity treatments.

Treatments

Before After

Mortality (%)Weight (g) SD n Weight (g) SD n

T1 � N1 0.77 0.03 90 0.72 0.01 84 2.22

T1 � N2 0.77 0.00 90 0.73 0.02 86 1.48

T1 � N3 0.80 0.02 90 0.73 0.02 89 0.37

T2 � N1 0.77 0.01 90 0.74 0.01 89 0.37

T2 � N2 0.80 0.07 90 0.75 0.07 90 0.00

T2 � N3 0.73 0.03 90 0.72 0.03 90 0.00

T3 � N1 0.81 0.03 90 0.74 0.02 90 0.00

T3 � N2 0.76 0.03 90 0.71 0.04 88 0.74

T3 � N3 0.78 0.02 90 0.76 0.02 90 0.00

Table 3. Output of factorial ANOVA for fish-specific growth
rates (g) among experimental treatments. df = degrees of free-
dom. SS = sum of square. MS = mean square. Significant p-
values (< 0.05) are indicated in bold.

df SS MS F-value p-value

Turbidity 2 0.004 0.002 3.45 0.054

Nutrients 2 0.002 0.001 1.65 0.219

Turbidity � nutrients 4 0.010 0.003 3.95 0.018

Error 18 0.012 0.001 – –

Fig. 3. Mean and standard error of fish specific growth rates of
Moenkhausia forestii species in experimental treatments. Different letters
indicate significant differences among treatments (Tukey’s HSD
test < 0.05).
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phytoplankton biomass (measured by chlorophyll a concentra-
tion) was significantly higher in treatments with highest nutri-
ent concentrations and was different from the other treatments
(Table 1; Fig. 1).

An alternative explanation for the lowest fish growth rate
in T1N3 treatment is a possible effect of resource availability
(nutrients and light) on the increase in phytoplankton domi-
nance. The theory of resource competition proposed by
Tilman (Tilman 1982) suggests that a decrease in species diver-
sity occurs when only a few species dominate, reducing the
availability of resources. However, in the absence of resource
limitation, some species may be favored and show an increase
in density and biomass (Tilman 1977; Rothhaupt 1988;
Dittrich et al. 2023). Despite the higher phytoplankton
biomass registered in this treatment, the increase in water
transparency (Interlandi and Kilham 2001; Flöder et al. 2002;
Bovo-Scomparin et al. 2013; Rodrigues et al. 2015) and nutri-
ent concentrations (Cottingham et al. 2004; Šorf et al. 2015)
may have a negative effect on phytoplankton diversity (Smith
et al. 2006; Elser et al. 2007), thus decreasing the heterogene-
ity of food resources for the other trophic levels. Therefore,
the lower resource heterogeneity reduced density (zooplank-
ton) and growth rate (fish) of the other trophic levels.

Intermediate levels of inorganic turbidity and higher nutri-
ent concentrations (T2N3) favored a smaller reduction in the
fish growth rate, contradicting our expectation that this rate
would be higher in higher turbidity and nutrient concentra-
tion (T3N3). However, no significant differences were
observed between T2N3 and T3N3 treatments (Tukey’s HSD
test > 0.05). One possible explanation is that besides decreas-
ing light penetration, high inorganic turbidity may also be
responsible for a decrease in predation rates because it
reduces predator–prey encounter rates and serves as a visual
refuge for planktonic organisms (De Robertis et al. 2003; Car-
ter et al. 2010; Ortega et al. 2020). Studies have shown a
reduction in prey capture rates with increasing turbidity,
both under experimental conditions (De Robertis et al. 2003;
Carter et al. 2010) with turbidity values (0–40 NTU) similar
to those in our experiment (15–35 NTU) and through a meta-
analytic approach (Ortega et al. 2020) that considers a broad
range of turbidity variation. Thus, changes in predation rates
may have favored the lower growth rate in high turbidity
levels compared to the intermediate level. In experimental
mesocosms, Figueiredo et al. (2015) showed that slight varia-
tions in turbidity levels, as those observed in our experiment
(approximately 20 NTU), were not sufficient to change preda-
tion rates. On the other hand, the authors used larger-sized
prey (ostracods) compared to planktonic organisms. How-
ever, these authors found that higher inorganic turbidity
concentrations decreased predation rates.

Fish growth rate was negative across all treatments. One
possible explanation for this result is potential stress induced
by experimental conditions or by fish overpopulation com-
bined with the fact that fish only had access to zooplankton.

The absence of top predators in our experiment allows us to
infer that the observed effect on fish-specific growth rate may
be attributed to the environmental conditions maintained
during the experimental period.

Phytoplankton is usually one of the first aquatic communi-
ties to react to environmental changes, and an increase in
nutrient concentration favors their rapid growth and repro-
duction (Pan et al. 2014), enhancing their density, biomass,
and primary productivity. Nutrient limitation otherwise nega-
tively affects phytoplankton and declines energy transfer to
higher trophic levels via bottom-up control (Van Donk 1997;
Perhar et al. 2013; Pan et al. 2014). This can result in a loss of
ecosystem services, such as fish production. Moreover, oligo-
trophic conditions could lead to a shift from the traditional
short herbivorous food web to a longer microbial loop, charac-
terized by a greater number of trophic levels and, therefore,
lower energy transfer efficiency, affecting the higher trophic
levels (Anders and Ashley 2007).

Although non-significant, zooplankton density reflected
the environmental conditions present in the floodplain before
reservoir construction (higher turbidity and nutrient concen-
trations). Under oligotrophic conditions, zooplankton produc-
tivity may decline due to food resource limitations (Finger
et al. 2007). The non-significant differences observed for
zooplankton density among treatments may possibly be
attributed to fish predation pressure. Although the effect of
predation was not controlled in our experiment (as it was not
the primary goal), the zooplankton size structure was smaller
in the treatments with higher transparency (data published in
Braz et al. 2020 for the same experiment). This result supports
the potential predation effect, as increased water transparency
enhances the visual range of fish (Bramm et al. 2009). Intense
predation can reduce the size structure of zooplankton
(Brooks and Dodson 1965). Fish predation is an important fac-
tor influencing the zooplankton community, interfering both
with population (body size and reproductive rates) and com-
munity attributes (biomass, density, and species diversity)
(Iglesias et al. 2011, 2017).

The current scenario of environmental conditions in the
last non-dammed stretch of the Paran�a River is concerning.
Cascade reservoir construction at the Paran�a River basin has
promoted profound alterations in biotic and abiotic variables
through time (Fernandes et al. 2009; Roberto et al. 2009;
Bovo-Scomparin et al. 2013; Bonecker et al. 2013; Rodrigues
et al. 2015) and these alterations were intensified after the clo-
sure of Porto Primavera reservoir (Agostinho et al. 2004;
Bonecker et al. 2009), which is closer to the floodplain. Fish
density and richness in the floodplain located downstream of
the Porto Primavera reservoir have significantly decreased
since its closure (Agostinho et al. 2004, 2007; Fernandes
et al. 2009). Impoundment of rivers is among the main
anthropogenic causes of oligotrophication in aquatic ecosys-
tems (Ney 1996; Stockner et al. 2000), and it is a process that
is difficult to reverse or restore.
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Few studies have investigated the effects of oligotrophi-
cation on higher trophic levels, such as fish (Jeppesen
et al. 2005; Anderson et al. 2005; Matzinger et al. 2007; Mil-
brink et al. 2011; Lorenz et al. 2019). Our experiment evalu-
ated the effects of inorganic turbidity and nutrients,
coincident with the current scenario of oligotrophication at
the last non-dammed stretch of the Paran�a River and condi-
tions present before Porto Primavera reservoir construction,
on specific growth rates of small-bodied fish. Our hypothesis
that the current oligotrophic scenario of the Upper Paran�a
River floodplain (higher water transparency or lower inorganic
turbidity and lower nutrient concentration) would reduce
fish-specific growth rate was not completely accepted. Inter-
mediate and higher turbidity combined with higher nutrients
(T2N3 and T3N3) favor a small reduction in the growth rate of
M. forestii. It is expected that this result may be attributed to
bottom-up mechanisms, influenced by higher food availability
(plankton) in turbid and productive environments
(Cottingham et al. 2004; Jeppesen et al. 2005; Anderson
et al. 2005; Matzinger et al. 2007; Finger et al. 2013; Lorenz
et al. 2019). In addition, we observed that the effects of nutri-
ents on growth rate change with the increase in inorganic tur-
bidity. This result has important consequences for higher
trophic levels. In tropical and subtropical regions, fish com-
munities are dominated by omnivorous, small-bodied species
(Iglesias et al. 2011, 2017), which constitute an essential food
resource for piscivorous fish. Consequently, alterations in
environmental conditions mediated by bottom-up mecha-
nisms may be responsible for a decrease in fish production
and a consequent effect on fish stocks, reflected in economic,
cultural, and social activities.

We observed the impacts of inorganic turbidity and nutri-
ents on the growth rate of fish in a large dammed river in the
tropical region. However, it is important to highlight that not
all oligotrophication processes are negative for the aquatic
ecosystem. In eutrophic systems that became oligotrophic,
nutrient reduction and transparency increase can have posi-
tive impacts on fish species (Ludsin et al. 2001; Gerdeaux
et al. 2006; Müller et al. 2014; Cabrerizo et al. 2020).

Our findings support previous studies that used time-series
data. While manipulative experiments are prone to errors,
since they usually cannot replicate all environmental condi-
tions, our experiment aimed to replicate real scenario
conditions related to the most crucial variables (nutrient con-
centration and turbidity) in order to achieve greater accuracy.
Furthermore, experiments contribute to answering specific
and direct hypotheses.

Our research indicates that changes in nutrient concentra-
tions and water transparency, coinciding with the effects of river
dams, can lead to a scarcity of plankton downstream, resulting
in reduced fish growth. Long-term monitoring data (Agostinho
et al. 2013; Bovo-Scomparin et al. 2013; Bonecker et al. 2013;
Rodrigues et al. 2015) evidence our main results. These findings
underscore the critical importance of conservation efforts to

address the detrimental impact of oligotrophication on the
preservation and sustainable functioning of affected aquatic
ecosystems.
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