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Abstract Element cycling in aquatic systems is driven chief-
ly by planktonic processes, and the structure of the planktonic
food web determines the efficiency of carbon transfer through
trophic levels. However, few studies have comprehensively
evaluated all planktonic food-web components in tropical re-
gions. The aim of this study was to unravel the top-down
controls (metazooplankton community structure), bottom-up
controls (resource availability), and hydrologic (water resi-
dence time) and physical (temperature) variables that affect
different components of the microbial food web (MFW) car-
bon stock in tropical reservoirs, through structural equation
models (SEM). We conducted a field study in four deep
Brazilian reservoirs (Balbina, Tucuruí, Três Marias, and
Funil) with different trophic states (oligo-, meso-, and eutro-
phic). We found evidence of a high contribution of the MFW
(up to 50% of total planktonic carbon), especially in the less-
eutrophic reservoirs (Balbina and Tucuruí). Bottom-up and
top-down effects assessed through SEM indicated negative

interactions between soluble reactive phosphorus and
phototrophic picoplankton (PPP), dissolved inorganic nitro-
gen, and heterotrophic nanoflagellates (HNF). Copepods pos-
itively affected ciliates, and cladocerans positively affected
heterotrophic bacteria (HB) and PPP. Higher copepod/
cladoceran ratios and an indirect positive effect of copepods
on HB might strengthen HB-HNF coupling. We also found
low values for the degree of uncoupling (D) and a low HNF/
HB ratio comparedwith literature data (mostly from temperate
regions). This study demonstrates the importance of evaluat-
ing the whole size spectrum (including microbial compart-
ments) of the different planktonic compartments, in order to
capture the complex carbon dynamics of tropical aquatic
ecosystems.

Keywords Carbon stock . Structure equationmodels .

Grazing . Degree of uncoupling

Introduction

Inland waters play an important role in the global carbon cycle,
being extremely active in the transport, mineralization, and
storage of carbon [1]. Tropical freshwaters are particularly im-
portant for global biogeochemical cycles, as they are responsi-
ble for approximately 60% of the total carbon emissions from
inland waters [2]. In addition to enhanced carbon emissions
associated with high temperatures, low-latitude lakes and res-
ervoirs usually stratify for longer periods, and hypolimnetic
waters remain warm, creating optimal conditions for anoxia
[3], and develop high concentrations of CO2 and CH4 that
may later enter the atmosphere [4, 5]. A recent study reported
that carbon emissions in tropical reservoirs were negatively
correlated with age and latitude, and these emissions were
particularly high in the tropical Amazon region [6].
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The mechanisms that lead to these high emissions in trop-
ical reservoirs are complex, as they involve multiple factors
including stratification, primary production, community res-
piration, nutrient loading, food-web structure, and others. In
large reservoirs, cycling of the main elements is driven chiefly
by the planktonic food web, which can regenerate and transfer
these elements to higher trophic levels [7, 8]. The food-web
structure may influence and alter carbon transfer and emis-
sions in freshwater systems [9–11]. Tropical aquatic systems
have some particular food-web configurations, but compre-
hensive studies on all planktonic food-web components are
extremely rare [12, 13].

Aquatic food webs in warm lakes are expected to have a
smaller biomass of large-bodied zooplankton compared to
temperate systems because high temperatures affect organism
physiology either directly or indirectly by increasing fish pre-
dation on zooplankton [14–17]. In tropical regions, omnivo-
rous fish are more frequent and high biomasses of small-sized
and young-of-the-year fish prevail throughout the year,
exerting higher predation pressure on large-bodied zooplank-
ton, especially large cladocerans [16, 18]. Consequently, zoo-
plankton in warm lakes is expected to be small-bodied, with a
high proportion of protozooplankton (ciliates and
nanoflagellates), which might impact bacterioplankton
through high grazing pressure [12, 19]. Metazooplankton
composition has strong direct and indirect (cascading) effects
on the microbial food web (MFW) [20]. Large daphnids are
keystone species in temperate systems, as they alter the MFW
through their large impact on protozooplankton [21]. A char-
acteristic of tropical aquatic food webs is the absence (or gen-
erally low abundance) of large daphnids [22].

Among the components of the microbial food web,
protozooplankton (ciliates and heterotrophic nanoflagellates)
is a key compartment, contributing to carbon and energy flux
because these plankters can grow faster than phytoplankton
[23, 24]. Heterotrophic nanoflagellates (HNF) play a particu-
larly important role in aquatic microbial communities through
predation on the smaller size fractions of planktonic commu-
nities (phototrophic picoplankton—PPP, and heterotrophic
bacteria—HB), channeling picoplanktonic production to the
higher trophic levels [23]. One way of measuring this impact
is to study the degree of uncoupling (D) between HNF and
their prey [25]. Previous studies have reported that rotifers and
small cladocerans efficiently control HNF populations, and
negatively affect the degree of coupling between HNF and
the bacterial community [26–28]; while copepods can en-
hance the efficiency of the HB-HNF coupling mechanisms
[20]. A recent study comparing tropical and temperate HNF-
HB abundance showed lower numbers in tropical systems,
and the lack of coupling was explained by predation on
HNF by ciliates and small cladocerans [29].

In addition, despite the indications of a weak [30] or absent
[29] relationship between HB abundance and chlorophyll-a in

different tropical freshwater systems, a recent study in large
African lakes reported a high degree of HB—primary produc-
tion coupling, with a high percentage of dissolved primary
production (extracellular organic carbon released by phyto-
plankton) [31]. Moreover, a recent meta-analysis revealed that
bacterial remineralization rates per bacterial production unit in
tropical freshwaters are at least twofold higher than in temper-
ate regions [32]. For these reasons, it is important to elucidate
the strength of the MFW in tropical aquatic systems, particu-
larly its contribution to biomass stocks and fate. Since micro-
bial metabolism has major impacts on carbon pathways and
ultimately on gas exchange with the atmosphere [12, 32],
microbes might comprise an important fraction of the plank-
tonic carbon stock in these systems. Trophic status is also an
important characteristic of the system that might influence
planktonic trophic structure and can determine if MFW is a
carbon sink or link [21, 33, 34]. In a trophic-state gradient, all
planktonic components should increase their biomass in
more-eutrophic systems [33], while the contribution of the
MFW to total planktonic carbon should decrease [21].

The aim of this study was to elucidate the roles of top-down
(i.e., metazooplankton community structure), bottom-up (re-
source availability), and abiotic variables as controls on dif-
ferent microbial food-web compartments in tropical reser-
voirs. We monitored key components of the planktonic micro-
bial and classical food webs in four tropical reservoirs with
different metazooplankton community structures, covering a
range of trophic states (productivity gradient), and analyzed
food-web interactions using structural equation models
(SEM). We hypothesized that the microbial food-web compo-
nents contribute considerably to the carbon pool in these trop-
ical systems, especially in the less-productive ones, where
heterotrophy is expected to predominate over autotrophy.

Material and Methods

Study Sites

Sampling was conducted in four deep tropical hydroelectric
reservoirs in Brazil (Fig. 1), with different morphologies, hy-
drodynamics, and trophic states (Table 1), in three different
biomes: Amazonia (Balbina, Tucuruí), Cerrado (Três Marias),
and Atlantic Forest (Funil). The Amazonian reservoirs are
situated in different regions of northern Brazil: Balbina
Reservoir is located in a mainly forested area of the central
Amazon (79.0% [35]; Table 1) and is fed by a black-water
river (Uatumã basin), while Tucuruí is located in the eastern
Amazon, fed by a clear-water river (Tocantins/Araguaia ba-
sin). The drainage basin surrounding Tucuruí is extensively
deforested, with vast agricultural areas (51.6% [35], Table 1).
Três Marias Reservoir is located on the Central Brazilian
Plateau (São Francisco basin) where the main vegetation is
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the Cerrado (Brazilian savanna) domain, which, however, has
also been extensively altered for agriculture (70.5% [35],
Table 1). Funil Reservoir in southeastern Brazil drains a
densely populated area (Paraíba do Sul basin, 5.6% urban area
[35], Table 1), receiving a high nutrient load [36]. This is a
eutrophic reservoir with recurrent intense blooms of the
cyanobacteria Dolichospermum circinale (Rabenhorst ex
Bornet et Flahault) Wacklin, Hoffmann et Komárek,
Cylindrospermopsis raciborskii (Woloszyńska) Seenayya et
Subba Raju, and Microcystis aeruginosa (Kützing) Kützing
[36, 37]. Balbina, Tucuruí, and Três Marias are large dendritic
reservoirs, while Funil has a more-compact flooded area. The
Amazonian reservoirs Balbina and Tucuruí are of nearly the

same age of impoundment (∼30 years), while Três Marias and
Funil were established ∼50 years ago, and the four reservoirs
are monomictic with a hypoxic hypolimnion [36, 38–40].

Sampling and Data Analysis

Physical, chemical, and biological variables of the four
waterbodies were recorded at three sampling points of the
reservoirs (including one point near the dam), during four
periods of the year in 2011 and 2012, totaling 12 measure-
ments per reservoir. The sampling period comprised the hy-
drological pulses in the Amazonian Balbina and Tucuruí res-
ervoirs, and two rainy and two dry seasons in Três Marias and

Table 1 General features of the
two Amazonian (Balbina and
Tucuruí) and two non-Amazonian
(Três Marias and Funil) reservoirs

Reservoir Balbina Tucuruí Três Marias Funil

Biome Amazon Amazon Cerrado Atlantic Forest
Latitude 01°52′19.9″N 03°51′20.9″S 18°20″S 22°31′42.5″S
Longitude 059°28′49.7″W 049°37′23.4″W 045°25″W 044°33′49.2″W
State Amazonas Pará Minas Gerais Rio de Janeiro
Main river Uatumã Tocantins/Araguaia São Francisco Paraíba do Sul
Year of impoundment 1987 1984 1962 1969
Maximum depth (m) 51 721 752 703

Mean air temperature (°C) 26.4 26.9 22.8 18.4
Annual precipitation (mm) 2510 2290 1248 1487
Watershed area (km2) 70,6004 758,0001 50,7322 16,8003

Reservoir surface area (km2) 23005 24301 10406 403

Volume (km3) 17.55 45.51 15.3 0.93

Generated electricity (MW) 2507 83707 3967 1807

Land use (%)8

Forest 79 12.2 8.2 25.2
Agriculture 1.3 51.6 70.5 62.5
Urban 0.0 0.1 1.2 5.6

Fish species Piscivores9 Piscivores9 Piscivores10 Detritivores, omnivores,
pscivores11

1, [41]; 2, Brito unpublished data; 3, [42]; 4, [43]; 5, [44]; 6, [45]; 7, [46]; 8, [35]; 9, [47]; 10, [48]; 11, [49]

Fig. 1 Map and location of the
Amazonian Balbina (a) and
Tucuruí (b) reservoirs, and the
non-Amazonian Três Marias (c)
and Funil (d) reservoirs. Dots
indicate locations of sampling
stations. Dams are indicated by
arrows
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Funil reservoirs.Water temperature (WT) and pHwere obtain-
ed with a YSI 6920 multiparameter probe (Yellow Springs
Instruments, USA). The euphotic zone (Zeu) was measured
as 2.7× Secchi disk extinction depth [50]. Integrated samples
from the surface were taken using a 1.5-m-long tube sampler.
Total phosphorus (TP), total nitrogen (TN), soluble reactive
phosphorus (SRP), dissolved inorganic nitrogen (DIN), and
dissolved organic carbon (DOC) were also measured from
the integrated samples. TP and TN were estimated from un-
filtered water samples, while DOC, SRP, and DIN (the sum of
ammonium, nitrate, and nitrite) were filtered through glass-
fiber filters (GF/C Whatman) and analyzed according to
Wetzel and Likens [51]. The reservoir trophic states were
assessed based on subsurface median concentrations of TP,
according to Nürnberg [52]. Water residence time (RT, in
days) was estimated considering the inflow discharge and
the reservoir volume on daily basis, from data provided by
the Brazilian National Electricity Regulatory Agency
(ANEEL). The RT for each sampling period was calculated
as the mean during the preceding month.

Water samples for picoplankton (PPP and HB),
protozooplankton (HNF and ciliates), and phytoplankton for
quantitative analysis were collected using the same tube sam-
pler, while samples of metazooplankton (rotifers, cladocerans,
calanoid copepods, cyclopoid copepods, copepodites, and
nauplii) were collected by vertical hauls of a plankton net with
50-μm mesh, in the euphotic zone. For phytoplankton and
ciliates, 100-mL samples were preserved with neutral
Lugol’s and acid Lugol (2% final concentration) iodine solu-
tions, respectively. For PPP and HNF, 100-mL samples were
preserved with 10% glutaraldehyde (1% final concentration),
and for HB, 10-mL samples were preserved in formalin at 2%
final concentration. The metazooplankton 100-mL concen-
trates were preserved in 4% buffered formaldehyde.

Phytoplankton (Phyto) and ciliate (Cili) populations were
concentrated by sedimentation and enumerated in random
fields [53] for phytoplankton under an inverted microscope
(Zeiss Oberkochen Axiovert 10, Carl Zeiss, Germany) at
×400 magnification [54], and all of a 10-mL chamber in
phase-contrast illumination for ciliates. Phytoplankton taxo-
nomic classes are according to Van den Hoeck et al. [55],
except for cyanobacteria [56, 57]. Phytoplankters were iden-
tified to species as far as possible, according to appropriate
literature, and ciliates were assigned to morphotypes. In gen-
eral, at least 30 cells of each species or morphotype were
measured directly under the microscope. Biovolume
(mm3 L−1) for the two communities was estimated by multi-
plying the density of each species by the mean volume of its
cells [58]. The carbon content (μg C L−1) for each plankton
component was estimated. The carbon content of phytoplank-
ton species was obtained from the biovolume through a con-
version formula [59], and that of ciliates through a conversion
factor of 140 fg μm−3 [60] after a correction factor of 1.4 [61].

For PPP and HB enumeration, 10 and 2 mL, respectively,
were filtered through 0.2 μm black polycarbonate filters
(Millipore) and stained with DAPI (4,6 diamidino-2-
phenylindole) [62]. The filters were mounted on microscope
slides with immersion oil, and the picoplankton abundance
was estimated with the aid of an epifluorescence microscope
(Zeiss Axio Observer A1, Carl Zeiss, Germany) at ×1000
magnification, by counting 200 cells, or 30 random fields in
cases of low abundance [63, 64]. The blue excitation light
filter set (EX BP 450-490, BS FT 510, EM LP 515) was used
to quantify picocyanobacteria and picoeukaryotic cells, while
the green excitation light filter set (H 546/12 BS FT 580 EM
LP 590) was used only for picocyanobacteria. HBwere visible
under ultraviolet (UV) excitation (filter set: EXBP 365/12, BS
FT 395 EM LP 397). PPP cells were measured directly under
an epifluorescence microscope; the biovolume was calculated
from the geometric formula for a prolate spheroid or sphere,
and the carbon content was estimated using a conversion fac-
tor of 200 fg C μm−3 [65]. HB biomass was estimated from
application of the major and minor axis measurements of cells
in the formula proposed by Massana et al. [66], and biomass
conversion according to Norland [67].

For HNF enumeration, 10 mL was filtered through 0.8 μm
polycarbonate filters (Millipore) stained with DAPI, and the
residue was mounted on microscope slides with immersion
oil. The cells were counted with an epifluorescence micro-
scope (Zeiss Axio Observer A1, Carl Zeiss, Germany) at
×1000 magnification using the UV filter set; the photosynthet-
ic flagellates were distinguished with the blue and green filter
sets. HNF cells were measured directly under the
epifluorescence microscope. Biovolume was calculated from
geometric formulas, using a conversion factor of 220 fg
C μm−3 [68] for the carbon content.

The metazooplankton community (Metazoo) was enumer-
ated using either a Sedgwick-Rafter chamber under a micro-
scope (for rotifers, nauplii, and cladocerans) or in open cham-
bers under a stereomicroscope (for copepodites and adult co-
pepods). At least 250 individuals and 100 of the more abun-
dant species were counted. Densities (individuals per liter)
were estimated based on the volume of water that passed
through the net. The organisms were classified in large
groups: rotifers, cladocerans, calanoid and cyclopoid cope-
pods, nauplii, and copepodites. Cladoceran and copepod bio-
masses were measured from the dry weight of 20 individuals
after they were oven-dried for 24 h at 60 °C. Rotifer biomass
was estimated from the median weight of each species as
given in the literature [51], multiplied by its density in each
sample [51], and the biomass of nauplii according to allome-
tric formulas [69]. The carbon content (μg C L−1) of all
metazooplanktonic components was estimated as 50% of
dry weight [70]. In order to determine if the reservoirs had
different metazooplanktonic community structures, and their
influence on microbial food-web components (especially on
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HNF and HB) and/or phytoplankton, we calculated the ratio
of copepods to cladocerans (COP/CLAD) for each reservoir.

Statistical Analysis

Variables were tested for differences among reservoirs using
one-way ANOVA and a post hoc Tukey test (p < 0.05). We
assumed marginally significant p values between 0.05 and
0.07. Data were Log(x + 1) transformed to achieve a normal
distribution. We used SEM to detect direct and indirect effects
of bottom-up and top-down factors for planktonic components
and abiotic variables (Online Resource Table A1). Biotic com-
ponents and abiotic variables in each sampling were used in
the analysis. The goodness-of-fit of the model was tested
using a Chi-square test and Bollen-Stine bootstrap, due to
the small sample size (n = 48, [71]). A non-significant chi-
square test indicates that there is no deviation between the
observed covariance matrix and the proposed model in
SEM, and the model can be accepted. We used the following
indexes to decide if the model showed a good fit: (i) a Root
Mean Square Error of Approximation (RMSEA) equal to or
higher than 0.07 [72]; (ii) Standardized Root Mean Square
Residual (SRMR) less than 0.05; (iii) Comparative Fit Index
(CFI) equal to or higher than 0.96; and (iv) Tucker-Lewis
Index (TLI) equal to or lower than 0.96 [73]. Akaike’s
Information Criterion (AIC) was used to determine the most
parsimonious model. The SEM graphs were constructed using
CytoScape Software. The ANOVA and SEM analyses were
performed with the Blavaan^ package ([74], http://www.
jstatsoft.org/v48/i02/) in R 3.0.3 (RDevelopment Core Team).

We calculated the degree of uncoupling (D) between HB-
HNF according to specific empirical models from the litera-
ture (below), predicted by a model for observed HB abun-
dance (cell mL−1; equation 6 in [24]):

D ¼ −2:55þ 1:04# Log HBð Þ−Log HNFð Þ

Results

Water Residence Time and Abiotic Variables

The median water residence times (RT) were significantly
higher in Balbina (662 days) and Três Marias (410 days;
F(3,44) = 47.31, p < 0.0001) than in Tucuruí (77 days) and
Funil (34 days) reservoirs (Table 2). Water temperature
(WT) was significantly higher (F(3,42) = 74.18, p < 0.0001) in
the Amazonian reservoirs (Balbina, median = 30.8 °C; and
Tucuruí, 30.2 °C), compared to Três Marias and Funil, and a
slightly acidic median pH (6.3) was recorded in Balbina. DOC
concentrations were also significantly higher in Funil
(median = 5.33 mg L−1, F(3,41) = 10.23, p < 0.0001; Table 2).

Nutrient concentrations also differed among the reservoirs:
TN concentrations were significantly higher in Funil
(median = 107.50 μM; F(3,44) = 20.17, p < 0.0001; Table 2;
Fig. 2a), and TP was lower in Balbina (median = 0.35 μM;
F(3,44) = 15.77, p < 0.0001; Table 2; Fig. 2b). The gradient of
trophic states, as expressed in TP concentrations, ranged from
oligo-mesotrophic (Balbina) tomesotrophic (Tucuruí and Três
Marias) and eutrophic (Funil; Table 2).

As expected, Zeu was significantly lower (median = 3.9 m;
F(3,42) = 7.31, p = 0.0005; Table 2; Fig. 2c) and DIN was sig-
nificantly higher (median = 77.0 μM; F(3,44) = 26.59,
p < 0.0001; Table 2) in the eutrophic reservoir (Funil). SRP
did not differ significantly among the reservoirs (Table 2).

Carbon Content in Pelagic Food-Web Components

The Amazonian Balbina Reservoir showed significantly low-
er carbon concentrations of all components of the plankton
pelagic food web (Fig. 3; for details, see Table A2 in Online
Resource 2). The eutrophic Funil Reservoir showed a higher
phytoplankton carbon stock (median = 374.72 μg C L−1;
F(3,44) = 9.69, p < 0.0001; Fig. 2d; for details, see Table A2
in Online Resource 2) compared with Balbina, Turucuí, and
Três Marias, which were not significantly different from each
other. Total picoplankton biomass (the sum of HB and PPP)
did not differ among the reservoirs, while HB biomass was
significantly lower in Balbina compared to Funil (median =
21.9 μg C L−1; F(3,44) = 3.73, p = 0.02). PPP biomass did not
differ among the reservoirs (Table A2 in Online Resource 2).

Analyzing protozooplankton components, significantly
lower HNF (median 8.2 μg C L−1) and ciliate (median
1.9 μg C L−1) carbon stocks were recorded in Balbina
Reservoir (F(3,44) = 18.99, p < 0.0001 and F(3,43) = 4.98,
p = 0.005, respectively), while no differences were recorded
among Tucuruí, Três Marias, and Funil reservoirs (Fig. 3b;
Table A2 in Online Resource 2).

Concerning metazooplankton components, rotifers con-
tributed less than 1% to the carbon stock and showed signif-
icant differences among the reservoirs (F(3,43) = 6.18,
p = 0.001), with the lowest carbon concentration in Balbina
(median = 0.02 μg C L−1; Fig. 3c; Table A2 in Online
Resource 2) and the highest concentration in Três Marias
(median = 1.9 μg C L−1; Fig. 3c; Table A2 in Online
Resource 2). Três Marias also had the highest carbon stocks
of cladocerans (median = 55.2 μg C L−1) and copepods
(median = 386.8 μg C L−1; F(3,44) = 29.00, p < 0.0001 and
F(3,44) = 33.9, p < 0.0001, respectively; Table A2 in Online
Resource 2).

The carbon stock of the total protozooplankton commu-
nity (the sum of HNF and Cili, F(3,43) = 17.06, p < 0.0001,
see Table A2 in Online Resource 2) and the sum of the
microbial food-web components (MFW=HB+PPP+HNF+
Cili, F(3,44) = 12.34, p < 0.0001, see Table A2 in Online
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Resource 2) were significantly lower in Balbina, as was the
metazooplankton (the sum of copepods, cladocerans, and
rotifers; median = 11.38 μg C L−1; F(3,44) = 31.78,
p < 0.0001). The highest metazooplankton carbon stocks
were observed in Três Marias (median = 479.58 μg C L−1;
Fig. 3c; Table A2 in Online Resource 2). The Amazonian
reservoirs Balbina and Tucuruí showed lower COP/CLAD
ratios compared to Três Marias and Funil (F(3,43) = 16.87,
p < 0.0001; Fig. 3d; Table A2 in Online Resource 2).

The carbon contributions of phytoplankton, zooplankton,
and MFW components varied among the waterbodies, but

always with a higher contribution of phytoplankton
(Fig. 4a). MFW components contributed approximately 30%
of the total carbon stock of planktonic biota in the Amazonian
reservoirs, a significantly higher proportion compared to Três
Marias and Funil (∼10%; p < 0.0001, F(3,44) = 8.98; Fig. 4b;
Table A2 in Online Resource 2). The MFW/Metazoo ratio
was more variable among the reservoirs and was significantly
higher in Balbina and lower in Três Marias (F(3,44) = 20.26,
p < 0.0001; Fig. 4c; Table A2 in Online Resource 2). We ob-
served an inverse relationship between the contribution of
MFW and the total autotrophic carbon pool, as a proxy of

Fig. 2 Gradients of a total
nitrogen; b total phosphorus; c
euphotic zone; and d
phytoplankton carbon content in
two Amazonian Balbina (BALB)
and Tucuruí (TUC) and two non-
Amazonian Três Marias (TM) and
Funil (FUN) reservoirs. The
variation of each variable within
the reservoirs is expressed by
box-and-whisker plots, where the
line within boxes indicates the
median value, the boxes
encompass 25 and 75% and the
whiskers 10 and 90%, while the
dots encompass 95% of the data.
Different letters inside the plots
indicate statistically significant
differences (p < 0.05)

Table 2 Limnological variables of the two Amazonian (Balbina and Tucuruí) and two non-Amazonian (Três Marias and Funil) reservoirs (median,
minimum, and maximum)

Balbina Tucuruí Três Marias Funil

Median Range Median Range Median Range Median Range

RT (days)**** 662a 247–1344 77b 35–143 410a 110–665 34b 22–52

WT (°C)**** 30.8a 28.9–33.4 30.2a 28.7–32.0 26.3b 24.2–28.1 22.8c 20.9–27.2

pH**** 6.3a 5.5–8.1 7.1bc 6.4–8.5 7.6c 7.0–8.2 6.9ab 6.6–7.6

Zeu (m)*** 9.8a 6.3–12.3 7.5ab 2.4–9.9 6.3b 1.8–10.5 3.9b 1.8–9.3

DOC (mg L−1)** 3.99ab 3.44–6.21 4.66ab 3.25–5.78 3.61a 2.03–6.43 5.33b 3.55–8.92

TP (μM)**** 0.35a 0.20–0.61 0.65b 0.30–1.15 0.68b 0.35–3.32 1.56c 0.46–7.99

TN (μM)**** 53.39ab 26.46–82.28 41.40a 25.50–78.56 93.56b 28.52–103.37 107.50c 95.96–235.22

SRP (μM) 0.06 0.001–0.19 0.06 0.001–0.32 0.17 0.002–1.07 0.15 0.01–0.66

DIN (μM)**** 22.55a 13.78–32.51 24.23a 3.80–35.09 19.77a 4.09–40.43 77.00b 67.45–98.98

Trophic state Oligo-mesotrophic Mesotrophic Mesotrophic Eutrophic

RT = water residence time,WT = water temperature, Zeu = euphotic zone, DOC = dissolved organic carbon, TP = total phosphorus, TN = total nitrogen,
SRP = soluble reactive phosphorus, DIN = dissolved inorganic nitrogen

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 and different letters indicate significant differences among reservoirs
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productivity (Fig. 4d; Table A2 in Online Resource 2). The
seasonal variation ofMFWand the autotrophic contribution to
total carbon in each reservoir was not very high (Fig. 4d),
except for two periods in Balbina (rainy period, mean
Phyto = 41.6 μg C L−1 and %MFW= 52%) and Funil (rainy
period, median Phyto = 1,695 μg C L−1 and %MFW= 7.2%).

Direct and Indirect Effects of Bottom-Up and Top-Down
Interactions

The SEM analysis for bottom-up relationships for each plank-
ton compartment, and also with RT and WT, indicated that
there was no significant deviation between the observed co-
variance matrix and the predicted model (χ2 = 11.22; df = 9;
p = 0.63, AIC = 51.11), and good-fit indices (CFI = 0.99,
TLI = 0.89, RMSEA = 0.07, SRMR= 0.032; Fig. 5).

SRP showed a negative effect on PPP (p = 0.002) and DIN
on HNF (p = 0.005). Phytoplankton (zooplanktonic and HB
resource) showed a positive effect on the HB community
(p = 0.01), but with no significant effect on zooplankton com-
ponents (Fig. 5). HNF showed positive effects on rotifers
(p = 0.03), cladocerans (p = 0.04), and copepods (p = 0.05),
and a marginally significant effect on ciliates (p = 0.06;
Fig. 5). RT showed a negative effect on HB (p = 0.03) and

HNF (p = 0.03), and a positive effect on rotifers (p = 0.02)
and copepods (p = 0.01). WT was significantly related only
to HNF, with negative effects (p = 0.04). DOC, TN, TP, and
Zeu showed no significant relationship to any biotic
component.

With respect to the top-down relationships for each plank-
tonic component, the SEM analysis also indicated no signifi-
cant deviation between the observed covariance matrix and
the predic ted model (χ2 = 3.74; df = 3; p = 0.36,
AIC = 303.88), and good-fit indices (CFI = 0.99, TLI = 0.90,
RMSEA = 0.07, SRMR = 0.03, Fig. 6). PPP was positively
affected by cladocerans (p = 0.04) and negatively by HNF
(p = 0.01), while HB was positively affected by cladocerans
(p = 0.01). Phytoplankton was negatively affected by cladoc-
erans (p = 0.02), and strongly and positively by copepods
(p = 0.002; Fig. 6). HNF positively affected ciliates
(p = 0.007), while ciliates were positively affected by cope-
pods (p = 0.007). We also observed a positive indirect effect
of copepods on HNF, through ciliates (standard coefficient =
0.51; p = 0.02), and also a positive indirect effect of cladoc-
erans on HB, through ciliates (standard coefficient = 0.32;
p = 0.03) and through HNF (standard coefficient = 0.36;
p = 0.01). Cladocerans also positively affected PPP through
ciliates (standard coefficient = 0.37; p = 0.02) and HNF

Fig. 3 Carbon content in pelagic food-web components of a
heterotrophic bacteria (HB) and autotrophic picoplankton (PPP); b
heterotrophic nanoflagellates (HNF) and ciliates (Cili); c
metazooplankton (Metazoo); and d copepod/cladoceran ratio (COP/
CLAD) in Balbina (BALB), Tucuruí (TUC), Três Marias (TM), and
Funil (FUN) reservoirs. Graphs A and B illustrate the variation of each
variable by bars, where the lines indicate the mean and the whiskers

indicate the standard deviation. Graphs C and D illustrate the variation
of each variable within the reservoirs, expressed by box-and-whisker
plots, where the line within boxes indicates the median value, and the
boxes, whiskers, and dots encompass 75, 90, and 95% of the data,
respectively. Different letters in plots c and d indicate significant
differences (p < 0.05)
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Fig. 5 Final structure equation model (SEM) with bottom-up variables,
abiotic factors, and planktonic food-web components (χ2 = 11.22; df = 9;
p = 0.63, AIC = 51.11). Solid lines indicate significant effects (p < 0.05).
Double lines indicate marginally significant (p < 0.7) effects. Numbers in
arrows indicate standardized coefficient estimates. The direction of the
arrows goes from the independent to dependent variables. SRP = soluble

reactive phosphorus, DIN = dissolved inorganic nitrogen, WT = water
temperature, RT = water residence time, PPP = picophytoplankton, HB
= heterotrophic bacteria, Phyto = phytoplankton, Cili = ciliates, HNF =
heterotrophic nanoflagellates, Rot = rotifers, Clad = cladocerans, Cop =
copepods, e = standard errors

Fig. 4 a Microbial food web (MFW), phytoplankton (PHYTO), and
metazooplankton (Metazoo) carbon stocks; b contribution of microbial
food web (MFW) to total pelagic carbon; c microbial food web (MFW)/
metazooplankton (Metazoo) carbon ratio. The variation of each variable
within the reservoirs is expressed by box-and-whisker plots, where the line
within boxes indicates the median value, and the boxes, whiskers, and dots

encompass 75, 90, and 95% of the data, respectively. Different letters in
the plots indicate significant differences (p < 0.05). d Contribution of
microbial food web (MFW) along a range of autotrophic carbon levels
(as a proxy for trophic state) in Balbina (BALB), Tucuruí (TUC), Três
Marias (TM), and Funil (FUN) reservoirs. Error bars indicate standard
error. Note that the y-axis in panel c and x-axis in panel d are in log scale
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(standard coefficient = 0.31; p = 0.05) No planktonic commu-
nity showed a significant relationship to rotifers.

The low degree of uncoupling (D) in all the reservoirs
indicates a strong coupling between HB and HNF (Table A2
in Online Resource 2). Although the lowest median D value
was recorded in Três Marias, the D values did not differ sig-
nificantly among the systems.

Discussion

We hypothesized that the microbial food-web components
contribute substantially to the carbon pool in these tropical
systems, especially in the less-productive systems. The
MFW in the four low-latitude reservoirs studied contributed
highly to total planktonic carbon, especially in the less-
eutrophic Amazonian reservoirs, where this contribution
ranged from 20 to 50% of the total planktonic carbon.

Comparing our mean carbon pool and the relative contri-
bution of the biotic components with other systems (Table 3),
our four reservoirs had similar MFW and phytoplankton car-
bon stocks to other subtropical reservoirs and to shallow and
deep lakes [7, 75, 76]. Furthermore, the phytoplankton carbon
stocks obtained in this study were higher than those found in
55 German lakes with comparable trophic states [33], but
within the same range as in other Brazilian reservoirs [37,
77]. It has been suggested that tropical systems might have a
different aquatic food-web structure than temperate systems,
with higher contributions from PPP and protozoans, lower
contributions from daphnids, and higher phytoplankton/
zooplankton ratios [12, 16]. However, a meta-analysis consid-
ering HB andHNF abundance data, including HNF/HB ratios,
from temperate and tropical fresh waters showed that both
compartments of MFW were less abundant in the tropical
counterparts, although their ratios were similar [29]. The bac-
terial carbon observed in our study is comparable to mesotro-
phic systems of German lakes [33], but lower than in other
temperate and subtropical systems (Table 3), including
Brazilian ones [77]. Furthermore, Tucuruí, Três Marias, and

Fig. 6 Final structure equation model (SEM) with top-down variables
and planktonic food-web components (χ2 = 3.74; df = 3; p = 0.36,
AIC = 303.8). Solid lines indicate significant relationships (p < 0.05).
Widths of arrows are proportional to the standardized coefficient
estimates (also indicated by numbers). The direction of the arrows goes
from the independent to dependent variables. HB = heterotrophic
bacteria, PPP = picophytoplankton, Phyto = phytoplankton, Cili =
ciliates, HNF = heterotrophic nanoflagellates, Clad = cladocerans, Cop
= copepods, e = standard errors

Table 3 Pelagic biotic components of microbial (PPP = autotrophic
picoplankton, HB = heterotrophic bacteria, HNF = heterotrophic
nanoflagellates, Cili = ciliates) and classical food webs (Phyto =
phytoplankton, Metazoo = metazooplankton) carbon pool (μg C L−1)

obtained in this study and in other tropical (trop.), subtropical
(subtrop.), and temperate (temp.) lakes and reservoirs (reserv.) available
in the literature (mean values ± standard deviation, or range)

Environment type Trophic state Carbon pool (μg C L−1) mean (±SD) or range

Phyto PPP HB HNF Cili Metazoo

Trop. reserv. (Balbina)1 Oligo-mesotrophic 89.7 (±45.7) 9.3 (±11.4) 16.4 (±9.7) 9.5 (±6.2) 4.8 (±5.9) 12.6 (±9.8)
Trop. reserv. (Tucuruí)1 Mesotrophic 141.2 (±89.8) 11.9 (±13.7) 26.3 (±13.3) 35.5 (±19.8) 9.0 (±7.8) 93.2 (±50.1)
Trop. reserv. (Três

Marias)1
Mesotrophic 194.1 (±105.4) 6.3 (±7.3) 19.8 (±11.8) 56.1 (±56.4) 15.2 (±14.5) 595.2 (±565.5)

Trop. reserv. (Funil)1 Eutrophic 746.8 (±753.3) 5.7 (±5.81) 27.3 (±17.1) 31.6 (±17.1) 11.2 (±10.8) 94.5 (±77.4)
Overall mean 292.9 (±457.5) 8.3 (±10.1) 22.6 (±13.7) 33.1 (±34.5) 10.0 (±10.6) 198.8 (±362.6)
Subtrop. reserv.2 – 237.6 (±79.8) 13.4 (±7.7) 76.9 (±12.4) 69.6 (±18.1) 6.3 (±3.0)
Subtrop. deep lake2 – 84.7 (±31.5) 9.5 (±2.6) 59.3 (±9.1) 21.9 (±7.0) 3.7 (±2.6)
Subtrop. shallow lake3 Eutrophic 378.0 (289–467) 50.0 (42.0–58.0) 12.0 (10.0–14.0) 162.0 (129.0–195.0) 59.0 (50.0–68.0)
Subtrop. reserv.4,5 Oligotrophic 0.3–7.0 2.0–21.9
Subtrop. reserv.4,5 Mesotrophic 7.0–8.0 1.9–25.7
Subtrop. reserv.4,5 Eutrophic 10.0–18.0 7.1–47.9
Temp. lakes6 Mesotrophic 92.0 (57.0–150.0) 27.0 (17.0–43.0) 3.0 (1.0–5.0) 19.0 (13.0–28.0) 66.0 (37.0–115.0)
Temp. lakes6 Slightly eutrophic 298.0 (211.0–419.0) 47.0 (39.0–57.0) 8 (5.0–12.0) 30.0 (22.0–40.0) 151.0 (114.0–200.0)
Temp. lakes6 Highly eutrophic 734.0 (553.0–976.0) 58.0 (51.0–67.0) 19.0 (13.0–28.0) 99.0 (70.0–140.0) 221.0 (169.0–289.0)
Temp. lakes6 Hypertrophic 1826.0 (1316.0–2533.0) 74.0 (63.0–88.0) 57.0 (35.0–92.0) 132.0 (88.0–198.0) 301.0 (218.0–415.0)
Temp. lake/reserv.7 Meso- to eutrophic 2 to 27 30 to 60

1, this study; 2, [7]; 3, [75]; 4, [78]; 5, [79]; 6, [33]; 7, [76]
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Funil reservoirs contained fewer ciliates but a higher HNF
carbon pool, compared to temperate and subtropical systems
(Table 3), including subtropical Brazilian reservoirs [78, 79].

The relative contribution of MFW to the carbon pool de-
creased significantly with the increase in the trophic state,
while phytoplankton was the main contributor to the biotic
carbon stock in the reservoirs, as also evidenced by the lower
MFW/Phyto ratio. This pattern has been observed in subtrop-
ical and temperate lakes and reservoirs [21, 33, 77] (Table 3),
and also reveals a tendency toward a dominance of autotrophy
over heterotrophy with increasing eutrophy [80–82]. The re-
lationship between MFW contribution and phytoplankton
may reflect the type of land use and the trophic state [7, 33,
83, 84]. The relative contribution of the MFW carbon stock
was higher in the most oligotrophic system, which had the
largest forested and the smallest urban areas, unlike the most
eutrophic system, where the forested area was lower, with
more agricultural and urban areas, concomitant with the
higher phytoplankton biomass. This relationship was not as
clear in the mesotrophic reservoirs, where the forested and
agricultural areas were very similar, and with little difference
in the extent of urban areas.

Abiotic Variables and Water Residence Time Regulation

In reservoirs and lakes, the water residence time (RT) is a key
variable structuring planktonic communities and affecting
their bacterial, phytoplankton, and zooplankton components
[77, 85–87]. High RTcauses higher phosphorus retention [88]
and a loss of DOM reactivity by photodegradation [89], af-
fecting bacterial processes [90] and also affecting HNF carbon
sources. This could explain the negative effect of RT on the
HB and HNF biomass, with the lowest carbon values recorded
in Balbina Reservoir. High flushing rates and low residence
times do not favor the development of crustacean zooplank-
ton, which have longer life cycles [86, 91], and may have
positive or negative effects on rotifers [86, 92]. Três Marias
exhibited a high RT, which showed a positive effect on
metazooplankton (copepods and rotifers). However, Balbina,
with the highest RT, contained the lowest metazooplankton
biomass. In this case, the nutrient limitation in this system
might override the response of the zooplankton to the RT.
As observed in other systems with different trophic statuses
and RTs, such as Funil [77], eutrophication may exert a stron-
ger positive effect on zooplankton biomass, despite the high
flushing rate in this reservoir.

Temperature is also an important variable affecting most
plankton metabolic processes [86, 93, 94], and our results
indicate that temperature was negatively related to HNF bio-
mass. Considering that plankton abundance and carbon stocks
were lower in the Amazonian reservoirs, which also had
higher mean temperatures and lower nutrient concentrations,
it seems that the potential phosphorus limitation on HB and

phytoplankton growth could be the main bottom-up limiting
factor for these biotic components.

Alongside temperature, nutrients are a main mechanism
limiting plankton metabolic processes. The four reservoirs
had low SRP concentrations, and P was probably a main po-
tential limiting factor for phytoplankton growth (<0.3 μM;
[95]), whereas a similar limitation was not observed for nitro-
gen, since DIN concentrations were always above 7 μM [93].
This pattern of P limitation for phytoplankton and HB is com-
monly observed in freshwater aquatic systems [37, 96, 97],
where HB seem to be more efficient in taking up P [98, 99].
Furthermore, among the picoplankton community, PPP and
HB often also compete for the same resource, mainly P, but
PPP may have an advantage over HB since the latter has
comparatively less P storage capability [100]. Our results re-
vealed a negative effect of SRP on PPP, in agreement with
previous observations [7, 101, 102]. Although we found no
significant differences in PPP carbon stock among the reser-
voirs, the markedly high PPP abundance throughout the year
and across productivity gradients also agrees with predictions
for tropical systems [12]. The contribution of PPP to total
plankton carbon ranged from 6.8% in Funil to 15% in
Balbina, showing the importance of PPP for the carbon cycle,
mainly in the more oligotrophic systems. It also evidences a
highly productive autotrophic carbon source that is available
throughout the year to the proto- and microzooplankton (com-
posed of HNF, ciliates, small rotifers, and early life stages of
zooplankton) and is often neglected in limnological studies
[103].

DIN is also an important source that is assimilated and
converted to organic nitrogen by phytoplankton and bacteria,
which can be reassimilated by other MFW autotrophic and
heterotrophic components [104]. In our study, SEM analysis
evidenced a DIN negative effect on HNF. The HNF carbon
stock was lowest in Balbina Reservoir, which also had lower
DIN concentrations. Moreover, the increase of DIN (as a
proxy of eutrophication) also benefits potential predators of
HNF, such as metazooplankton (rotifers, cladocerans, and co-
pepods) and ciliates [33], which were positively affected by
HNF in the SEM analysis.

Bottom-Up and Top-Down Regulation

The positive relationship between HB and phytoplankton is
commonly reported in the literature [30, 96, 105, 106]. This
relationship is explained by phytoplankton excretion of labile
DOC, which is readily available for HB consumption (e.g.,
[107]). In addition to furnishing some evidence of a weak
positive relationship between HB and phytoplankton in reser-
voirs in tropical systems [30], a recent study in large African
lakes with different trophic states reported a high degree of
HB–phytoplankton coupling, due to a higher percentage of
extracellular organic carbon released by phytoplankton [31].
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The positive relationship evidenced in the SEM analysis also
supports this view of close HB–phytoplankton coupling in
tropical systems.

PPP is an important food item and carbon source for pe-
lagic ciliates and HNF, which can supply higher trophic levels
[76, 108, 109]. Some studies have reported higher ciliate and
HNF clearance rates on PPP (herbivory) than on HB
(bactivory) [109, 110]. The authors of these studies argued
that herbivory represents a more efficient means of energy
transfer from primary producers to other parts of the food
web and has important biogeochemical implications because
of the autotrophic origin of the carbon versus recycled organic
carbon. Considering that we found a significant fraction of
planktonic carbon in protozooplankton, especially HNF, and
also a negative relationship with PPP, it is probable that graz-
ing rates on PPP were considerably high. Moreover,
mixotrophy among phytoplankton also has been shown to
be an important outcome explaining HB and autotrophic
picoplankton losses in freshwater systems [111–113]. The car-
bon stock of potentially mixotrophic flagellates in the phyto-
plankton (mostly chrysophyceans, dinoflagellates, and
cryptomonads) represented less than 20% of the total phyto-
plankton carbon stock in our study (6.3% in Funil, 8.9% in
Balbina, 13.5% in Tucurui, and 20% in Três Marias) and did
not differ significantly among the reservoirs. Ciliates are also
important predators of picoplanktonic (autotrophic and het-
erotrophic) production and a link between matter and energy
flux in the planktonic metabolism, and may exceed HNF pre-
dation [110, 114–116]. The mainmorphotype groups that con-
tributed to total ciliate carbon in these reservoirs were
Pros toma t ida , O l igo t r i ch i a , Hymenos toma t ida ,
Pleurostomatida, Peritrichia, and Gymnostomatida (data not
shown), which are planktonic organisms [117–119]. Food
items for each group are variable [120], but in general
Oligotrichia, Peritrichia, and Hymenostomatida are mainly
picoplanktivorous (autotrophic or heterotrophic), while
Pleurostomatida, Gymnostomatida, and Protosmatida are om-
nivorous, herbivorous, or raptorial feeders [76, 116].
Nevertheless, no relationship was evidenced by the SEM anal-
ysis. Unfortunately, we could not estimate the species of cili-
ates and HNF, nor the real effect of bactivory or herbivory of
mixotrophic flagellates on the picoplanktonic community,
since for this, direct measurements of grazing rates would be
necessary. However, we speculate that not only the HB com-
munity but also the PPP components were probably affected
by the predation pressure of the protozoan community.

The HB carbon stock was significantly lower in Balbina
than in Tucuruí, and did not differ between the other reser-
voirs. HB abundance generally varies less than other plank-
tonic food-web components across environments [121], inde-
pendently of the zooplankton community structure [122]. In
most oligotrophic environments, HB abundance tends to be
more top-down regulated by HNF, while bottom-up or

controlled by metazoan predation in more eutrophic systems
[121]. Since Balbina is the least eutrophic system studied, and
showed a high relative contribution of MFWcomponents
(%MFW) and cladocerans (low COP/CLAD ratio), the HB
community might be experiencing a stronger top-down regu-
lation in this reservoir than in the more eutrophic ones.

Zooplankton can also interact directly through predation
with different trophic levels of MFW [12].We did not observe
a high contribution of rotifers to the consumer community in
any of the four reservoirs. Although fish can control zooplank-
ton and influence the size structure of the planktonic commu-
nity [34, 123], few species of fishes occupy the upper layers of
limnetic areas and deep layers of large reservoirs, and most of
the ichthyofauna occurs in the littoral zone [124, 125].
Nevertheless, the main feeding guilds of fishes in these reser-
voirs are the piscivores (in all reservoirs and especially in Três
Marias), detritivores, and omnivores (especially in Funil)
[47–49]. A fish community composed mainly of piscivores
will strongly impact other fish, and consequently the zoo-
plankton and phytoplankton structure [123], including reduc-
tion of cladocerans and dominance of cyanobacteria [126].

With respect to the other metazooplankton groups, we ob-
served two clear clusters of COP/CLAD ratios, with higher
values in Três Marias and Funil reservoirs, which can estab-
lish different relationships between the classical and MFW.
Copepods are selective feeders, preferring larger prey than
the picoplankton spectrum [20], and may not be as effective
in HNF predation [127]. On the other hand, cladocerans are
effective predators on phytoplankton [93] and transport ener-
gy more efficiently through a direct link between the MFW
and the classical food chain [128, 129]. Our analysis captured
a positive direct effect of copepods on ciliates and phytoplank-
ton biomass, and also an indirect positive effect on HNF.
Likewise, cladocerans had positive direct and indirect effects
on HB and PPP, but a negative effect on phytoplankton.
Previous studies have reported positive relationships between
phytoplankton and zooplankton in reservoirs [37, 130]. In a
gradient of ultraoligotrophic to mesotrophic conditions,
calanoid copepods, rotifers, copepodites, and nauplii became
more effective than cladocerans in consuming protozoans,
particularly ciliates [7, 131]. Moreover, laboratory experi-
ments with Daphnia and copepods also found that copepods
strongly impact ciliates [122]. All these studies concord with
the results obtained in our models of the coupling between
metazoans and protozoans.

Usually, the degree of HNF-HB uncoupling (D) is expected
to be higher in daphnid-dominated than in copepod-
dominated systems [26]. In this study, we did not observe
significant differences in D values among the reservoirs, but
our results showed rather low values compared to other stud-
ies [28, 121], especially in Três Marias where the highest
copepod biomass was recorded. Conversely, HNF/HB carbon
ratios equal to or higher than 1.0 were recorded in 50% of our
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samples, especially in reservoirs with higher COP/CLAD ra-
tios. These values were more frequent than in similar reports
from temperate lakes [26]. These observations suggest a
strong HNF-HB coupling in tropical reservoirs. Despite this,
we found no significant direct effect of HNF on HB, which
may be influenced by the low variances of HB and HNF
among the reservoirs. However, the positive relationship be-
tween copepods and ciliates and the significant positive indi-
rect effect of copepods on HNF through ciliates provide em-
pirical evidence for the higher relative importance of HNF in
copepod-dominated food webs [122, 128, 132].

We also observed a positive relationship between HNF and
ciliates, which can be explained by the overlap of controlling
factors on the two communities, either by source supply or by
predation [7, 33, 133]. Furthermore, the recycled nutrients
provided by protozoans (mainly N, P, and DOC) probably
stimulate bacterial growth [132]. This constant nutrient and
carbon recycling, allied to the fact that bacterial respiration
rates per bacterial production unit in tropical freshwaters are
at least twofold higher in the tropics [32], may contribute to
the CO2 supersaturation that is commonly observed in tropical
reservoirs [4].

In summary, the high contribution of the MFW, especially
HNF, to the carbon pool, and the strong HNF-HB coupling as
measured by the low D values support the view that MFW
components may participate actively in the metabolic process
in tropical reservoirs. Besides, the MFW may be directly and
indirectly influenced through different pathways by cladoc-
erans and copepods. The biotic pelagic components of classi-
cal and MFWwere more closely related to resources (inferred
from the lowest AIC model test), configuring an important
bottom-up mechanism. The food-web structure, especially
top predators, can alter the efficiency of energy transfer
through trophic levels [9, 12, 121]. In turn, the MFWexhibits
many pathways and intermediate trophic levels, which may
contribute to a higher energy loss through respiration [108].
High plankton respiration rates and inefficient food webs [32,
134] may help to account for the large greenhouse gas emis-
sions in tropical reservoirs [4, 6]. Therefore, this study dem-
onstrates the importance of evaluating the whole size spec-
trum (including the microbial compartments) of the different
planktonic compartments, in order to better capture the com-
plex carbon-flux dynamics of tropical aquatic ecosystems.
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