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Abstract

Bacterial density, cell morphology, and carbon stock (C stock) were quantified in seven
Brazilian reservoirs (Serra da Mesa, Manso, Itumbiara, Corumbad, Furnas, Mascarenhas de
Moraes, and Luis Carlos Barreto) to evaluate spatial and seasonal patterns in these tropical
freshwater systems. Subsurface water samples were collected before, during, and after the
rainy season. Bacterial density, cell volume, elongation, and biomass were determined using
epifluorescence microscopy, and bacterial C stock was estimated from biomass integrated
over the 0.5 m sampling depth. C stock varied among reservoirs and sampling periods,
with the highest values consistently observed in the largest reservoir (Serra da Mesa,
1.9:107° g C). Although bacterial densities showed limited temporal variation, biomass
peaked before the rainy season. Density and biomass were negatively correlated with water
transparency and positively correlated with turbidity, suggesting that particle-associated
organic and inorganic matter influences bacterial biomass accumulation. These findings
highlight how environmental conditions shape bacterial biomass and carbon storage in
tropical reservoirs, contributing to a broader understanding of microbial carbon pools in
these ecosystems.

Keywords: bacterial carbon stock; tropical reservoirs; bacterial biomass; tropical limnology

1. Introduction

Heterotrophic bacteria play a central role in biogeochemical processes in aquatic
ecosystems, particularly in the cycling and transformation of carbon (C) [1,2]. Rather than
serving as an energy source for primary producers, the C associated with bacterioplankton
represents a substantial component of the organic carbon pool available to heterotrophic
consumers and higher trophic levels [3]. Consequently, bacterial biomass contributes
significantly to the structure and functioning of aquatic food webs [4].

The C content of bacterial cells varies widely, and its quantification often requires
estimating cell volume, as biomass can be derived from biovolume measurements [5,6].
Variations in cell size and morphology are influenced by ecological interactions, includ-
ing predation pressure, which can select for elongated or filamentous forms as a de-
fense strategy [7-9]. Thus, bacterial size is an important trait mediating predator—prey
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interactions [2,10]. Bacterial biomass and production also respond to nutrient availability
and primary production, consistent with the Growth Rate Hypothesis, which links growth
rate, RNA content, and cellular phosphorus demand [11-13].

Accordingly, bacterial density and biomass vary with limnological factors such as
inorganic nutrient concentrations, the quantity and quality of organic matter, predation,
viral lysis, and other environmental drivers [14-16]. Understanding these controls is essen-
tial for elucidating how carbon and nutrients flow through planktonic food webs [17,18].
Because these processes are strongly context-dependent, bacterial abundance and biomass
must be evaluated across spatial and temporal gradients to accurately characterize their
role in carbon cycling [19].

Spatial variability in bacterial communities is shaped by hydrodynamic processes
such as mixing, resuspension, and riverine inputs [20], while predation exerts strong top-
down control on bacterial dynamics [21]. Temporal changes in bacterial density, biomass,
and carbon stock (C stock) have been documented in multiple freshwater systems [22].
Temperature further modulates bacterial activity by influencing dissolved organic matter
availability and metabolic rates [23]. For example, bacteria from temperate regions often
exhibit higher biomass production at elevated temperatures [24], with growth typically
peaking in summer. In contrast, tropical microorganisms generally operate near their
thermal optima year-round [25,26]. Nevertheless, microbial contributions to carbon cycling
in tropical reservoirs south of the Equator differ from those in temperate systems [27-29],
as tributary rivers exert strong physical, chemical, and biological influences on reservoir
conditions [30-32].

In many tropical countries, hydroelectric reservoirs represent a major source of
electricity [33,34]. However, most available data on reservoir microbial ecology origi-
nate from temperate regions and may not reflect the dynamics of tropical systems [35].
Expanding microbial datasets from tropical reservoirs is therefore essential for improving
global assessments of carbon cycling.

Beyond their ecological relevance, carbon-driven microbial processes have increasingly
been linked to broader environmental mechanisms with implications for public health.
Environmental carbon pools can influence microbial communities, as a possible increase
in antimicrobial resistance has been observed in environments with lower availability
of organic carbon, representing a competitive advantage for bacteria under stronger nu-
trient limitation [36]. Carbon cycling also depends on climate-related processes, given
the interactions between bacterial C stock and temperature. Liang et al. [37] reported
a global tendency toward reduced microbial C stocks in soils, which may have significant
consequences for climate change, food security, and ecosystem integrity. Additionally,
climate-driven shifts in aquatic microbial communities can intensify the proliferation of
pathogens, toxins, and antimicrobial resistance, highlighting the need to understand how
bacterial C stocks respond to environmental variation [38]. These connections underscore
the importance of characterizing bacterial C stock in tropical reservoirs, as such information
contributes not only to limnological understanding but also to broader environmental
assessments relevant to public health.

The aim of this study was to estimate bacterial C stock in tropical hydroelectric reser-
voirs, assess seasonal variability, and identify the environmental factors influencing the
distribution of heterotrophic bacteria in these ecosystems. This study provides an inte-
grated assessment of bacterial C stock across multiple large tropical reservoirs, combining
morphological, biomass, and C stock estimates with environmental drivers across con-
trasting hydrological periods. Unlike previous studies that focused on single systems
or short-term dynamics, our work offers a spatially and seasonally resolved baseline for
microbial carbon pools in tropical hydroelectric reservoirs. These findings contribute to
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filling a major knowledge gap in tropical limnology, where microbial carbon dynamics
remain underrepresented in global carbon cycle assessments.

2. Materials and Methods

Sampling was conducted in seven Brazilian hydroelectric reservoirs located above the
Tropic of Capricorn: Serra da Mesa (SDM) (13°49’ S, 48°18' W), Manso (MAN) (15°27' S,
56°17' W), Itumbiara (ITB) (18°41’ S, 49°08’ W), Corumba (CRB) (18°38’ S, 48°51’ W), Furnas
(FUR) (21°06’ S, 46°25’ W), Mascarenhas de Moraes (MS) (20°28' S, 47°05’ W), and Luis
Carlos Barreto (LC) (20°15’ S, 47°26" W). The last three reservoirs are located along the
Grande River and form a cascade system. These reservoirs differ markedly in morphology,
hydrodynamics, and limnological characteristics (Table 1).

Table 1. Area (km?2), volume (km3), flooding duration (age—years at the time of sampling),
phytoplankton biomass (BFITO—ug C LD, zooplankton biomass (BZOO—mg C L), tem-
perature (TEMP—°C), water transparency (SECCHI—m), turbidity (TURB—NTU), conductiv-
ity (COND—mS em™1), concentrations of dissolved carbon (DOC—mg L1, total nitrogen
(TN—ug L~1), and total phosphorus (TP—ug L~1) at the same points in the reservoirs and sample
periods for the bacterial community. The value n following the name of each reservoir indicates
the number of sampling points associated with that reservoir in each of the three sampling periods.
Source: Database of the Carbon Balance Project in FURNAS Centrais Elétricas S.A. Reservoirs.

Reservoirs Area Volume Age BFITO BZOO TEMP SECCCHI TURB COND DOC TN TP
Serra da 512 4

Mesa 1785 54.5 8 1254107 504234 26416 32412 31+98 100442 29+09 g 1421
(n=19)

?r/fa:ni"s’) 430 75 6 2824305 103486 28+17 21412 25+20 46420 19+05 413% 26 + 19
%;“f‘fé?m 780 170 26 46+71 1304220 26+23 28415 15+41 32432 12405 512;) 25+ 12
(Cnoi“ﬁ;’a 65 15 19 19428 114+172 25+24 08+08 41+66 36+21 16+07 512; 25+ 12
(F;“:“;g) 1440 230 43 784125 824238 24431 33+14 89+14 43421 18407 57‘§$ 70 + 76
xa_scfgfnhas 250 40 59 13413 48457 24427 42417 66+11 46428 17412 674;111 73 + 106
Luis 526 +

Carlos 50 15 37 22459  68+80 25420 50419 52+10 36+12 14+04 lgg  d2E24
(n=10)

Water samples were collected from the subsurface (0.5 m depth) at upstream, down-
stream, and dam-adjacent sites in each reservoir, as well as from their main tributary rivers.
Sampling occurred during three hydrological periods: (i) the beginning of the rainy season
(“pre-rain”: November 2003 for SDM and MAN; November 2004 for ITB and CRB; Novem-
ber 2005 for FUR, MS, and LC); (ii) the end of the rainy season (“post-rain”: March 2004
for SDM and MAN; March 2005 for ITB and CRB; April 2006 for FUR, MS, and LC); and
(iii) the dry season (July 2004 for SDM and MAN; August 2005 for ITB and CRB; August
2006 for FUR, MS, and LC). All samples were processed immediately after collection to
ensure the reliability of the data obtained for both abiotic and biotic analyses, including
the fixation and handling of microbiological samples to avoid alterations in bacterial cell
density and morphology.

2.1. Bacterial Density

Water samples for bacterial counts were fixed with 4% formalin. Subsamples were
filtered onto black polycarbonate Millipore filters (0.2 pm pore size) and stained with
acridine orange following Hobbie et al. [39]. Total bacterial density was determined
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by counting 20 randomly selected microscopic fields per filter using an Olympus IX-71
epifluorescence microscope (Olympus Corporation, Tokyo, Japan).

2.2. Bacterial Biomass

To estimate bacterial biovolume and carbon content, we followed the methodological
procedures described in references Massana et al. [40] and Norland [41], which provide
the standard equations and analytical framework for converting cell dimensions into
biovolume and biomass. To this end, images of bacterial cells were captured using an
Evolution VF high-resolution cooled color video camera coupled to the microscope and
processed with Image Pro Plus 6.0 software. Cell area and elongation were quantified using
Image Tool 3.0. Each analyzed image contained at least 25 cells.

Cell volume (V) was estimated from measured cell area (A) using the equation [40]:

v 4 A3/
==

Cell carbon biomass (Bc) was then calculated using the allometric relationship [41]:
Bc = 120 x V072

where Bc is expressed in fg C cell ! and 120 is the conversion factor for fg C.um 3. Average
cell biomass was multiplied by total bacterial density to obtain the mean bacterial biomass
for each sample. Relationships between cell volume and elongation were evaluated for
each reservoir and sampling period.

2.3. Total Bacterial Cell Count and Bacterial Carbon Stock

The total number of bacterial cells in each reservoir was estimated by multiplying the
mean bacterial density measured at 0.5 m depth by the surface area of the reservoir (Table 1).
This approach assumes that subsurface density is representative of the epilimnetic layer
sampled. Total bacterial C stock was calculated by multiplying the estimated total number
of cells by the mean cell carbon biomass for each reservoir and sampling period.

2.4. Statistical Analysis

One-way ANOVA followed by Tukey’s post hoc tests was used to compare bacterial
density, bacterial biomass, and bacterial C stock among reservoirs, sampling sites, and
hydrological periods. All data were normal and homogeneous in their distribution. Sta-
tistical significance was set at p < 0.05. Spearman’s rank correlation was used to assess
relationships between bacterial variables and environmental parameters.

2.5. Relationships with Environmental Variables

Correlation analyses were performed between dependent variables (bacterial density
and biomass) and independent variables, including temperature, water transparency, tur-
bidity, dissolved organic carbon (DOC), total nitrogen (TN), total phosphorus (TP), and
carbon biomass of phytoplankton and zooplankton. Environmental data were obtained
from the Carbon Balance in Furnas Centrais Elétricas S.A. Reservoirs Project database, to
which this study belongs (Table 1). Additionally, principal component analysis (PCA) was
conducted to explore multivariate relationships between bacterial attributes and environ-
mental variables. PCA data were analyzed in the R program (version 4.5.3).
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3. Results
3.1. Bacterial Density

Bacterial density varied among reservoirs and hydrological periods (Table 2). To avoid
unnecessary repetition of units in the bacterial density results presented here, all values
are expressed as cells-10°-mL~!. Serra da Mesa consistently exhibited the highest densities
across all sampling periods (pre-rain: 1.3; post-rain: 0.5; dry: 0.5), whereas Mascarenhas de
Moraes showed the lowest values (pre-rain: 0.2; post-rain: 0.2; dry: 0.1). In all reservoirs,
bacterial density peaked in the pre-rain period, with values significantly higher than those
observed in the post-rain and dry periods (SDM: 1.3, MAN: 0.4; ITB: 0.9; CRB: 1.1; FUR: 0.3;
MS: 0.2; LC: 0.2). The lowest densities occurred during the dry season, similar to those
recorded in the post-rain period.

Table 2. Estimated number of bacterial cells (BD—cells-10'2-m~2) and bacterial carbon stock
(BB—mg C-m~2) in each reservoir integrated over the sampling depth (0.5 m).

BD BB BD BB BD BB BD BB
Reservoirs
Total Pre-Rain Post-Rain Dry
Serra da Mesa 0.8 11 1.3 16 0.5 11 0.5 6.5
Manso 0.5 13 0.4 13 0.6 13 0.4 12
Itumbianra 0.7 13 0.9 19 0.3 10 0.8 11
Corumba 0.6 20 1.1 36 0.3 11 0.4 14
Furnas 0.2 4.8 0.3 6.3 0.2 5.1 0.1 3.0
Mascarenhas 0.1 3.8 0.2 3.0 0.2 6.7 0.1 1.6
Luis Carlos 0.2 3.9 0.2 5.8 0.2 4.3 0.1 1.7

During the pre-rain period, reservoirs formed two distinct groups based on bacterial
density (Table 2). In the dry season, Serra da Mesa, Itumbiara, and Corumba exhibited the
highest densities (0.5, 0.8, and 0.4, respectively), significantly different from the remaining
reservoirs. In the post-rain period, three groups emerged: (i) Serra da Mesa and Manso
(0.5-0.6), (ii) [tumbiara and Corumb4d (0.3), and (iii) Furnas, Mascarenhas de Moraes, and
Luis Carlos Barreto (0.2). A similar grouping pattern was observed in the dry period,
with Furnas, Mascarenhas de Moraes, and Luis Carlos Barreto presenting the lowest
densities (0.1).

3.2. Bacterial Biomass

Average bacterial biomass ranged from 5.8 to 36 pg C-L~! (Luis Carlos Barreto and
Corumbad, respectively), with no significant differences among reservoirs when all peri-
ods were pooled (Table 2). However, biomass was significantly higher in the pre-rain
period compared with the other periods (Figure 1). In this season, Corumba exhibited
the highest biomass (0.23 ug C-L ™), significantly exceeding values from the other reser-
voirs. Differences were also observed between Itumbiara and Furnas. In the post-rain
period, Serra da Mesa, Manso, Itumbiara, and Corumba showed the highest biomasses
(11-13 pg C-L~ 1), whereas the cascade reservoirs of the Grande River exhibited the lowest
values (4.3-6.7 ug C-L~!). During the dry period, Corumbd again showed the highest
biomass (14 pg C-L~1), separating the reservoirs into two groups: (a) Serra da Mesa, Manso,
Itumbiara, and Corumb4, and (b) Furnas, Mascarenhas de Moraes, and Luis Carlos Barreto.
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Figure 1. Boxplots showing mean, median, and standard deviation of bacterial density
(cells-10°-mL~1—(A,C,E)) and bacterial biomass (ug C-L~1—(B,D,F)) in the Serra da Mesa (SM),
Manso (MAN), Itumbiara (ITB), Corumba (CRB), Furnas (FUR), Mascarenhas de Moraes (MSM), and
Luis Carlos Barreto (LCB) reservoirs across hydrological periods: pre-rain (A,B), post-rain (C,D) and
dry (E,F).

3.3. Total Bacterial Cell Count and Bacterial Carbon Stock

Tributaries of Serra da Mesa exhibited the highest bacterial densities in the pre-rain
period (22.3; Table 3). Upstream and dam sites in Manso also showed elevated values.
Downstream densities were similar among Serra da Mesa, Manso, Corumbd, Furnas,
and Luis Carlos Barreto (Figure 2A). In the post-rain period, Manso showed the highest
densities in tributaries, upstream, and dam compartments (0.6; Table 2), while Serra da
Mesa exhibited the highest downstream density (Figure 2C). In the dry period, Serra da
Mesa tributaries again showed the highest density (9.59; Table 3), and Manso presented the
highest upstream, dam, and downstream values (Figure 2E).

Bacterial biomass in tributaries, upstream, and dam compartments was highest in
Corumbé during the pre-rain period (36 mg C-L~!; Table 2). Downstream biomass peaked
in Itumbiara during this period (Figure 2B). In the post-rain period, Serra da Mesa trib-
utaries showed the highest biomass (1.91; Table 3), while Manso exhibited the highest
upstream and dam values (13 mg C-L~!; Table 2). Downstream biomass was highest in
Manso and Corumbaé (Figure 1D). In the dry period, Corumba tributaries showed the
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highest biomass, and upstream values were highest in Itumbiara and Corumbé. Manso
exhibited the highest dam biomass, and downstream values were similar between Manso

and Corumba (Figure 1F).
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Figure 2. Total bacterial density (cells-10°-mL~'—(A,C,E)) and total bacterial biomass (1g C-L~'—(B,D,F))
in tributary, upstream, dam, and downstream compartments of the seven reservoirs in the compartments
of the seven studied reservoirs across hydrological periods: pre-rain (A,B), post-rain (C,D) and dry (EF).

Table 3. Estimated number of bacterial cells (BD—cells-102%) and bacterial carbon stock (BB—10~> gC)
from data integrated with a collection depth of 0.5 m in the studied reservoirs.

. BD BB BD BB BD BB BD BB
Reservoirs
Total Pre-Rain Post-Rain Dry
Serra da Mesa 13.9 1.99 223 2.90 9.73 191 9.59 1.16
Manso 2.01 0.56 1.51 0.57 2.65 0.57 1.89 0.54
Itumbianra 527 1.04 7.02 1.49 2.72 0.78 6.08 0.84
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Table 3. Cont.
. BD BB BD BB BD BB BD BB
Reservoirs
Total Pre-Rain Post-Rain Dry
Corumba 0.39 0.13 0.68 0.23 0.22 0.07 0.28 0.09
Furnas 2.67 0.69 3.60 0.91 2.96 0.73 1.45 0.43
Mascarenhas 0.33 0.09 0.38 0.07 0.50 0.17 0.13 0.04
Luis Carlos 0.08 0.02 0.10 0.03 0.10 0.02 0.03 0.01

Bacterial cell elongation and volume varied significantly among periods in most
reservoirs (Figures 3 and 4). In Serra da Mesa, Itumbiara, Corumbad, and Furnas, elongation
in the pre-rain and post-rain periods was similar but differed from the dry period. In
Mascarenhas de Moraes and Luis Carlos Barreto, cell size remained similar across all
periods. Cell volume ranged from 0.27 to 0.37 um? in the pre-rain period (Serra da Mesa
and Itumbiara), 0.21 to 0.31 um? in the post-rain period (Itumbiara and Corumba), and 0.20
to 0.30 um3 in the dry period (Itumbiara and Mascarenhas de Moraes).

10
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Figure 3. Bacterial elongation and biovolume (logarithmic scale) found in the Serra da Mesa (A),

Manso (B), Itumbiara (C) and Corumba (D) reservoirs during the pre-rain (filled circles and solid

line), post-rain (empty circles and dashed line) and dry (empty triangles and dotted line) periods.

Corumbé exhibited the highest bacterial C stock per area, whereas the cascade reser-
voirs of the Grande River showed the lowest values (Table 2). The estimated total number
of bacterial cells was significantly higher in Serra da Mesa than in the other reservoirs.
Serra da Mesa also had the highest C stock, similar only to [tumbiara. Although both total
cell number and C stock tended to be higher in the pre-rain period, differences among
periods were not statistically significant (Table 3).
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Elongation

Elongation

Elongation

0.001 0.01 0.1 1 10

Biovolume
Figure 4. Bacterial elongation and biovolume (logarithmic scale) found in the Furnas (A), Mascarenhas
de Moraes (B), and Luis Carlos Barreto (C) reservoirs during the pre-rain (filled circles and solid line),
post-rain (empty circles and dashed line) and dry (empty triangles and dotted line) periods.

3.4. Relationships with Environmental Variables

Correlation analyses (Table 4) revealed negative relationships between bacterial den-
sity and water transparency in the three cascade reservoirs. In Furnas, density correlated
positively with turbidity and dissolved organic carbon (DOC). In Luis Carlos Barreto,
density correlated negatively with total phosphorus (TP). In Manso, density correlated
negatively with phytoplankton biomass. In Itumbiara, density correlated negatively with
zooplankton biomass and positively with nitrogen concentration. In Corumb4, density
correlated positively with DOC and TP.

Bacterial biomass in [tumbiara was negatively correlated with zooplankton biomass.
In Corumb4, biomass correlated positively with DOC and total phosphorus, similar to
density. In Furnas, biomass correlated positively with turbidity, whereas in Luis Carlos
Barreto it correlated negatively with water transparency (Table 4).

Across all sampling periods, bacterial density and biomass were negatively correlated
with water transparency and positively correlated with turbidity (Table 5). In the pre-
rain period, density correlated positively with DOC and total nitrogen. In the post-rain
period, density correlated positively with phytoplankton biomass and negatively with total
nitrogen. In the dry period, both density and biomass correlated negatively with total
nitrogen and phosphorus.
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Table 4. Correlations (r2) between bacterial density (BD) and biomass (BB) with phytoplankton
biomass (BFITO) and zooplankton biomass (BZOO), water transparency (SECCHI), turbidity (TURB),
dissolved organic carbon (DOC), total nitrogen (TN) and phosphorus (TP) in the studied reservoirs.

Reservoirs BB BFITO BZOO SECCHI TURB DOC TN TP
BD 0.40 * —012 0.37 —0.13 0.25 —0.10 0.33 —0.10
SerradaMesa  pp 016 0.15 0.20 030  —021 036 023
BD 0.37 % —0.38 * —0.04 0.10 0.00 0.16 —0.15 —0.16
Manso BB 0.11 0.20 —0.08 —0.12 0.32 0.04 0.06
. BD 0.54* —0.14 —0.44* —0.13 0.25 0.24 0.46 * 0.28
Itumbiara BB —019  —056* —0.30 0.11 —0.03 0.15 0.11
, BD 0.87 * 0.11 0.12 —0.18 0.09 0.34 * 0.24 0.57 *
Corumba BB 0.08 0.12 —-0.20 0.17 0.45 * 0.33 0.61*
BD 0.89 * 0.07 —0.02 —0.39 % 0.47 ** 0.37 ** —0.10 0.16
Furnas BB 0.08 —0.02 —0.20 0.41 ** 0.18 —0.10 0.04
BD 0.90 * 0.08 —0.11 —0.52* 0.27 —0.36 —0.22 —0.16
Mascarenhas BB 0.29 —0.20 —0.47 0.27 —0.27 0.04 —0.11
. BD 0.76 * 0.27 0.29 —0.80 ** 0.26 0.14 —0.24 —0.46*
Luis Carlos BB 0.18 015  —0.65* 0.22 —0.06 —0.36 —-0.39
*p <0.05 * p<0.01.
Table 5. Correlations (r?) between total bacterial density (BD) and total bacterial biomass (BB) with
total phytoplankton biomass (BFITO), total zooplankton biomass (BZOO), water transparency (SEC-
CHI), turbidity (TURB), dissolved organic carbon (DOC), total nitrogen (TN), and total phosphorus
(TP) considering the data from all reservoirs together in the different analyzed periods.
BB BFITO BZOO SECCHI TURB DOC TN TP
. BD 0.75 ** —0.04 0.01 —0.52* 0.33 ** 0.34 * 0.34 * —0.25
Pre-rain BB —0.26 -014  —055* 0.55 ** 0.31 0.27 —0.08
. BD 0.71 % 0.33 ** 0.08 —0.29 0.58 ** 0.15 —0.53 ** —0.11
Post-rain BB 0.12 —0.04 —035* 0.52 ** 014  —0.41% —0.09
Dry BD 0.78 ** 0.41* 022  —0.74** 0.26 * 0.06 —0.36 * —0.57 *
BB 0.23* 020 —0.78 ** 0.33 ** —0.21 —-0.37* —0.38 *

*p <0.05 * p<0.01.

Principal component analysis (PCA) revealed distinct reservoir groupings across
periods. In the pre-rain period, the first two axes explained ~50% of the variance. Axis 1 was
associated with DOC (-0.53) and phytoplankton biomass (0.39), while axis 2 was associated
with total phosphorus (-0.48), bacterial density (0.58), and biomass (0.53). Reservoirs
grouped into: (a) Serra da Mesa and Manso; (b) Itumbiara and Corumb4; and (c) Furnas,
Mascarenhas de Moraes, and Luis Carlos Barreto (Figure 5).

In the post-rain period, the first two axes explained 44% of the variance. Axis 1
was associated with bacterial density (0.56) and total nitrogen (-0.50), while axis 2 was
associated with turbidity (0.45) and transparency (—0.54). Reservoirs formed two groups:
(a) Serra da Mesa, Manso, Itumbiara, and Corumb4; and (b) the three cascade reservoirs
(Figure 6).

In the dry period, the first two axes explained 51% of the variance. Axis 1 was
associated with total nitrogen (-0.48), DOC (-0.45), and bacterial density (0.43), while axis 2
was associated with turbidity (-0.54) and transparency (0.56). Groupings were similar to
those observed in the post-rain period (Figure 7).
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Figure 5. Principal component analysis of biotic and abiotic variables with the two main axes and the
distribution of reservoir points according to these variables in Serra da Mesa (SM), Manso (MAN)),
Itumbiara (ITB), Corumba (CRB), Furnas (FUR), Mascarenhas de Moraes (MSM) and Luis Carlos
Barreto (LCB) during the pre-rain period.
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Figure 6. Principal component analysis of biotic and abiotic variables with the two main axes and the
distribution of reservoir points according to these variables in Serra da Mesa (SM), Manso (MAN)),
Ttumbiara (ITB), Corumba (CRB), Furnas (FUR), Mascarenhas de Moraes (MSM) and Luis Carlos
Barreto (LCB) during the post-rain period.
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Figure 7. Principal component analysis of biotic and abiotic variables with the two main axes and the
distribution of reservoir points according to these variables in Serra da Mesa (SM), Manso (MAN)),
Ttumbiara (ITB), Corumba (CRB), Furnas (FUR), Mascarenhas de Moraes (MSM) and Luis Carlos
Barreto (LCB) during the dry period.

4. Discussion

Bacterial density and biomass varied markedly among reservoirs and hydrological
periods, reflecting the combined influence of local environmental conditions and regional
hydrodynamics. Similar patterns have been reported for cascade systems, where reser-
voirs connected along the same river tend to exhibit comparable temporal responses [42].
In general, bacterial community structure is shaped by both top-down and bottom-up
forces: predators exert top-down control by removing cells or selectively consuming
specific morphotypes [43], whereas bottom-up control is driven by nutrient availability,
organic matter quality, and stoichiometric constraints that regulate bacterial metabolism
and growth [44,45].

Beyond these ecological mechanisms, the observed patterns in bacterial C stock may
also intersect with broader environmental processes linked to public health. Increases in
microbial biomass can influence the environmental dissemination of antimicrobial resis-
tance [36], while carbon-mediated shifts in nutrient cycling may affect plant health [46], soil
fertility, and food security [47]. Additionally, carbon turnover is sensitive to climate-driven
stressors with implications for human health [37,38]. Although these connections extend
beyond the scope of our dataset, they highlight that variations in bacterial C stock in
tropical reservoirs may have indirect relevance for public-health-related environmental
processes. Understanding these broader implications requires considering the ecological
strategies that shape bacterial responses within these systems.

Bacteria employ several strategies to reduce predation pressure [48,49]. Simek et al. [50]
and Pernthaler et al. [51] proposed two mechanisms: (i) rapid growth compensating for
losses to grazers and (ii) morphological elongation, which reduces edibility. Filamentous
bacteria can represent a substantial fraction of total biomass in natural systems, ranging
from 11-83% [52,53]. In the present study, elongated cells were particularly frequent
in Serra da Mesa, but this pattern should be interpreted cautiously, as morphological
variation may reflect multiple ecological drivers, including predation pressure, nutrient
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limitation, and inputs of soil-derived bacteria transported by tributaries. Variation in
cell size within the same environment cannot be attributed solely to trophic state [54,55].
Moreover, because only surface samples were analyzed, potential contributions from deeper
layers or sediment-associated bacteria could not be assessed.

Serra da Mesa, the largest reservoir in the study, exhibited the highest bacterial density,
biomass, and C stock. The absence of significant correlations between bacterial variables
and environmental parameters in this reservoir may reflect its large spatial heterogene-
ity, which supports diverse ecological niches [56]. Similar patterns were observed by
Lindstrom [57], who found no consistent relationships between bacterial biomass and
environmental variables in Swedish lakes. In contrast, the remaining reservoirs showed
significant correlations with environmental factors, consistent with findings from tropical
ecosystems [58—-60].

Interactions between bacteria and phytoplankton can involve competition for limiting
nutrients, mutualistic exchanges, or differential resource limitation [61,62]. The negative
correlation between bacterial density and phytoplankton biomass in Manso may reflect
competition for nutrients, although indirect effects mediated by unmeasured variables
cannot be excluded. In Itumbiara, negative correlations between bacterial variables and
zooplankton biomass suggest potential top-down control. Zooplankton are key regulators
of the microbial loop [63], and their grazing can influence the availability of C, N, and P
in aquatic systems [64,65]. However, these correlations do not imply causation, and the
strength of zooplankton-bacteria interactions may depend on the specific composition of
zooplankton communities, which was not assessed in this study:.

In Corumbd and Furnas, positive correlations between bacterial density and dissolved
organic carbon (DOC) suggest that DOC availability may support bacterial growth, con-
sistent with observations from Comerma et al. [22]. Although the origin of DOC was not
determined, the patterns observed are compatible with recent DOC inputs contributing to
bacterial production.

The grouping of the three cascade reservoirs (Furnas, Mascarenhas de Moraes, and
Luis Carlos Barreto) across all periods highlights the strong longitudinal connectivity
within the Grande River system [66]. These reservoirs are also the oldest in the dataset,
which likely contributes to their more stable bacterial community structure due to reduced
availability of labile organic matter [67]. According to the Continuous Reservoir Cascade
Concept [68], biological communities in cascade systems reflect integrated changes along
lateral, vertical, and longitudinal gradients.

Bacterial C stock varied substantially among reservoirs, demonstrating that bacterial
contributions to total carbon pools are highly system-specific [69]. Reservoir size alone
did not predict C stock. For example, [tumbiara—despite being the third largest—had the
second highest number of bacterial cells, and Corumby4, although smaller than Mascarenhas
de Moraes, exhibited higher density, biomass, and C stock. These patterns indicate that
intrinsic environmental characteristics, rather than size alone, regulate bacterial abundance
and carbon storage, consistent with ecological theory [70]. The younger age of Corumba
may explain its higher bacterial biomass relative to Mascarenhas de Moraes, as recently
flooded reservoirs typically contain more labile organic matter [71]. The consistently high
biomass in Corumbd suggests that its bacterial cells contain more carbon per cell, even
when density is not elevated.

In Lake Tanganyika, Pirlot et al. [72] reported low bacterial carbon content despite high
densities, attributed to nutrient limitation and the dominance of spiral-shaped bacteria with
high surface-area-to-volume ratios. This highlights how morphological and physiological
traits influence carbon storage at the cellular level.
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Across all reservoirs and sampling periods, bacterial density and biomass were
negatively correlated with water transparency and positively correlated with turbidity,
suggesting that suspended particles may play an important role in structuring bacterial
communities [73]. Suspended material can directly enhance bacterial growth by providing
organic and inorganic substrates [74] or indirectly by reducing light penetration, thereby
limiting phytoplankton and reducing competition for nutrients [75]. In highly turbid envi-
ronments, bacterial biomass can exceed 50% of total microbial biomass [76], as phytoplank-
ton growth becomes light-limited [77]. Attached bacteria, which were not quantified in this
study, may also contribute substantially to carbon processing in particle-rich environments.

Nutrient uptake by bacteria varies with nutrient concentration, stoichiometry, and
community composition [78-80]. In this study, correlations between bacterial biomass and
total nitrogen shifted from positive (pre-rain) to negative (post-rain and dry), suggesting
seasonal changes in nutrient limitation. Similar positive relationships between bacterial
biomass and nitrogen have been reported by Carr et al. [81]. Bacterial density and biomass
were positively correlated with total phosphorus in Corumba but negatively correlated
in Luis Carlos Barreto and during the dry period, indicating that phosphorus limitation
varies spatially and seasonally.

As previously demonstrated for greenhouse gas fluxes in these same reservoirs [35],
bacterial C stocks also exhibit substantial spatial heterogeneity. These results reinforce
the importance of quantifying bacterial carbon when assessing carbon cycling in aquatic
ecosystems. Even as estimates, these measurements provide essential insights into microbial
contributions to carbon storage and transformation in tropical reservoirs. Future research
should incorporate high-resolution molecular tools, such as 165 rRNA sequencing, to
characterize taxonomic and functional diversity associated with carbon processing. Vertical
sampling across thermal layers, including sediment-water interfaces, would also improve
estimates of whole-reservoir C stocks. Integrating bacterial carbon dynamics with food-
web structure, nutrient stoichiometry, and hydrodynamic modeling will be essential for
understanding how tropical reservoirs respond to climate-driven changes in water level,
temperature, and organic matter inputs.

5. Conclusions

This study demonstrates that bacterial C stock in tropical reservoirs varies markedly
across spatial and hydrological gradients, reflecting the combined influence of reservoir
morphology, hydrodynamics, and environmental conditions. The highest C stocks were
observed in large and hydrologically dynamic systems, whereas older cascade reservoirs
exhibited lower values, likely due to reduced availability of labile organic matter. Across all
reservoirs, bacterial density and biomass were strongly associated with turbidity and nega-
tively related to water transparency, highlighting the importance of suspended particles
in structuring microbial communities. These findings provide a baseline for understand-
ing microbial carbon pools in tropical hydroelectric reservoirs and underscore the need
for future studies incorporating vertical profiles, molecular approaches, and long-term
monitoring to better resolve the ecological mechanisms driving bacterial carbon storage in
these ecosystems.
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