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INTRODUCTION

Pelagic heterotrophic bacteria are extremely impor-
tant in aquatic ecosystems, with abundance ranges
from <105 to >108 cells ml–1 (e.g. Gasol & Vaqué 1993).
Traditionally, the ecological role of heterotrophic bac-
teria was assumed to be restricted to nutrient mineral-
ization. However, with the acceptance of the micro-
bial-loop concept (Pomeroy 1974, Azam et al. 1983),
bacteria were conferred a new ecological role in food

webs, representing an alternative route of organic-
matter and nutrient transfer to metazoan trophic levels.
The microbial loop is an important pathway of energy
flow, especially in oligotrophic systems (Roland & Cole
1999, Biddanda et al. 2001). Bacterial metabolism is
supported by both allochthonous and autochthonous
dissolved organic matter (DOM). The aquatic food web
can be supported by different allochthonous organic
carbon sources, but a small fraction of this external dis-
solved organic carbon (DOC) is transferred to zoo-
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ABSTRACT: While microbial aquatic communities are dominated numerically by viruses, both bac-
terioplankton and phytoplankton play a basal role in the carbon cycle, producing and mineralizing
organic matter and driving CO2 concentrations. Both weak and strong relationships between these 2
microbial groups have been reported for temperate ecosystems. However, data from the tropics and
sub-tropics are still scarce, and no consistent pattern regarding the structural microbial connections
in these aquatic environments is known so far. We examined bacteria-phytoplankton abundance
relationships for tropical freshwaters in comparison to well-studied temperate aquatic ecosystems.
We present data on bacterioplankton and phytoplankton abundances in a large data set (1644 sam-
ples; lakes, rivers, and reservoirs) from sampling throughout an extensive gradient of latitude (3° N to
33° S) and longitude (35° to 70° W) in tropical waters. We found a generally weak, but significant,
relationship between bacterioplankton and phytoplankton abundances and between bacterioplank-
ton and chlorophyll. However, analyzing system by system, we observed an increase in the strength
of the relationships (expressed by the determination coefficient, r2), from 0.05 to 0.17 (bacterioplank-
ton and phytoplankton abundances) and from 0.09 to 0.44 (bacterial abundance and chl a). Our data
suggest that the in-system ecological drivers (e.g. water temperature, trophic state, and flushing
characteristics, i.e. lentic or lotic) determine the bacterioplankton abundance patterns more than
other factors such as latitude or system typology. In a global perspective, the comparison between
non-tropical and tropical/sub-tropical freshwaters showed that a lower proportion of phytoplankton
carbon is transformed into bacterial carbon in the tropics.
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plankton and fish through bacterial biomass (Cole et
al. 2006). It is generally believed that autochthonous
DOM from phytoplankton is more available for bacter-
ial consumption than allochthonous terrestrial DOC
(Kritzberg et al. 2005). Bacteria rapidly assimilate phy-
toplanktonic carbon compared to terrestrial DOC
(Chen & Wangersky 1996). In tropical freshwaters, for
instance, humic substances are an important energy
source for aquatic bacteria (Amado et al. 2006), but this
source is probably not very relevant as a carbon source
for bacterial production, since consumption of humic
substances appears to be mostly channeled through
microbial respiration (Farjalla et al. 2009).

The dependence of bacterioplankton on autochtho-
nous carbon has been supported by positive relation-
ships between phytoplankton (expressed as chloro-
phyll a [chl a], cell numbers, or biovolume) and
heterotrophic bacteria (expressed as numbers or bio-
mass, Bird & Kalff 1984, Stewart & Fritsen 2004; or pro-
duction, White et al. 1991). A strong relationship is
taken as an indication that the growth of bacterio-
plankton is directly dependent on phytoplankton (Cole
et al. 1988, Jeppesen et al. 1997, Gasol & Duarte 2000).
However, this bacterial dependence on phytoplankton
has been the focus of recent debate (Lee & Bong 2008,
Sarmento et al. 2008, Stenuite et al. 2009). Recent liter-
ature provides support for both strong (Sarmento et al.
2008, Stenuite et al. 2009) and weak dependence
(Canosa & Pinilla 2007, Lee & Bong 2008) of bacterial
growth on phytoplankton activity.

When expressed mathematically as a regression
equation between bacteria and algae, the parameters
that define the relationships (the slope and the y-inter-
cept) can describe important ecological parameters.
The slope of the equation between the bacterial and
phytoplankton attributes (either abundance or bio-
mass) indicates the proportion of phytoplankton car-
bon that is transformed into bacterial carbon, while the
y-intercept estimates the fraction of the bacterial
standing stock that appears to be independent of
phytoplankton (Currie 1990, Simon et al. 1992, del
Giorgio & Peters 1993).

The strength of the bacterioplankton–phytoplank-
ton relationship varies with the relative importance of
autochthonous and allochthonous carbon sources and
the nutrient status of the ecosystem. Strong positive
relationships are often found in highly productive
systems, where the carbon available to bacteria is
mainly autochthonous (del Giorgio et al. 1997). How-
ever, the proportion of bacterioplankton to phyto-
plankton biomass tends to be higher in oligotrophic
rather than in eutrophic systems, because bacterial
biomass increases somewhat more slowly than phyto-
plankton biomass along a trophic gradient (Cole et al.
1988). In contrast, weak or no relationships have

been found in unproductive systems and in systems
with high inputs of allochthonous material (Findlay et
al. 1991, del Giorgio & Peters 1994) as allochthonous
organic matter can be an alternative energy source
for bacteria, decoupling the bacterioplankton–phyto-
plankton relationship. In this case, bacterial respira-
tion can often exceed phytoplankton production
(Karlsson et al. 2002).

It is important to point out that a positive bacterio-
plankton–phytoplankton relationship does not neces-
sarily indicate bacterial dependence on phytoplankton
carbon. In some systems, high inputs of inorganic
nutrients (nitrogen and phosphorus) may stimulate the
growth of both microbial groups (Currie 1990, Brett et
al. 1999). Since, in nutrient-limited conditions, phyto-
plankton and bacterioplankton compete for nutrients,
these relationships may therefore even be negative
(Carr et al. 2005).

Predation is another factor that might affect the bac-
terioplankton–phytoplankton relationship, generally
decoupling their dependence (Jeppesen et al. 1997).
Bacterial abundance is affected by predation by proto-
zoans and metazoans (Pace et al. 1990) and by viral
infection (Fuhrman 1999), with different intensities
depending on system type. Grazers control the fate of
bacterial communities, and heterotrophic flagellates
tend to be the major bacterivores in freshwaters, fol-
lowed by ciliates, rotifers, and cladocerans (Jürgens &
Jeppesen 2000, Zöllner et al. 2003). Warm lakes are
characterized by the dominance of small-bodied zoo-
plankton and higher abundances of rotifers, ciliates,
and nanoflagellates, with an elevated grazing impact
on bacterioplankton (Crisman & Beaver 1990, Jeppe-
sen et al. 2007).

The bacterioplankton–phytoplankton relationship
has been the focus of a great deal of work (Bird & Kalff
1984, Cole et al. 1988, Gasol & Duarte 2000), but the
majority of data are from non-tropical aquatic ecosys-
tems. Recent studies have been carried out in tropical
regions (Bouvy et al. 1998, Canosa & Pinilla 2007, Pir-
lot et al. 2007, Sarmento et al. 2008, Stenuite et al.
2009), but a comprehensive understanding of struc-
tural dependency between these aquatic communities
is still required. Potentially, the tropics exhibit a large
spectrum of types of aquatic ecosystems, especially
freshwaters, i.e. running waters and lakes (including
shallow, floodplain, and man-made). This heterogene-
ity among systems is also mixed with a large range of
turbidity, DOC, nutrients, and temperature. Here, we
investigated bacterial abundance in relation to phyto-
plankton in tropical waters and evaluated similarities
and differences to known patterns derived mainly from
temperate systems. A broad survey was conducted in
Brazilian lakes, rivers, and reservoirs that vary in
trophic state and DOC content. In addition, we com-
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pared our data set to most of the reported available
data. We hypothesized that the large impact of the sur-
rounding environment in a tropical climate will force
tropical freshwaters to have bacterial abundances
weakly correlated with phytoplankton abundances
and more related to the geological and hydrodynamic
setting of each particular environment.

MATERIALS AND METHODS

Data sources. Samples were taken between 1999
and 2007 from freshwaters located in Brazil between
04° 21’ 46’’ N and 33° 29’ 53’’ S (Fig. 1). Our data set
consisted of a total of 1644 samples, from rivers (890
samples), reservoirs (529), floodplain lakes (131), and
coastal lakes (94). All samples were taken in the lim-
netic zone, below the surface. A single sample was
taken from rivers and coastal lakes. The samples, 1 per
system from reservoirs, were taken during the pre-
rainy, post-rainy, and dry seasons. One sample for each
floodplain lake was taken in different seasons (filling,
high water, drawdown, and low water). This procedure
allowed us to evaluate the complete hydrologic cycle
of this diverse group of environments.

One set of samples (564) was fixed with formalin at a
2% final concentration for counting the bacteria with
an epifluorescence microscope. The remaining set of
samples (1080) was fixed with sterile paraformalde-
hyde at a final concentration of 2% (Andrade et al.
2003), placed in liquid nitrogen, and stored at –80°C
until laboratory analysis by flow cytometry. Phyto-

plankton samples were fixed with Lugol’s solution;
samples for nutrient analyses and filtered samples for
chl a estimates were frozen.

Bacterial abundance (106 cells ml–1) was estimated in
all samples. Phytoplankton abundance (ind. ml–1) was
estimated in 1103 samples, and chl a concentrations
(µg l–1) in 385 samples. DOC concentrations were
obtained from 1487 samples, dissolved inorganic nitro-
gen (DIN, µg N l–1) from 1384 samples, and soluble
reactive phosphorus (SRP) from 1420 samples.

Sample analysis. Bacterioplankton abundance was
estimated by direct counts at 1000× magnification,
with an epifluorescence microscope (Olympus BX-60)
or by cell counts performed in a CyAn ADP flow
cytometer (Dako) equipped with a solid-state laser
(488 nm, 24 mW) and filter modifications (green fluo-
rescence [FL1] at 510 ± 15 nm, red fluorescence [FL4]
at 650 ± 10 nm). For direct counts, samples (from
reservoirs, floodplain lakes, and most coastal lakes)
were filtered throughout black polycarbonate filters
(0.2 µm, Nucleopore®) and stained with acridine
orange (final concentration, 0.05%; Hobbie et al.
1977), and at least 200 cells were counted. For sam-
ples counted by flow cytometry (all river samples and
some coastal lakes), abundance was determined after
nucleic-acid staining with Syto13 (Molecular Probes)
at 2.5 µM (del Giorgio et al. 1996). For calibration of
side scatter and green fluorescence signals, and as an
internal standard for cytometric counts and measure-
ments, fluorescent latex beads (Polysciences, 1.5 µm
diameter) were systematically added. To validate our
mixed bacterial abundance data set, we performed a
comparison between the 2 methods. We carried out
additional sampling on 20 different systems, includ-
ing rivers, reservoirs, coastal lakes and floodplain
lakes. Bacterial abundances were estimated in these
samples using both the epifluorescence (stained with
acridine orange) and flow-cytometer techniques. We
found a significant relationship between the epifluo-
rescence and flow-cytometer methods (r2 = 0.75, p <
0.0001, Fig. 2A), with a slope equal to 1.0 (±0.14) and
y-intercept equal to 2 × 106 cell ml–1 (±0.51 × 10–6).
These statistics show a systematic error in the flow-
cytometer estimates; therefore, all samples counted
using flow-cytometry were corrected according to the
above regression equation. We also tested the rela-
tionship between the acridine orange and DAPI
stains, using the epifluorescence procedure. This cor-
relation was also high and significant (r2 = 0.93, p <
0.0001, Fig. 2B) and showed no biases.

Phytoplankton abundance (ind. ml–1) was estimated
in random fields, using an inverted microscope (Zeiss
Axiovert 10 with plan-neofluor objectives in 400× mag-
nification) by the sedimentation technique (Utermöhl
1958). We counted all algae we could clearly see,
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which ranged in length from 2 µm to the largest ones,
including all nanoplankton (2 to 20 µm) and
microplankton (20 to 200 µm). We followed the
Sieburth & Lenz (1978) classification, which is cur-
rently used in most freshwater phytoplankton ecologi-
cal studies. Sizes <1 to 2 µm, i.e. photosynthetic
picoplankton, were not included in our analysis. Chl a
was determined using a Turner Designs 450–TD-700
fluorometer; duplicate samples were filtered through
Whatman GF/C filters and extracted in 90% acetone
for 24 h (Wetzel & Likens 2000). Samples for DOC,
DIN, and SRP were filtered through Whatman GF/C
filters. DOC was analyzed using a Tekmar-Dhormann
Total Carbon Analyzer, model Phoenix 8000, coupled
with an auto-sampler. DIN (nitrate, nitrite, and ammo-
nium) and SRP were quantified by spectrophotometry
(Wetzel & Likens 2000) or liquid chromatography
through a Dionex ion chromatograph, model DX-80,
following APHA (1998). The DOC:DIN and DOC:SRP
ratios were calculated on a molar basis.

Data analysis. Data analyses were performed using
both the complete data set and by arranging groups
according to categories, i.e. systems (rivers, reservoirs,
floodplain lakes, and coastal lakes) and trophic state
(oligotrophic, mesotrophic, eutrophic, and hypereu-
trophic). The classification of trophic state was based
on Nürnberg (1996), considering total phosphorus
and/or chl a concentrations.

We analyzed the relationship between variables by
using least-square regressions. All data except tem-
perature were previously log10 transformed to more
closely meet the assumption of normality. A t-test was
used to verify the presence of significant differences
among the regression slopes. One-way analysis of
variance (ANOVA) and Tukey-Kramer multiple com-
parison tests were used to test for differences in mean
values of bacterioplankton abundance, phytoplankton
abundance, chl a, DOC, and DOC:DIN and DOC:SRP
ratios across systems. We ran multiple regressions
using JMP software (version 5.0.1; SAS Institute); the
equations were verified by backward procedures. For
all statistical tests, we adopted p < 0.05 as a threshold
level for acceptance.

The comparisons between bacteria and phytoplank-
ton communities in both tropical and non-tropical
freshwaters were evaluated using regressions and the
raw data (see Table 4). The data from literature were
extracted from the graphs using the Matlab Figure
Digitizer routine, and standardized for log10 bacterio-
plankton abundance (cells ml–1) and log10 chl a (µg l–1).
The regression for non-tropical freshwaters was based
on the data reported by Gasol & Duarte (2000), with
the addition of the data in all the papers published
from 2000 to 2008.

RESULTS

Spatial variability

Phytoplankton abundance, chl a, and bacterioplank-
ton abundance varied widely among the systems
(Table 1). Bacterioplankton abundances ranged be-
tween 104 and 108 cells ml–1, with the largest variability
in rivers (0.02 × 106 to 94.1 × 106 cells ml–1), although the
highest value was found in a reservoir (1.1 × 108 cells
ml–1, Fig. 3). Bacterioplankton abundance ranged be-
tween 0.06 × 106 and 13.4 × 106 cells ml–1 in floodplain
lakes, and 0.02 × 106 and 23.4 × 106 cells ml–1 in coastal
lakes. In the entire data set, phytoplankton (excluding
picoplankton) abundance ranged between 10 and
105 ind. ml–1, ranging from 0.01 × 103 to 106.7 × 103 ind.
ml–1 in reservoirs; 0.01 × 103 to 132 × 103 ind. ml–1 in
rivers; and 0.09 × 103 to 25.4 × 103 ind. ml–1 in floodplain
lakes; the highest values were generally found in
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coastal lakes (0.1 × 103 to 148.9 × 103 ind. ml–1). As ob-
served for phytoplankton abundance, higher chl a con-
centrations were found in coastal lakes (0.7 to 437.6 µg
l–1). The range in reservoirs varied from 0.1 to 34.8 µg
l–1, and in floodplain lakes from 0.5 to 76.0 µg l–1.

Nutrient concentrations (carbon, nitrogen, and phos-
phorus) varied widely among and within systems
(Fig. 3, Table 1). DIN concentration ranged from 0.02
(rivers) to 6645.5 µg N l–1 (reservoirs), and SRP concen-
tration ranged from 0.04 to 1609.4 µg P l–1, both in
reservoirs. A lower variability was found in DOC con-
centrations, which ranged between 0.01 and 64.6 mg C
l–1 both in rivers. The wide range is caused by a few
extreme values (mean 4.9 ± 5.9 mg C l–1, Table 1,
Fig. 3). DOC:DIN and DOC:SRP ratios also varied
widely (0.2 to 3307 and 7.4 to 13 813, respectively).
Except for phytoplankton abundance, all other data in
Fig. 3 show that reservoirs were the systems where sig-
nificantly (ANOVA, p < 0.05) lower values were found.
Rivers were the systems with the lowest phytoplankton
abundances.

Regression analyses

By pooling all data, a weak but significant relation-
ship was found between bacterioplankton abundance
(BA) and phytoplankton abundance (PA; Eq. 1, Fig. 4).
The same scenario was also observed for the relation-
ship between bacterioplankton abundance and phyto-
plankton biomass, expressed as chl a (Eq. 2, Fig. 4):

logBA = 0.15 (±0.03) × logPA + 5.49(±0.09);
(r2 = 0.05; n = 643, p < 0.0001) (1)

logBA = 0.28 (±0.05) × logChl a + 5.68 (0.04);
(r2 = 0.09, n = 383, p < 0.0001) (2)

The slopes of Eqs. (1) and (2) were significantly dif-
ferent (t-test, p < 0.05), being higher for bacterioplank-
ton abundance versus chl a. Compared to other stud-
ies, also based on large data sets (e.g. Gasol & Duarte
2000), the slopes of our equations were significantly
lower (covariance analysis, p < 0.05; Fig. 5).

Significant relationships between bacterioplankton
and phytoplankton abundances were found when the
different types of systems were analyzed separately,
but these relationships were still weak (Table 2,
Fig. 4). The bacterioplankton–phytoplankton abun-
dance relationships were weakly positive in reser-
voirs and floodplain lakes, whereas no relationship
was found for coastal lakes and rivers. The steepest
slopes were observed for floodplain lakes (0.27 ±
0.12) and reservoirs (0.22 ± 0.03). Bacterioplankton
abundance was also positively related to chl a in
reservoirs and floodplain lakes, and no relationship
was found for coastal lakes (Table 2, Fig. 4). For the
relationship between chl a and bacterioplankton
abundance, the slopes were again steepest for flood-
plain lakes (0.82 ± 0.16), and much lower for reser-
voirs (0.31± 0.08).

The subdivision by trophic state revealed more
robust bacterioplankton–phytoplankton abundance
relationships (Table 2). Relatively strong negative
regressions were found for mesotrophic and olig-
otrophic coastal lakes, whereas positive relationships
were found for eutrophic reservoirs and eutrophic
coastal lakes. Weak positive relationships were found
for mesotrophic and oligotrophic reservoirs and hyper-
trophic coastal lakes, and for eutrophic rivers (Table 2).
Thus, the strongest positive relationships were re-
corded in lentic, relatively enriched systems such as
eutrophic reservoirs and coastal lakes. Comparing the
slopes showed that the potential utilization of phyto-
plankton carbon by bacterioplankton was significantly
higher in floodplain lakes than in reservoirs, whereas
no significant relationship was identified for rivers and
coastal lakes (Table 2, Fig. 4).

Influences of inorganic nutrients, dissolved organic
carbon and temperature

By including SRP, DIN, DOC, and temperature in a
multiple regression, improvements in several relation-
ships were obtained (Table 3). For the entire data set,
temperature and DOC contributed positively, and SRP
negatively, to the relationship between bacterioplank-
ton and phytoplankton abundance or chl a. DIN also
contributed positively to bacterioplankton and phyto-
plankton abundance relationships in reservoirs. The
extended equations accounted for 25 and 34% of
the variation in bacterioplankton abundance (Table 3).
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Median Mean SE N

Bacterioplankton abundance 0.9 2.8 3.0 847
Phytoplankton abundance 1.5 6.4 2.5 1117
DIN 118.5 207.2 2.1 1511
SRP 3.1 10.9 5.8 1418
DOC 3.0 4.7 1.2 1472
Chl a 3.7 9.4 3.6 398
DOC:DIN 10.9 87.7 3.0 1472
DOC:SRP 240.1 744.9 1.9 1147

Table 1. Median, mean, and standard error (SE) of bacterio-
plankton (106 cells ml–1) and phytoplankton abundances
(103 ind. ml–1; not including picoplankton: see ‘Materials
and methods’), dissolved inorganic nitrogen (DIN; µg N l–1),
soluble reactive phosphorus (SRP; µg P l–1), dissolved or-
ganic carbon (DOC; mg C l–1), chl a concentrations (µg l–1),
and DOC:DIN and DOC:SRP ratios (molar) in Brazilian 

ecosystems
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In rivers, bacterioplankton abundance was positively
related to phytoplankton abundance and DOC, and
negatively to DIN in floodplain lakes.

Comparison to temperate lakes

Using literature data, a strong positive relationship
was obtained between bacterioplankton abundance
and phytoplankton (as chl a) in non-tropical lakes
(Fig. 5). Except in floodplain lakes and reservoirs, the
percentage of variability in bacterial abundance ex-
plained by phytoplankton in our equations was lower
than that explained in temperate systems (Table 4).
For floodplain (Zinabu & Taylor 1997, Canosa &
Pinilla 2007) and coastal lakes (Gocke et al. 2004),
however, some studies found phytoplankton to
explain similar fractions of the variability to those
found in the present study.
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DISCUSSION 

The relationship between bacterioplankton and
phytoplankton, as well as its driving factors, is well es-
tablished for temperate systems (Bird & Kalff 1984, Cole
et al. 1988, Gasol & Duarte 2000), but not for tropical
ones. A general weak relationship was observed in our
study of 1141 freshwater Brazilian aquatic ecosystems.
Moreover, by dividing the data set into rivers, reser-
voirs, and coastal lakes, we found positive but still weak
relationships compared to those reported by studies in
other freshwater and saltwater systems (Cole et al.
1988, White et al. 1991). Similarly to previous observa-
tions (Naganuma 1997, Biddanda et al. 2001, Shiah et

al. 2001), a wide variation in the relationship between
bacterioplankton and phytoplankton was found in this
study. This variation was dependent on the particular
type and on the trophic state of the freshwater systems.

The first studies treating the relationship between
bacterioplankton and phytoplankton showed an influ-
ence of limiting nutrients on these interactions (Currie
1990). However, considering all systems, no strong evi-
dence of the influence of inorganic nutrients was
observed in our dataset. The inclusion of SRP in the
multiple regression analysis improved the bacterio-
plankton–phytoplankton relationship only for reser-
voirs and floodplain lakes. In a recent experimental
approach in 2 lakes located in Minnesota, USA, Stets &
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System Trophic Intercept Slope r2 N
types states BA × PA BA × chl a BA × PA BA × chl a BA × PA BA × chl a BA × PA BA × chl a

Reservoirs All 5.2 (0.08)* 5.6 (0.05)* 0.2 (0.02)* 0.3 (0.08)* 0.17* 0.05* 379 298
Oligo 6.1 (2.8) – 0.2 (0.8) – 0.01 – 5 –
Meso 5.3 (0.08)* 5.6 (0.05)* 0.2 (0.02)* 0.3 (0.08) 0.11* 0.05* 345 298
Eutro 6.1 (0.5)* – 0.06 (0.1)* – 0.01 – 28 –
Hyper – – – – – – – –

Rivers All 6.3 (0.4)* – 0.05 (0.04) – <0.01 – 119 –
Oligo 6.2 (0.6)* – 0.1 (0.2) – <0.01 – 49 –
Meso 6.7 (0.7) – 0.1 (0.2) – <0.01 – 40 –
Eutro 5.8 (0.6)* – 0.2 (0.2) – 0.03 – 27 –
Hyper – – – – – – 9 –

Floodplain All 5.2 (0.4)* 5.4 (0.2)* 0.3 (0.1)* 0.8 (0.2)* 0.10* 0.44* 78 34
lakes Oligo – – – – – – –

Meso 4.9 (0.4)* 5.3 (0.2)* 0.3 (0.1)* 0.8 (0.2)* 0.10* 0.44* 74 34
Eutro 6.3 (2.5) – 0.2 (0.3) – –0.05 – 3 –
Hyper – – – – – – – –

Coastal All 7.4 (0.3)* 5.9 (0.04)* 0.3 (0.07)* 0.04 (0.03) –0.20* 0.04 67 50
lakes Oligo 8.6 (1.0)* – 0.5 (0.3) – –0.61 – 8 –

Meso 7.7 (0.6)* 5.9 (0.09)* 0.4 (0.2)* 0.07 (0.14) –0.32* 0.03 16 9
Eutro 6.5 (0.6)* 5.9 (0.04)* 0.1 (0.1)* 0.04 (0.05) 0.02* –0.02 30 26
Hyper 5.4 (0.7)* 6.5 (0.1)* 0.2 (0.2) 0.01 (0.07) 0.06 < 0.01 17 15

Table 2. Regressions describing log10 bacterioplankton abundance (BA, cells ml–1) and log10 phytoplankton abundance (PA,
103 ind. ml–1; not including picoplankton; see ‘Materials and methods’), and log10 BA and log10 chl a (µg l–1) in Brazilian freshwa-
ters according system types and trophic states (oligo: oligotrophic, meso: mesotrophic, eutro: eutrophic, hyper: hypereutrophic).

Standard errors (SE) are given in parentheses. *p < 0.05 (t-test). –: no data

System Intercept r2 Chl a PA Temp. DIN SRP DOC N

All systems A 4.8 (0.3) 0.16 0.01 (0.02) 0.03 (0.009) –0.13 (0.05) 0.4 (0.07) 427
B 4.3 (0.2) 0.29 0.2 (0.05) 0.05 (0.007) –0.10 (0.03) 0.15 (0.05) 284

Reservoir A 3.7 (0.3) 0.24 0.1 (0.03) 0.06 (0.008) 0.2 (0.04) –0.2 (0.03) 276
B 3.6 (0.3) 0.31 0.2 (0.08) 0.07 (0.007) 0.2 (0.06) –0.1 (0.03) 234

River A 5.8 (0.4) 0.04 0.01 (0.1) 0.1 (0.1) 116

Floodplain A 6.6 (0.9) 0.33 0.2 (0.3) –0.9 (0.4) 1.9 (0.9) 16

Table 3. Multiple regressions of log10 bacterioplankton abundance (cells ml–1) vs. (A) log10 phytoplankton abundance (PA,
103 inds. ml–1), (B) log10 chl a (µg l–1), temperature (temp., °C), log10 dissolved inorganic nitrogen (DIN, µg N l–1), log10 soluble
reactive phosphorus (SRP, µg P l–1), and log10 dissolved organic carbon (DOC, mg l–1). Equations were verified by backward
procedures. Standard errors (SE) are given in parentheses. Significance level p < 0.05, standard F-test. Blank cells: no significant

relationship (p > 0.05)
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Cotner (2008) demonstrated the control of the bacte-
rioplankton–phytoplankton relationship by inorganic
phosphorus along a gradient of carbon concentrations.
In contrast to the results of Stets & Cotner (2008), our
findings indicate that carbon is also an important factor
for the relationship in all systems, except in floodplain
lakes. Carbon quality affects bacterial metabolism in
tropical systems (Farjalla et al. 2009), and a high C:N:P
ratio (in the forms of DOC:DIN:SRP) indicates low
carbon quality. The C:N:P ratios (molar) in our study
were high (240:10:1) compared to ratios in other
aquatic systems and bacteria cultures (50:10:1, Fager-
bakke et al. 1996).

The relationships that we found were weak, even
after we included nutrients, temperature, and DOC in
the analyses. Although zooplankton was not consid-
ered in the present study, it is important to recognize
the grazers’ effects on the relationship between bacte-
rioplankton and phytoplankton in tropical waters. Pre-
dation is somewhat different in temperate and tropical
freshwaters. Likely because of high fish predation,
warm lakes are dominated by small-bodied zooplank-
ton (Jeppesen et al. 2007, Meerhoff et al. 2007), lead-
ing to higher abundances of rotifers, ciliates (Crisman
& Beaver 1990), and nanoflagellates (Jeppesen et al.
1996). Rapid turnover and low bacterioplankton–chl a
ratios are therefore expected in warm lakes, although
bacterioplankton production can be high.

The variability in the relationships between bacteri-
oplankton and phytoplankton among types of systems
indicates that weak relationships can be explained by
different in-system factors. In Brazilian coastal lakes,
for example, trophic state is an important factor driving
phytoplankton composition and production (Roland
1998). The lack of a relationship between bacterial
abundance and chl a in oligo- and mesotrophic coastal
lakes could be related to the incomplete retention of all
size classes by the filter used in the chl a analysis. In
floodplain lakes, however, chl a was strongly related to
bacterial abundance, caused by the high phytoplank-
ton biomass in these systems, especially during low-
water periods (Huszar & Reynolds 1997, Nabout et al.
2006). The high phytoplankton biomass could imply
high amounts of phytoplankton carbon in those sys-
tems, which is the major carbon source for the bacteri-
oplankton, and therefore the relationship between the
2 groups could be stronger. Hence, the hydrological
regime is an important factor driving the relationship
between bacterioplankton and phytoplankton in flood-
plain lakes. As expected, weak relationships were
found in rivers, which have low phytoplankton bio-
mass with high production only in low-flow and low-
turbidity phases (Reynolds 1995, Soares et al. 2007). A
weak relationship between bacteria and phytoplank-
ton was also found in our reservoirs, probably due to
the low chl a concentrations. Low phytoplankton bio-
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Locations r2 Intercept Slope Chl a Variables N Source

Non-tropical regions
Minnesota lake (USA) 0.56 6.40 0.33 0.5–53 logBA vs. logChl a 12 Biddanda et al. (2001)
Danish lakes 0.12 6.58 0.16 2.0–121 logBA vs. logChl a 16 Søndergaard & Danielsen (2001)
North America (USA) 0.41 6.13 0.27 1.9–55.6 logBA vs. logChl a 19 Kritzberg et al. (2005)
Canadian lakes 0.10 6.05 0.33 1.9–7.8 logBA vs. logChl a 9 Tadonléké et al. (2004)
Danish lakes 0.88 5.68 1.71 0.8–1.7 logBA vs. logChl a 5 Christoffersen et al. (2002)
Hudson River (USA) 0.11 6.80 0.21 11 (mean) logBA vs. logChl a 146 Findlay et al. (1991)
North American rivers (USA) 0.54 6.60 0.70 0.0–13 logBA vs. logChl a 20 Gao et al. (2004)
Review 0.55 5.94 0.47 0.2–0.8 logBA vs. logChl a 33 Gasol & Duarte (2000)

Tropical and subtropical regions
Andes (Colombia) 0.20 3.90 0.30 0.01–16 logBA vs. logPA 27 Canosa & Pinilla (2007)
Ethiopian lakes 0.57 7.12 0.16 1.4–616 logBA vs. logChl a 57 Zinabu & Taylor (1997)
Ivory Coast reservoir 0.63 8.80 0.58 5.9–59 logBA vs. logChl a 93 Bouvy et al. (1998)
Lagoon de Ciénaga (Colombia) 0.03 7.58 0.11 6.0–182 logBA vs. logChl a 93 Gocke et al. (2004)
Peninsular Malaysia 0.18 6.06 0.41 2.0–3.8 logBA vs. logChl a 45 Lee & Bong (2008)

Brazilian reservoirs 0.05 5.60 0.34 0.1–35 logBA vs. logChl a 298 Present study
Brazilian reservoirs 0.17 6.10 0.23 0.1–35 logBA vs. logPA 345 Present study
Brazilian rivers < 0.01 6.30 0.05 7.9–14 logBA vs. logPA 119 Present study
Brazilian floodplain lakes 0.44 5.40 0.81 0.7–56 logBA vs. logChl a 34 Present study
Brazilian floodplain lakes 0.10 5.20 0.31 0.7–56 logBA vs. logPA 78 Present study
South American coastal lakes 0.04 5.90 0.04 0.6–438 logBA vs. logChl a 54 Present study
South American coastal lakes -0.20 7.40 0.30 0.6–438 logBA vs. logPA 67 Present study

Table 4. Literature review of regressions between bacterioplankton abundance (BA) and phytoplankton abundance (PA) or chl a in
aquatic ecosystems throughout the world. All values were log-transformed to compare regression statistics. Bacterioplankton 

abundance is log10 (cells ml–1), chl a is log10 (µg l–1), and phytoplankton abundance is log10(103 ind. ml–1)
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mass has previously been reported for some Brazilian
reservoirs, and was explained as a consequence of
short retention time (Pivato et al. 2006).

Most of our equations showed coefficients of determi-
nation lower than those found in temperate systems
(Table 4). In some cases, our coefficients were even
lower than those found in other tropical systems (Zinabu
& Taylor 1997, Bouvy et al. 1998, Sarmento et al. 2008,
Stenuite et al. 2009). The weaker relationships compared
to other studies are probably related to the high hetero-
geneity of systems included in the present study, while
most of the literature information is based on studies that
include less heterogeneity among systems.

The slope of the equation between phytoplankton
and bacteria can be used to estimate the proportion of
phytoplankton carbon assimilated by bacterioplankton
(Currie 1990, del Giorgio & Peters 1993), and the y-
intercept has been used to indicate the proportion of
total bacterial abundance that would be independent
of phytoplankton biomass (Simon et al. 1992). In com-
parison to temperate freshwaters, the lower values for
the slopes found in tropical freshwaters (e.g. Sarmento
et al. 2008, Table 4) suggest a small fraction of bacter-
ial abundance supported by phytoplankton.

In synthesis, weak relationships between bacterio-
plankton and phytoplankton were observed in the com-
bined data set, covering a large number of Brazilian
freshwaters. However, analyzing system by system we
observed an increase in the relationships, expressed by
the determination coefficient (r2), between bacterio-
plankton and phytoplankton. The variation in the rela-
tionships in rivers, reservoirs, floodplain lakes, and
coastal lakes, when analyzed separately, suggest that
drivers of the weak relationship between bacteria and
phytoplankton are different for each type of system. We
also found that by adding SRP, DOC, and temperature
in a multiple regression approach, many of the relation-
ships showed higher r2, although still remained weak.
Based on the values of the y-intercept, our data also in-
dicate that a lower fraction of bacteria is supported by
phytoplankton abundance in tropical freshwaters, as
compared to other ecosystems worldwide. The weak
bacterioplankton–phytoplankton relationships found
in the present study reflect the power of in-system eco-
logical drivers. Temperature, trophic states, and flush-
ing characteristics (lentic or lotic) might be important
constraints to the patterns of relationship between the 2
groups of organisms in tropical freshwaters.
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