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Abstract
Both global warming and eutrophication are predicted to promote cyanobacterial
blooms. At the same time, how tropical phytoplankton communities exhibiting different trophic state systems will respond to temperature variations is less clear. To
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ton communities, and gain insights regarding possible resistance to these effects, the
present study focused on testing the hypothesis that temperature variations and nuwater system than in oligo-mesotrophic water systems. Experiments were conducted
with phytoplankton communities from two aquatic ecosystems exhibiting different
trophic states. To this end, water samples from a eutrophic and oligo-mesotrophic
system were collected and incubated at 25 and 30ºC. Samples receiving additional
surplus nitrogen (N) and phosphorus (P) inputs were included to serve as eutrophication treatments. The study results indicated that temperature variations alone did
not promote cyanobacteria in water from either the oligo-mesotrophic or eutrophic
water system. However, nutrient enrichment of the water from the eutrophic system significantly boosted the cyanobacteria, with the biomass increasing by factor of
10 for both the 25°C and 30°C treatments. In contrast, eutrophication of the water
from the oligo-mesotrophic system did not change the relative contribution of phytoplankton groups, with the response ratios being much lower than those for the
water from the eutrophic system. Although based on a simple experimental design,
the results of the present study suggest that cyanobacteria dominance is favoured
by further nutrient additions for eutrophic water systems, independently of any direct temperature effects, and that more pristine environments possess some resistance against eutrophication effects. Since global warming is assumed to indirectly
intensify eutrophication symptoms, the results of the present study underscore the
importance of nutrient control.
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1 | I NTRO D U C TI O N

ecosystems exhibiting two different trophic states. The hypotheses being tested were as follows: (a) temperature variations favour

Human activities are causing severe alterations in ecosystems on

cyanobacteria growth more than that of eukaryote competitors, (b)

a global scale, with freshwater ecosystems being particularly rap-

temperature variations will have a stronger effect on cyanobacte-

idly transformed (Carpenter et al. 1992). These systems have ex-

ria dominance in tropical eutrophic water than in oligo-mesotrophic

perienced altered precipitation patterns, more intense and longer

water, and (c) nutrient addition will exhibit a stronger effect on fa-

periods of thermal stratification, modified hydrology, elevated

vouring cyanobacteria in oligo-mesotrophic water systems than eu-

carbon dioxide concentrations, increased nutrient loadings and

trophic water systems.

elevated temperatures as a consequence of global climate change
(Carey et al. 2012; Paerl and Huisman, 2008). Further, these
changes will probably be intensified in the next decades following both the expected increase in global temperatures and inputs
of anthropogenic nutrients (O’Neil et al. 2012). Phytoplankton, as
the primary producers of aquatic ecosystems, can be considered
a target to experience these environmental changes since nutrient

2 | M E TH O DS A N D M ATE R I A L S
2.1 | Evaluation of the effect of temperature
variations and eutrophication on tropical
phytoplankton communities

availability and temperature are among the main conditions driving
their competitive advantage and regulating phytoplankton species

To evaluate the effects of temperature variations and nutrient addi-

distribution (De Senerpont Domis et al. 2007). Some studies indi-

tions on phytoplankton communities in tropical ecosystems of differ-

cate increasing nutrients and temperatures may exert a synergistic

ent trophic states, water samples were collected from an eutrophic

effect on cyanobacteria dominance (Jöhnk et al. 2008; Paerl and

system (Jacarepaguá Lagoon) and from an oligo-mesotrophic system

Paul, 2012). Indeed, of all of potential environmental drivers behind

(Samuel Reservoir). Jacarepaguá Lagoon is a water body located

cyanobacterial blooms, the one receiving the most attention among

near the metropolitan area of Rio de Janeiro in southeast Brazil. It

the scientific community is anthropogenic eutrophication. Nutrient

is a shallow, oligohaline lagoon (Gomes et al. 2009). This system has

availability, mainly nitrogen and phosphorus, has been indicated as

undergone a eutrophication process over the last 30 years (Saieg-

a primary factor in the expansion of blooms (Conley et al. 2009).

Filho, 1986). The occurrence of cyanobacterial blooms has also been

The direct and indirect effects of temperature, however, also have

reported frequently over the past 20 years, with a predominance of

been associated with phytoplankton composition changes, espe-

Microcystis aeruginosa (Ferrão-Filho et al. 2002; Gomes et al. 2009),

cially indicating that cyanobacteria are more favoured by elevated

including the occurrence of toxic strains (Magalhães et al. 2001).

temperature than are eukaryote competitors (Jöhnk et al. 2008;

Samuel Reservoir is located 52 km from the city of Porto Velho, the

Paerl and Huisman, 2008, 2009).

capital of Rondônia State in the west Amazon region of Brazil. It has

Different studies have reported that the global temperature

a flooded area of 584.26 km2, a flow rate of 265 m3/s and a water

during the current century is expected to increase an additional 1.5

residence time of 105 days. Cyanobacteria dominance was already

to 5°C above today’s mean level by 2100 (Hansen et al. 2000) and

registered in this system, represented by the species Aphanocapsa

anthropogenic nutrients inputs will have doubled by 2050 (Tilman

holsatica, Microcystis panniformes and Merismopedia tenuissima

and Lehman, 2001). Recent observations have demonstrated the ef-

(Nascimento, 2012). Table 1 summarizes more characteristics of

fects of climate warming and eutrophication in U.S. lakes are depen-

these two study areas.

dent on their trophic state (Rigosi et al. 2014). Nutrients played a role

Five litres of water was collected from these two systems, with

in oligotrophic lakes, while temperature was important for mesotro-

experiments conducted with 100 ml aliquots of non-filtered water

phic lakes, with the interactions between these two factors only

transferred to 200 ml Erlenmeyer flasks and incubated at 25 and

important in eutrophic and hyper-eutrophic systems (Rigosi et al.

30°C, with and without nutrient additions. The lower temperature

2014). To date, most information about the possible effects of global

(25°C) tested was chosen on the basis of the annual average tem-

change on freshwater ecosystems has been based on temperate lake

perature in the water body from southeast Brazil, with the highest

systems (De Senerpont Domis et al. 2013), which emphasizes an ur-

temperature (30°C) considered an increase of 5°C of the annual

gent need for more data on understudied tropical lake systems.

mean temperature predicted by IPCC (2013) as a result of global

In this context, the objective of the present study was to exam-

warming.

ine the effect of temperature alone, and in combination with high

Eutrophication was simulated by the addition of nitrogen

nutrient additions, on phytoplankton communities from tropical

(7.0 mg N/L as NaNO3) and phosphorus (0.8 mg P/L as K 2HPO 4)

|
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TA B L E 1
reservoirs

Characteristics of study
PARAMETER

SAMUEL RESERVOIR
Oligo-mesotrophic system

JACAREPAGUÁ LAGOON
Eutrophic system

Coordinates

08°45′S and 63°26′W

22°55′S and 43°17′W

Maximum depth (m)

30

1.5

Surface area (km2)

584.26

3.7

Annual mean temperature
(⁰C)

28

25

DIN (mg/L)

0.5a

277

1.2a to 2.8b
a

0.4a to 0.8b

SRP (mg/L)

0.08

Predominant cyanobacterial
species

Aphanocapsa holsatica
Microcystis panniformes
Merismopedia tenuissima

Microcystis aeruginosa

References

Nascimento (2012)

Magalhães et al. (2001),
Ferrão-Filho et al. (2002),
Gomes et al. (2009)

Abbreviations: DIN, dissolved inorganic nitrogen; SRP, soluble reactive phosphate.
a

Annual mean of 2007/2008.

b

Annual mean of 2014 (unpublished data).

F I G U R E 1 Eukaryote algae and
Cyanobacteria biomass (expressed
as chlorophyll-a concentration) in
experiments with eutrophic system
phytoplankton community (error bars
indicate plus or minus one standard error)

to a N + P treatment. These nutrient concentrations were based

2.2 | Data analysis

on the concentration found in a microalgae culture medium
(modified WC medium) that was considered hypereutrophic.

The natural log transformed response ratio (RR x) was used as a met-

Flasks were closed with cellulose stoppers and placed in incuba-

ric of the size effect of temperature and nutrient additions on cy-

tors (SOLAB SL-224) under a light intensity of 60 µmol photons

anobacteria and eukaryotic algae growth rate. The response ratio of

m

−2

s

−1

provided in a photoperiod of 12 hr and shaken manually

cyanobacteria (RRcyano) and eukaryote algae (RRalgae) was calculated

twice daily. Both treatments were run in triplicate and the resul-

as the ratio between the growth rate of each treatment T (30°C,

tant growth monitored for seven days. Total cyanobacteria and

25°C  N + P and 30°C  N + P) and the growth rate in the sole 25°C

eukaryote chlorophyll-a concentrations were measured in each

incubations (used as control, C) following RR x = ln(T/C) (Elser et al.

flask using a PHYTO-PAM phytoplankton analyzer (Heinz Walz

2007) for eutrophic water systems. The growth rate in the sole 30°C

GmbH, Effeltrich, Germany) on days 0, 1, 4, 5, 6 and 7 for eu-

incubations was used as a control (C) for the oligo-mesotrophic sys-

trophic water, and on days 0, 3, 5 and 7 for oligo-mesotrophic

tem, however, since the 30°C temperature was closest to the annual

water.

average water temperature of this system. A two-way ANOVA with

278
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different trophic state systems (eutrophic and oligo-mesotrophic)

contribution for all treatments = 66.4%) than cyanobacteria (mean

and phytoplankton groups (cyanobacteria and eukaryote algae) as

for all treatments = 33.6%). The share of cyanobacteria in the

fixed factors was performed to test whether or not temperature and

phytoplankton community during the first three days of the ex-

nutrient additions affected the response ratios of cyanobacteria and

perimental period increased in all treatments, reaching about 50%,

eukaryotic algae. All the statistical analysis was performed using tool

maintaining this level until the end of the experiment (Figure 2a,c).

pack SigmaPlot, Version 12 (Systat Software, Inc).

The temperature variation from 25°C to 30°C did not change the
contribution of phytoplankton groups and total biomass with-

3 | R E S U LT S
3.1 | Effect of temperature variations and
eutrophication on tropical phytoplankton
communities

out nutrient additions, which remained < 20 µg chlorophyll-a/L(Figure 2a,c). Nutrient addition caused a small increase to about
30 µg/L in the 30°C N + P treatments (Figure 2d), and a stronger increase from 11 to 60 µg/L in the 25°C N + P treatments (Figure 2b;
Table 2).
Warming in itself led to negative response ratios for both cyanobacteria (RRcyano) and eukaryote algae (RRalgae) in water from the

The 5°C temperature variation was not an important factor in chang-

oligo-mesotrophic as well as the eutrophic system (Figure 3), reflect-

ing the phytoplankton composition in both experimental condi-

ing a decrease in biomass compared to the sole 25°C incubations.

tions with water from the eutrophic and oligo-mesotrophic system

No significant difference was observed between RR cyano and RRalgae

(Figures 1a,c, 2a,c. At the beginning of the experiment, the phyto-

eutrophic system for the e30°C treatment (p = 0.807).

plankton community of the eutrophic system was dominated by cy-

Nutrient additions either alone (25°C N + P) or in combination

anobacteria (mean value of all treatments = 88% of total biomass)

with higher temperature (30°C N + P), however, resulted in differ-

with an average biomass of 127 µg chlorophyll-a/L. At the end of

ent responses in water from the eutrophic and oligo-mesotrophic

the experiment, cyanobacteria (mean = 70%) remained dominant

system (Figure 3). Nutrient addition to water from the eutrophic

over eukaryote algae (mean = 30%) in both treatments, 25°C and

system resulted in a strong cyanobacteria response ratio, while the

30°C (Table 2). The biomass of these treatments never exceeded

eukaryote algae continued to exhibit a negative response ratio. The

250 µg/L for cyanobacteria and 60 µg/L for eukaryote algae over

elevated temperature and nutrient addition (30°C N + P) intensified

the entire experimental period (Figure 1a,c). Further, when nutrients

the negative response ratio of the eukaryote algae. The RRcyano was

were added, cyanobacteria remained dominant (mean = 97.3%). In

significantly higher than the RRalgae (p = .002). In contrast, RRalgae in

contrast, nutrient additions boosted cyanobacteria biomass, which

water from the oligo-mesotrophic system were positive in both in

increased from 124.1 (±1.9) µg/L to 1,331.7 (±48.9) µg/L in the 25°C

nutrient enriched treatments (25°C N + P and 30°C N + P; Figure 3),

N + P treatment, and from 125.3 (±4.53) µg/L to 1,264.0 (±124.0)

but were significantly higher than RRcyano only in the 25°C N + P

µg/L in the 30°C N + P treatment (Figure 1b,d; Table 2).

treatment (p < .001). Nutrient addition led to a weaker positive

In water from the oligo-mesotrophic system at the start of
the experiment, eukaryote algae were more abundant (mean

RRcyano in the oligo-mesotrophic water, compared to the eutrophic
water (Figure 3).

F I G U R E 2 Eukaryote algae and
Cyanobacteria biomass (expressed
as chlorophyll-a concentration) in
experiments with oligo-mesotrophic
system phytoplankton community (error
bars indicate plus or minus one standard
error)

|
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TA B L E 2 Biomass (chlorophyll-a) and
relative abundance of Cyanobacteria and
Eukaryote algae at beginning and end of
experimental period

Eukaryote algae
Treatment

Days

Biomass (Chl-a µg/L)

279

Cyanobacteria
%

Biomass (Chl-a µg/L)

%

OLIGO-MESOTROPHIC SYSTEM
25°C
25°C N + P
30°C
30°C N + P

0

10.02

71.7

3.96

28.3

7

8.87

50.2

8.80

49.8

0

7.34

66.7

3.66

33.3

7

34.59

57.1

25.98

42.9

0

6.98

63.0

4.10

37.0

7

8.10

51.0

7.79

49.0

0

7.18

64.2

4.00

35.8

7

10.97

41.0

15.77

59.0

12.4

127.0

EUTROPHIC SYSTEM
25°C

0

17.9

7

60.1

29.4

144.1

70.6

25°C N + P

0

16.8

11.9

124.1

88.1

30°C
30°C N + P

87.6

7

51.7

4.2

1190.1

95.8

0

16.4

11.2

130.0

88.8

7

56.8

30.2

131.3

69.8

0

16.2

11.4

125.0

88.6

7

13.4

1.3

993.0

98.7

F I G U R E 3 Response ratio of
cyanobacteria and eukaryotic algae
growth rate to each treatment (25°C,
30°C, 25°C N + P and 3°C N + P) in
eutrophic system and oligo-mesotrophic
system experiments (error bars indicate
plus or minus one standard error)

4 | D I S CU S S I O N
4.1 | What is the effect of temperature and
eutrophication on phytoplankton communities in
tropical ecosystems exhibiting different trophic
states?

system. In fact, the response ratios were negative, meaning the
phytoplankton biomass declined in eutrophic system. For the
oligo-mesotrophic system, the small phytoplankton biomass increase at 25°C seems to indicate higher temperatures can promote
damage in the phytoplankton community. Thus, the significance of
a direct warming effect on freshwater phytoplankton, and particularly on stimulating cyanobacteria growths, may be questioned.

The results of the present study clearly indicated that tempera-

It seems more likely that indirect effects of warming (increased

ture alone did not lead to higher cyanobacteria biomass in the

thermal stratification and water column stability) will promote cy-

experiments with water from an oligo-mesotrophic and eutrophic

anobacteria (with buoyancy control) over non-flagellate eukaryote

280
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algae (Carey et al. 2012). Nevertheless, the most important driver

of the incubation. This was not surprising since M. aeruginosa and

of cyanobacteria blooms by far is increased nutrient concentra-

M. panniformes were reported as dominant species in cyanobacterial

tions (Brookes and Carey, 2011).

blooms in Jacarepaguá Lagoon and Samuel Reservoir, respectively.

The present study demonstrated that adding extra nutrients re-

The existence of oligotrophic and mesotrophic reservoirs in

sulted in a higher phytoplankton biomass in water from both the oli-

Brazil that are devoid of nuisance blooms (Lopes et al. 2005; Soares

go-mesotrophic and the eutrophic systems. The response was much

et al. 2008), in close proximity to eutrophic reservoirs suffering from

stronger in the water from the eutrophic system, with the cyanobac-

cyanobacterial blooms (Marinho and Huszar, 2002; Molisani et al.

teria biomass increasing to very high levels. There was no synergism,

2010; Rangel et al. 2012, Soares et al. 2008, 2009), highlights that

however, between the nutrient addition and the temperature in the

warmer temperature alone is not a key driver of cyanobacterial

cyanobacteria development, in contrast to a previous suggestion

blooms, at least in the study region. Several studies have addressed

that this synergism played a role in eutrophic and hyper-eutrophic

the indirect effects of climate change, although nutrient loading may

systems (Rigosi et al. 2014). The present study also demonstrated

be more important than the direct effects of temperature increases

that, under high nutrient conditions, no evidence of a temperature

(Carey et al. 2012; De Senerpont Domis et al. 2013), pointing to eu-

effect on cyanobacteria biomass was observed. Nonetheless, the

trophication as a primary factor. Indeed, higher nutrient availability

results provide further evidence that eutrophic lakes with cyano-

will allow more biomass build-up, whereas pulsed fluxes after short,

bacterial blooms can also be sensitive to nutrient pulses, causing

intense storms that increase soil erosion will further fuel cyanobac-

a further increase in cyanobacteria biomass and creating an even

terial blooms (Moss et al. 2011). In addition, warmer temperature

worse scenario. In high-nutrient systems, light might become a lim-

could lead to more water column stability, thereby promoting cya-

iting factor steering cyanobacteria development (Rigosi et al. 2014).

nobacterial nuisance as is evidenced in previous studies indicating

Yet some cyanobacteria species (e.g., Planktothrix agardhii) are par-

that cyanobacterial nuisance in typical heat wave years depended on

ticularly equipped to thrive under such conditions (Reynolds and

water column stability (Huber et al. 2012; Jöhnk et al. 2008). Water

Huszar, 2002).

column stability was not included as a factor in the present study

The different responses to nutrient additions between the water

since the flasks were shaken twice daily. This did not hamper cyano-

from the oligo-mesotrophic and the eutrophic system underpin that

bacteria growth at all, however, since strong cyanobacteria increases

lowering the nutrient status of lakes will render them less vulnera-

in the nutrient-enriched eutrophic water treatments were observed.

ble to the predicted effects of global changes (Brookes and Carey,

Nevertheless, water column stability is an important factor. Even in

2011). These are likely the indirect effects that favour cyanobac-

oligo-mesotrophic lakes with low water column cyanobacteria bio-

teria biomass accumulation either at the water surface as a conse-

mass, wind-driven cyanobacteria scum accumulation may occur at

quence of water column stability, or when populations are fuelled

certain nearshore sites, while the open waters may be quite clear

from enhanced internal nutrient release and pulsed nutrient addi-

(Johnston and Jacoby, 2003). Both aspects of warming, including

tions following precipitation. Such indirect effects may actually be

water column stability-driven surface accumulation and enhanced

more important than the direct effects on growth (Carey et al. 2012;

nutrient loading, should forewarn water authorities of the important

Lürling et al. 2013). Thus, the lower biomass observed in water from

need for strong eutrophication control since only very low cyano-

the oligo-mesotrophic systems seems to enhance resistance against

bacteria biomasses will facilitate non-hazardous water conditions.

nutrient pulses, as evident from the lower RRcyano found in the pres-

In fact, this may be more necessary in tropical areas since tropical

ent study.

waters tend to be more vulnerable to eutrophication than temperate

The share of cyanobacteria comprising the phytoplankton com-

systems; namely because at elevated temperatures in shallow lakes

munity was lower in water from the oligo-mesotrophic system than

the loss of submerged vegetation and a switch to cyanobacteria

in water from the eutrophic system, as expected from the general

might occur at lower nutrient concentrations (Kosten et al. 2009).

tendency of cyanobacteria dominance in eutrophic systems (Watson

Thus, reduced nutrient inputs are not only relevant to counteract

et al. 1997). In a shallow lake survey spanning several climate regions,

indirect climate warming consequences in temperate shallow lakes

temperature was identified as the single most explanatory variable

(Jeppesen et al. 2003), but also are relevant for tropical lakes.

of the percent cyanobacteria in the phytoplankton community
(Kosten et al. 2012). The results of the present study, however, did
not produce an increase in the share of cyanobacteria when water

5 | CO N C LU S I O N

from either the oligo-mesotrophic or the eutrophic system was incubated at higher temperatures. Although the eutrophic water was

A widely held belief within the scientific community is that global

already dominated by cyanobacteria (88%), nutrients rather than

warming and corresponding increases in water temperatures will

warming, further stimulated cyanobacteria contribution to 97% of

promote cyanobacteria blooms. The present study, however, sug-

the total phytoplankton. Likewise, temperature variations alone had

gests an increase in water temperature alone is not necessarily the

no significant effect on the share of cyanobacteria in water from the

case because the results demonstrate that warming alone does

oligo-mesotrophic system. Microcystis spp. were the only cyanobac-

not significantly change the phytoplankton community. Rather, the

teria in both the oligo-mesotrophic and eutrophic systems at the end

process of eutrophication contributes more to such changes than

|
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warming alone. Thus, it is important to emphasize that the complete scenario described during discussions about global warming
and/or climate change events consider the holistic effects of those
events to water bodies. In other words, these discussions should include not only temperature or nutrient increase effects alone, but
also the complex interactions among relevant physical, chemical
and biological parameters as well as the frequency and intensity of
those 'pulses'. Further, water systems exhibiting different trophic
states can respond to nutrient enrichment in different ways.
Eutrophic water systems were shown to exhibit intensified cyanobacteria dominance when more nutrients were added. In contrast,
oligo-mesotrophic systems exhibited a relatively bigger resistance
to nutrient addition that did not cause a change in the phytoplankton groups composition during the experimental time. All groups
of algae could be favoured by eutrophication, independent of a
direct temperature effect. This suggests cyanobacteria dominance
can be favoured by further nutrient additions in eutrophic water
systems. Since global warming associated with extreme climatic
events are assumed to indirectly intensify eutrophication symptoms, the results of the present study underscore the importance
of proper water management by regulatory agencies regarding the
control of nutrient content/inputs into water systems. In addition,
governing bodies and regulatory agencies must work to preserve
already pristine ecosystems where they exist. Further, the results
of the present study also suggest the potential resilience observed
in oligo-mesotrophic systems in tropical regions requires further
study for a better understanding of their dynamics in regard to
these factors.
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