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Abstract.  Understanding material input changes within estuarine environments is essential to
assess  nutrient  exportation  to  nearshore  coastal  waters  and  their  influence  on  coastal  and
oceanic  region ecology.  This  study is  aimed at  describing the nutrient  and phytoplanktonic
biomass dynamics in a tropical estuary, affected by sewage and agricultural run-off, through a
microcosm experiment. Dissolved organic and inorganic N (DON and DIN), and P (DOP and
DIP), chlorophyll-a and silicate were measured during dry and rainy periods to compare the
inner and outer portions of the Cachoeira River estuary. In the inner portion at the beginning of
the experiment, NH3

+NH4
+, DOP, SiO4

-4 and PO4
3 concentrations were highest during the rainy

period, while, the highest values of chlorophyll-a and DON occurred in the dry period. The
nutrient  assimilation  by  phytoplankton  was  responsible  for  N-ammoniacal,  nitrate  and
phosphate decrease. Nitrate was the greatest source of nitrogen and was totally depleted into the
incubation days. Nitrification occurred, but possibly was not the most relevant mechanism in
removal  of  NH3

+NH4
+.  DON and  DOP were  probably  used  by  phytoplankton.  The  highest

nutrients  concentrations  in  the  inner  portion  confirmed  the  influence  of  sewage  discharge
nutrient dynamics and a water renewal in the outer portion indicated by previous studies in the
Cachoeira River estuary.
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Resumo: Dinâmica  de  nutrientes  em  um  estuário  tropical:  uma  abordagem  com
microcosmo.  Compreender  mudanças  na  entrada  de  material  em estuários  é  essencial  para
avaliar a exportação de nutrientes em águas costeiras e sua influência na ecologia da região
oceânica. Este estudo teve como objetivo descrever a dinâmica da biomassa fitoplanctônica e de
nutrientes  em  estuário  tropical  afetado  por  escoamento  agrícola  e  esgoto  por  meio  de
experimento com microcosmos. Foram medidos nitrogênio e fósforo orgânicos e inorgânicos
dissolvidos (NOD, NID, POD e PID, respectivamente), clorofila-a e silicato, comparando as
porções interna e externa do estuário do Rio Cachoeira, nos períodos seco e chuvoso. Na porção
interna, principalmente no início do experiment, as concentrações de NID, POD, SiO4

-4 e PO4
3

foram maiores durante o período chuvoso e os maiores valores de clorofila-a e NOD ocorreram
no período seco. A assimilação dos nutrientes pelo fitoplâncton foi responsável pela diminuição
do N-amoniacal, nitrato e fosfato. O nitrato foi a maior fonte de nitrogênio sendo consumido
durante a incubação. A nitrificação ocorreu, mas possivelmente não foi o principal mecanismo
na remoção do NH3

+NH4
+, o NOD e o POD provavelmente foram utilizados pelo fitoplâncton.

Os padrões encontrados na porção interna confirmaram a influência do lançamento de esgoto
para a dinâmica de nutrientes já apontada em estudos anteriores no estuário estudado.
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Introduction
Tropical estuaries are one of the most valuable

and  productive  ecosystems  on  Earth,  providing
several  physical,  chemical,  geomorphologic,
environmental,  and  habitats  such  as  mangrove
forests and seagrass beds (McLusky & Elliot 2004,
Carvalho & Fidélis 2013). These ecosystems provide
many environmental services, but are responding to
the many anthropogenic pressures that occur within
their watersheds. Those pressures include population
growth,  urbanization,  industry,  and  agriculture
(Zapata et al. 2018). Land activities affect the runoff
and  may  provoke  an  increase  of  pollutant  and
nutrient loading into coastal waters that promote the
removal, alteration, or destruction of natural habitat
(Vitousek  et al. 1997, Syvitski  et al. 2005, Halpern
et al. 2008).

In coastal estuarine ecosystems surrounded by
large  human  populations,  biological  assimilation,
and regeneration of nutrients are commonly altered
by  anthropogenic  activities.  The  understanding  of
the  changes  within  the  estuarine  environment  is
essential  to  assess  the  export  of  nutrients  to
nearshore coastal waters and how they influence the
ecology of  coastal  and oceanic  regions (Davies  &
Eyre  2005).  The  most  significant  anthropogenic
impacts on estuarine ecosystems are the high load of
nitrogen  and  phosphorus  from  domestic  and
industrial effluents that results in a process known as
"anthropogenic eutrophication” (Nixon 1995, Smith
et  al. 1999, Pinckney  et al.  2001,  Rabalais 2002,
Turner  et  al.  2003).  In  estuaries,  the  recycling  of
organic  matter,  nutrient  adsorption/desorption,  and
sedimentation are relevant biological processes that
affect the dynamics of nutrients such as nitrogen and
phosphorus  (McKee  et  al. 2000,  Fukushima  et  al.
2001, Davies & Eyre 2005).

Brazilian  estuaries  and  coastal  waters  are
subject  to  intensive  anthropogenic  eutrophication
that  is  common  in  urban  areas  where  municipal
sewage  collection and treatment  systems are  often
inadequate  or  even  nonexistent  (Marques  et  al.
2004).  In this case, the Cachoeira River estuary is a
typical  tropical  estuary  dominated  by  mangroves,
located on the Eastern Brazilian Coast (Silva  et al.
2015),  that  faces  anthropogenic  eutrophication.
Several  anthropic  activities  have  developed  along
the  Cachoeira  River  hydrographic  basin,  which
contribute to increasing concentrations of N and P in
many forms (Souza 2005, Souza et al. 2009, Lima et
al. 2010, Lucio et al. 2012, Silva et al. 2013, Silva et

al. 2015, Santos  et al. 2018). The activities include
pasture,  agriculture,  cacao  crop  cultivation  as  an
agroforest  system,  and  wastewater  release  of
untreated  domestic  and  industrial  effluents  in  the
riverbed (Cerqueira et al. 2020).   

Previous  studies  in  the  Cachoeira  River
estuary  revelated  that  the  inner  portion  can  be
ranked as hypereutrophic, while the outer portion is
mesotrophic (Souza 2005, Souza  et al. 2009, Silva
et al. 2013). It is hypothesized that the differences
between the inner and outer estuary are probably a
consequence  of  the  direct  input  of  anthropogenic
nutrients  in  the  inner  portion.  Beyond  that,  it  is
related  to  the  geomorphologic  characteristics  and
higher  hydrodynamics  of  the  outer  estuary,  which
promotes greater water renewal and dilution in the
outer  estuary.  These  studies  also  described  high
concentrations  of  nutrients  and  phytoplankton
biomass,  especially  in  the  inner  portion  of  the
estuary.  In  addition  to  dilution,  the  high
phytoplankton  biomass  observed  indicates  that
phytoplankton  plays  a  key  role  in  nutrient  uptake
and removal in Cachoeira River estuary. 

To  elucidate  the  relation  between  dynamics
and  the  phytoplanktonic  biomass  behavior,  the
DON,  DIN,  DOP,  phosphate  and  silicate  were
measured  through  a  microcosm  experiment,
comparing sections from inner and outer Cachoeira
River  estuary  portions  during  the  rainy  and  dry
periods. Thus, our objectives were (I) to observe the
variations  in  phytoplanktonic  biomass
(Chlorophylla-a),  DON, DIN,  DOP,  phosphate and
silicate  concentrations  (II)  to  describe  the
mechanisms to the N-ammoniacal removal (III) and
to compare the results by the inner and outer estuary
portions  during  dry  and  rainy  periods.
Phytoplanktonic  biomass  was  represented  by
Chlorophyll-a concentration. 

Material and Methods
Study  Area:  The  drainage  basin  of  the  Cachoeira
River is approximately 4,600 km2 (Melo et al. 2014)
(Fig. 1). The total population in the basin is around
600,000 inhabitants and is located close to the coast.
The main  land  use  in  the  basin  is  80.1% pasture,
with cacao crop cultivation constituting 11.7% of the
area,  3.9% is  secondary  forest  and  urban systems
corresponding  to  4.3%.  The  city  of  Itabuna
represents 69% of the total urban area with around
214,000  inhabitants  (Cerqueira  et  al. 2020;  IBGE
2020).  The climate is humid tropical, with average
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Figure 1. Map of the study area showing the location of sampling stations in the Cachoeira River Estuary. Stations 1
and 2 = corresponding to the inner estuary portion; Stations 3 and 4 = corresponding to the outer estuary portion. STP =
sewage treatment plant

annual temperature of 24.6 °C and rainfall between
1,500 and 2,000 mm (Klumpp et al. 2002). The rain
and fluvial  discharge are characterized by extreme
irregularities,  thus  the  annual  average  fluvial
discharge  is  24.1  m3s−1,  with  historical  records
showing values between 0.2 and 1,460 m3s−1 (Bahia
2001).  This estuary is approximately  16 km2

surrounded by a mangrove area of 13 km2 and has a
system  of semi-diurnal  tide with  a  height  of
approximately 2 m. 

The Cachoeira River estuary behavior during
the high and low river flow period was studied by
Souza (2005), Souza et al. (2009), Silva et al. (2013)
and Silva  et  al.  (2015).  These studies have shown
that the salinity increases with the tide as the main
hydrological force.  At the boundary between these
two sections, there is  a  sandbar, which during the
low  flow,  blocks  the  passage of  seawater,  thus
hampering water  exchange with the  inner  portion.
Under  these conditions, a  long residence  time  of
water is observed in the inner portion of the estuary.
In  this  area of  the  estuary,  saline stratification
commonly occurs  during the dry period and early
rains.  The  outer  portion of  the  estuary is

predominantly well  mixed  and has  a  great water
exchange with the sea. 
Experimental design: Despite the rainfall being well
distributed throughout the year in the estuary area, it
is possible to highlight that month with high and low
rainfall  volumes as April  and August,  respectively.
The months for data collection were chosen from the
observations  of  the  monthly  average  and  total
rainfall  over  the  last  12  years  presented  by  the
Weather  Monitoring  Program  in  Real  Time  -
PROCLIMA (Figs. 1, 2; Table SI).

To define dry and rainy periods in this study,
the  sampling  months  were  chosen  considering  the
weekly total precipitation values and the discharge.
Thus, the data collection was carried out on August
18th of 2009, it was defined as the dry period with
weekly total precipitation of 17,24 mm (Fig. 3) with
discharge 3.1 x 107 m 3 month -1 (Silva, 2012). The
second data collection was carried out on April 15th
of 2010 and it was defined as a rainy period with
weekly total precipitation of 72,17 mm (Fig. 3) with
discharge  8.79  x 107 m 3 month  -1 (Silva,  2012).
According to the McLusky & Elliott (2004)
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Figure 2. Monthly total precipitation (mm) from 1999 to 2010 in the Cachoeira River Estuary by Weather Monitoring
(PROCLIMA).
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Figure 3. Daily precipitation (mm) from 2009 to 2010 in the Cachoeira River Estuary by Weather Monitoring Program
in Real Time (PROCLIMA). Arrow is indicating the data collection day.

classification, the Cachoeira River estuary varies at
the beginning of the rainy period from positive well
stratified  to  partially  stratified  (Souza,  2005).
However,  at  the dry period,  it  can be negative (or
inverse; Guimarães, 2006).

Surface water  samples (60 L)  were collected
in triplicate at four stations located along the salinity
gradient in  the  Cachoeira  River  estuary  (Fig.  1).
Station 1 was  located  upstream of  the  sewage
treatment plant (STP) and the station 2 immediately
downstream,  both  stations  in  the  inner  estuary
portion. Stations 3 and 4 were located in the outer
portion of the estuary (Fig. 1). The triplicate water
samples from each station were collected during the
dry and rainy periods and transferred to a protected
area located in the Ilhéus City Harbor to perform the
microcosm system (Fig. 4). The microcosm system
was  used  to  analyze  the  processes  related  to  the
removal of nutrients by phytoplanktonic assimilation
observed by the relations between the Chlorophyll-a
concentration,  silicate,  phosphate and  DON,  DIN
and DOP.
Microcosm  system  and  sampling:  The  microcosm
experimental system consists of a structure of iron
bars, polyethylene foam tubes, and clear plastic bags
with a capacity of 60 L floating in a harbor protected
area (Fig.  4).  The distance between the lower part
(polyethylene floating foam) and the “mouth” of the
microcosm  was  designed  to  prevent  water  from
entering  the  microcosm  environment.  In  addition,
there  was  an  umbrella-cover  type  made  of
transparent plastic to prevent the entry of rainwater
in the microcosms and allowing the passage of light.
The microcosms were assembled and lined up in the
surface of water with the aid of ropes, totaling 12
experimental  units  (triplicate  of  the  four  sampling
stations).  The distances  between microcosms were

defined at approximately 1m to prevent shadowing
(Fig. 4).

To compose the microcosm experiment, 60 L
triplicate  water  samples  were  collected  from  the
stations  (1,2,3,  and  4)  during  the  dry  and  rainy
periods and transported with a polyethylene bucket
(on  the  same  day)  to  the  microcosm  experiment
deployed  at  the  Ilhéus  City  Harbor.  These  water
sample collections from stations were performed in
one  day  for  each  period.  All  of  the polyethylene
bottles  were  previously washed with  HCl  1:1  and
distilled water.  In  each sampling station the water
temperature,  pH, and  dissolved  oxygen were
measured in situ.

The microcosms experiments lasted 15 days
for each dry and rainy period. The experiment was
carried out by collecting 1 L water aliquot every two
days in each microcosm at around 9:00 AM using a
beaker.  The  aliquots  were  transferred  into
polyethylene  bottles  previously  washed  with  HCl
1:1 and distilled water. The aliquots were kept under
refrigeration during transportation for analysis at the
laboratory. 

Every two days the water temperature (± 0.1 º
C), salinity  (±  0.1) and pH (± 0.01) were measured
during water sampling using a  WTW Multiline P4
portable digital  meter, previously calibrated.
Dissolved oxygen was measured using a Hanna HI
9143 meter. At the laboratory, the water samples for
nutrient  analysis were  filtered  through glass fiber
filters GF50/A 47mm, previously combusted at 450
°C  and through  25-mm GF934/AH filters
(Schleicher and Schuell) for analysis of chlorophyll-
a.  Aliquots of  the  filtrate were  frozen for  later
analysis of  chlorophyll-a, dissolved  inorganic
nitrogen  (DIN:  N-ammoniacal,  nitrite,  nitrate),
orthophosphate and orthosilicate, dissolved organic
nitrogen (DON) and dissolved organic phosphorus
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Figura 4. Schematic of the microcosm (a) image of the microcosm experiment assembled in the Ilhéus City Harbor (b).

(DOP).
Chlorophyll-a  was  extracted  using 90%

acetone in the dark and cold (-12ºC)  and analyzed
according  to  the spectrophotometric  method of
Parsons et al. (1984), using a  VIS Perkin Elmer
spectrophotometer. The calculation of chlorophyll-a
concentration was  done  according  to Jeffrey and
Humphrey (1975).  Concentration  of  nutrients  was
determined  by  spectrophotometric  methods
according to Grasshoff  et  al.  (1983) and dissolved
silicate  (orthosilicate)  as  described  in  Carmouze
(1994). Nitrite was determined using the diazotation
method  (detection  limit  0.02  μM);  nitrate  was
determined by cadmium reduction into nitrite (nitrite
limit plus a coefficient of variation ±3% in the range
0-10  μM);  ammonium  was  measured
spectrophotometrically  by  the  indophenol  blue
method (detection  limit  0.05  μM);  orthophosphate
by the  ascorbic  acid  molybdate  method (detection
limit 0.01 μM); dissolved silicate was determined by
the  ammonium molybdate  method (detection  limit
0.1 μM). 

The dissolved  organic nitrogen  (DON)  and
phosphorus (DOP) were analyzed by digestion with
persulfate (Grasshoff  et al. 1983). After  digestion,
analysis  followed  the  same methodology  used  for
the inorganic nutrients.  The organic fractions were
obtained by  the  difference  between inorganic
nutrient concentrations (DIN and DOP) found in the
samples  digested with potassium  persulfate.  The
detection  limit  is  0.2  µM  (DON)  and  0.02  µM
(DOP). 

Statistical  Analysis:  To perform the statistical  test,
the  data  were  treated  by  division  into  three parts
(beginning, middle, end) throughout the experiment:
the  beginning  was  the  first  five  days  of  the
experiment;  the  middle  was  the  five  intermediate
days; and the end was the last five days. To compare
the  differences  of  nutrients and  chlorophyll-a
concentration between stations and periods, we used
two-way  analysis of variance (ANOVA),  p(α=0.05)
with  repeated  measures.  The  comparison between
means was  performed  using Fisher's as  posteriori
test (p<0.05). When the data did not pass the test of
normality  and homoscedasticity, a  logarithmic
transformation was  performed and  the  data  were
normalized using (Log10 (X +1) (Zar 1999). 

Results
The  ANOVA two-way  test  p (α=0.05)  with

repeated  measures,  evidenced  that  except  for  the
water temperature, there is an interaction among the
parameters of salinity, pH, dissolved oxygen, total of
suspend  solids,  as  chlorophyll-a  and  nutrients
(NH3

+NH4
+,  NO2

-NO3
-,  PO ³ ,  SiO₄ ⁻ 4

-4,  DON,  DOP;
Table II).  

Concerning  the  posteriori test comparation
using Fisher's  (p<0.05),  in  both  dry and  rainy
periods, the salinity ranged from 0.3 to 35.3 in the
outer  microcosms  (3  and  4),  which  had salinity
values  significantly (p<0.05) higher than the inner
estuary  portion  (microcosms  1  and  2;  Fig.  5a).
Throughout  the  study,  the  temperature  was
significantly (p<0.05) higher during the rainy period,
which ranged from 26.6 to 29.1 °C than in the dry 
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Table II. Values obtained by Anova Two way (variance -
F and p-value) for parameter interaction between periods
(dry and rainy) and sampled stations

Parameter F p-value

salinity 8.4 0.0000

Temperature 2.1 0.0892

pH 13.8 0.0000

Dissolved oxygen 10.2 0.0000

Total Suspend Solids 5.8 0.0000

NH3
+NH4

+ 9.3 0.0000

NO2
- 4.1 0.0018

NO3
- 4.1 0.0005

PO ³₄ ⁻ 8.4 0.0000

SiO4
-4 22.4 0.0000

DON 8.6 0.0000

DOP 4.2 0.0038

chlorophyll-a 67.5 0.0000

period (Fig. 5b). At the beginning of the experiment,
microcosms  1  and  2  had  significantly  (p<0.05)
higher mean temperature compared to 3 and 4.  In
general the pH, it varied from 6.36 to 9.03 in both
periods,  lower  pH  values  were  found  at  the
beginning  of  incubation  (Fig.  5c).  During  the  dry
period, the pH means in microcosms 1 and 2 were
significantly (p<0.05) higher than microcosms 3 and
4 and the opposite was observed in the rainy period.
The dissolved oxygen saturation values ranged from
27.7% to  149% throughout  dry  and  rainy  periods
(Fig. 5d). The dissolved oxygen saturation between
the dry and rainy periods showed more variation in
microcosms 1 and 2 especially during the beginning
of  the  experiment  than  the  microcosms  3  and  4.
These  microcosms  also  tended  to  show  more
dissolved oxygen saturation than microcosms 1 and
2 (Fig. 5).

In  general,  in  both  periods  the  dissolved
nitrogen concentrations in the inner estuary portion
(microcosms  1  and  2)  were  significantly  (p<0.05)
higher  than  the  outer  estuary  portion  (3  and  4
microcosm) (Figs. 6a - 6d). In the microcosms 1 and
2 during the dry period, N-ammoniacal, nitrite, and
nitrate  concentrations  ranged  from  below  the
detection limit to a maximum 16.5 μM, 2.81 μM and
92.1  μM, respectively (Figs. 6a - 6c).  In the rainy
period,  the  concentrations  ranged  from  below the
detection  limit  to  a  maximum  of  60.9  μM
(NH3

+NH4
+),  2.60  μM (NO2

-)  and 84.4  μM (NO3
-)

(Figs. 6a - 6c). For the microcosms 3 and 4 a range
from below the  detection  limit  to  a  maximum  of
NH3

+NH4
+ = 4.8 and 50.1 μM was observed; NO2

-  =
1.1 and 1.5 μM; NO3

-  = 7.1 and 25.1 μM (to the dry
and rainy periods, respectively). With the exception
to  the  microcosm  4,  the  maximum  of  DIN
concentration was observed in the beginning of the
experiment (until day 5) (Fig. 6).

Concerning  the  dissolved  inorganic  nitrogen
(DIN) variation through the microcosm experiment,
the  maximum  value  was  observed  until  day  5.
Afterwards,  the  concentrations  decreased  in  all
microcosms  (Figs.  6a  -  6b).  At  the  end  of  the
experiement  in  the  rainy  period,  there  was  an
increase  of  the  N-ammoniacal  and  nitrite
concentrations (Figs. 6a - 6b). It was also observed
that the nitrate concentrations were higher than N-
ammoniacal  at  the  beginning  of  the  experiments
(Fig.  6c).  In  microcosms 1  and  2,  during  the  dry
period,  a  peak  of  nitrate  was  observed  in  day  2,
coinciding  with  a  decrease  in  N-ammoniacal
concentration,  and  it  was  significantly  (p<0.05)
higher compared to microcosms 3 and 4 (Fig 6c). In
microcosm 1 during the dry period, at the beginning
of  the  experiment,  the  nitrate  means  were
significantly  (p<0.05)  higher compared to the rainy
period (Fig 6c). 

In  the  inner  estuary  portion  the  dissolved
organic  nitrogen  (DON)  concentrations  started  to
increase on day 3 and were significantly  (p<0.05)
higher than the outer estuary portion that started to
increase on day 5 (Fig. 6d). The DON concentration
increased  as  the  experiment  progressed.  In
microcosm  1  and  2  the  values  ranged  from  the
detection  limit  to  104.1  M  (rainy  period)  and
varied  to  a  maximum  of  80.1μM (dry  period).
However,  for  the  microcosms  3  and  4  the  DON
concentration in the rainy and dry periods did not
exceed 70.1 μM (Fig.6d). However, in microcosm 2
at the beginning of the experiment, the DON was a
significantly  (p<0.05) higher  in  the  dry  period
compared to the rainy period. 

The  phosphate  concentrations  were
significantly  (p<0.05) higher  in the  inner  than  the
outer estuary portion in both dry and rainy periods
(Fig. 7a).  In microcosms 1 and 2 a range below the
detection  limit  to  a  maximum  of  15.9  µM  was
observed in the dry period, and up to 12.9 µM in the
rainy  period  (Fig.  7a).  In  microcosms  3  and  4,
respectively, a range below the detection limit to a
maximum of 3.1 and 0.91 µM was observed in the
dry  period  and,  to  5.8  and  0.51  µM  in  the  rainy
period. In the microcosms 1 and 2, in the beginning
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Figure 5. Salinity variation  (a),  Temperature – T°  (b),  pH (c)  Saturation of  dissolved oxygen (d)  in a microcosm
experiment during 15 days.  The bars indicate the standard deviation. Dry Period = closed square and Rainy Period =
open cycle. The microcosms (1-4) are referring their 4 sampling stations.  Note the difference in scale

of  the  experiment,  the  phosphate  concentrations
were higher during the rainy period compared to the
dry period.  With the exception of microcosm 4,  it
was observed that the PO4

3- concentration decreased
until day 5, and only in microcosm 2 during the dry
period,  a  significant  (p<0.05) phosphate  increase
was registered in the end of the experiment (Fig. 7a).

For the dissolved organic phosphorus (DOP),
significantly  (p<0.05)  higher  concentrations  were
observed in the inner portion than the outer estuary
portion for dry and rainy periods (Fig. 7b). The DOP
varied throughout the incubation in distinct patterns
along  to  the  estuary  portions.  Only  in  the  inner
portion,  a  significantly  (p<0.05)  higher
concentration  was  detected  during  the  rainy
compared to the dry period. Thus, in microcosms 1
and 2 a range from below the detection limit  to a
maximum  of  5.20  µM (in  the  dry  period)  was
observed  and  to  9.94  µM in  the  rainy  period

(Fig.7b).  Regarding the outer portion, during the dry
period,  a  DOP  concentration  below  the  detected
limit was observed until day 11, when DOP began to
increase  at  the  end of  experiment,  to  significantly
(p<0.05) higher concentrations as  compared to the
rainy period. Only in microcosm 3, during the rainy
period, was a maximum of 1.2 µM was observed in
the beginning of the incubation on day 2 (Fig.7b). 

For both periods (dry and rainy) the silicate
concentrations  were  more  elevated  in  the  inner
estuary  portion  (dry=  from  10.1  to  60.1  µM  and
rainy= ranged from 90.1 to 275.1 µM) than in the
outer portion (dry= variated from 5.21 to 30.1 µM
and rainy= from 2.10 to 51.2 µM; Fig. 7c). 
It  is  important  to  note  that  during the dry period,
between  days  3  and  7,  silicate  was  not  analyzed.
Regarding  the  SiO4

-4  fluctuation throughout  the
experiment, except in microcosm 4, it was identified
that, in the rainy period the concentrations increased 
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Figure 6. Concentrations variation (M) of N-ammoniacal – NH3
+ NH4

+ (a), nitrite – NO2
-(b)  nitrate – NO3

-, (c) and
Dissolved Organic Nitrogen - DON (d) in a microcosm experiment with a duration of 15 days. The error bars indicate
the standard deviation.  Dry Period = closed square and Rainy Period = open circle. The microcosms (1-4) are referring
their 4 sampling stations.  Note the difference in scales.

in  the  beginning  of  incubation  with  a  maximum
value on day 3 (especially for microcosms 1 and 2)
and started to decrease until  they were constant in
the end of incubation (day 9; Fig. 7c).

The  Chlorophyll-a  concentrations  registered
in the inner estuary portion were more elevated than
the  outer  portion  (Fig.  7d).  Thus,  in  the  inner
portion,  chlorophyll-a  concentrations  at  the
beginning  of  the  experiment  were  significantly
(p<0.05) higher in the dry period (maximum value
of 249.1 µg/L and 728 µg/L for microcosms 1 and 2,
respectively)  than  in  the  rainy  period  (maximum
value of 111.1µg/L for both microcosms 1 and 2). In
the  middle  of  the  experiment,  the  chlorophyll-a
mean  in  microcosms  1  and  2  was  significantly
(p<0.05) higher during the rainy compared to the dry
period, and reached a peak of about 100.1  µg/L on
day  5  of  incubation  (Fig.  7d).  In  the  dry  period,

except in microcosm 2, an increase of Chlorophyll-a
concentrations was observed in day 2 of incubation
reaching  a  maximum  and  after  that,  the
concentrations started to decrease (Fig. 7d). In
microcosm 2,  in  the  middle  of  the  experiment
(between days 7 and 9) after the lowest value,
the  chlorophyll-a  concentrations  started  to
increase again (Fig. 7d). 

Discussion
Nutrient concentration difference between the

rainy  and  the  dry  periods  and  inner  and  outer
portions  reflects  the  river  discharge  role  on
phytoplanktonic  biomass,  DON,  DIN,  DOP,
phosphate  and  silicate  dynamics  in  the  Cachoeira
River  estuary.  It  is  suggested  that  the  increase  in
nutrients  observed  from  inner  to  outer  estuary
portions are derived mainly from anthropogenic
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Figura 7. Concentrations variation (μM) of Phosphate – PO4
-3 (a), Dissolved Organic Phosphorus - DOP (b), Silicate –

SiO4
-4 (c) and Chlorophyll-a (d) in a microcosm experiment during 15 days. The bars indicate the standard deviation.

Dry Period = closed square and Rainy Period =  open cycle.  The  microcosms (1-4) are referring their  4 sampling
stations. Note the difference in scale.

sources.   For  example,  the  sewage effluent  of  the
treatment plant is located at the inner portion of this
estuary and raw sewage is released directly into the
Cachoeira  River.  The  anthropogenic  source  of  the
sewage effluent from the treatment plant to the inner
portion  affecting  the  dissolved  inorganic  nutrients
concentrations in situ of the Cachoeira River estuary
was also described by Klumpp et al. (2002), Souza
(2005),  Souza  et  al. (2009),  Lima  et  al. (2010),
Lucio et al. (2012), Silva et al. (2013, 2015), Santos
et  al. (2018),  and  Cerqueira  et  al. (2020).  In  this
case,  the  nutrient  decrease  observed  in  the  outer
portion  confirms  the  potential  for  a  greater  water
renewal and dilution in the outer estuary suggested
by Souza (2005),  Souza  et  al. (2009),  Silva  et  al.
(2013). 

In  inner  portion  (microcosms  1  and  2)
especially in the beginning of the incubation (until
day 5), during the rainy period, the DON, DOP, N-

ammoniacal,  phosphate  and  silicate  concentrations
were higher  than  the  dry  period,  due  to  increased
input of these nutrients from the watershed into the
estuary.  Additionally,  increasing river  discharges
lead to a greater transport of nutrients derived from
sewage effluents that are dumped into the Cachoeira
River  estuary.  Conversely,  the  chlorophyll-a
concentration, which in this study was measured as a
proxy for the phytoplankton biomass, was higher in
the  dry  compared  to  the  rainy  period.  This  is
possible  because  of  the  longer  residence  time  of
water in the estuary during the dry period the water
transparency is commonly greater than in the rainy
period.  Silva  (2012)  confirmed  that  observed  that
during the dry period (August of 2009) the estimate
to the water residence time was 7 days and to the
rainy period (April of 2010) was 3 days. In the inner
portion, in both dry and rainy periods it is believed
that the main biological process that occurred, at the
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beginning of the experiment, was the assimilation of
the  nutrients  by  phytoplankton.  This  may  be
indicated  by  the  trend  of  N-ammoniacal,  nitrite,
nitrate, and phosphate to decrease as the increase of
DON, DOP, and Chlorophyll-a concentrations.

Similarly,  the  increase  of  the  silicate  in  the
microcosms  during  the  rainy  period  was  clearly
observed in the inner portion, is also likely to be the
result  of  biogenic  silicate  regeneration,  produced
through  the  action  of  bacteria.  The  increased
concentration of  silicate throughout the  microcosm
experiment was also observed by Jesus & Odebrecht
(1999) using water from the Patos Lagoon estuary in
Rio Grande do Sul  State.  These authors suggested
that  the increase of silicate may be caused by the
dissolution of silica.  The regeneration of silicate by
bacteria occurs through  the  activity of  hydrolytic
enzymes,  which  act  on the  cell  walls of  diatoms,
removing  the  protective  layer of organic
diatomaceous and  exposing  walls of  silica  that
increases its  dissolution (Smetacek  1999, Bidle &
Azam 2001, Schultes et al. 2010).  The activity of
microzooplankton grazing on diatoms can  also
accelerate the silica dissolution process.

An exception was observed in  microcosm 2
during  the  dry  period  that  registered  a  maximum
value of chlorophyll-a concentration between days 1
and 5, and after that, chlorophyll-a decreased seven
times until day 7.  Another Chlorophyll-a peaked in
the middle of the experiment (days 7-11), which can
be  attributed  to  a  bloom  that  occurred  in  the
estuarine site (STP station - 2) and after that, even
absorbing  nutrients  during  the  incubation,
phytoplankton  cells  probably  died  due  to  light
limitation.  The  senescence  of  phytoplankton  in
microcosm 2 is confirmed by the trend to increase of
DON parallel to the chlorophyll-a decrease. Similar
results  were  registered  by  Edwards  et  al. (2005),
using water from a shallow lagoon (Rio Formosa)
and ocean water (Sagres) in microcosm experiments,
where  after  the  lowest  value,  the  chlorophyll-a
restarted to increase with the increase of dissolved
organic nutrients.

Based on the chlorophyll-a concentrations in
the microcosms it was suggested that in the water of
the  Cachoeira  River  estuary,  phytoplankton
assimilation was the main removal mechanism of N-
ammoniacal and that nitrate was used by the primary
producers  in  the  experiment.  Considering  that  in
both  dry  and  rainy  periods,  the  NH3

+  and  NH4
+

concentrations  did  not  decrease  when  nitrate
concentration increased, we instead suggest that the
microcosms demonstrate that nitrification is not the

only  responsible  process  for  the  removal  of  N-
ammoniacal.  Mixing  diagram  data  from  surveys
throughout  this  estuary  indicate  the  prevalence  of
nitrification  and  denitrification  alternately  in
different  months  (Souza  et  al. 2009,  Silva  et  al.
2013, 2015). The influence of denitrification in the
water column on nitrogen concentrations is the result
of  benthic-pelagic  interaction  present  in  natural
environments.  Thus,  in  addition  to  nitrogen
assimilation by phytoplankton, the coupling between
nitrification and denitrification is also important in
the removal of DIN in the estuary.

Only in the inner portion we clearly observed
that  between  both  dry  and  rainy  periods,  at  the
beginning of the incubation, the nitrate was higher
than  the  N-ammoniacal  concentrations.  This  may
indicate that the nitrification process had occurred in
the estuarine water column and /or sewage treatment
plant, and that the nitrate was also transported by the
soil  from  the  drainage  basin  of  the  estuary.  The
dissolved inorganic nitrogen (N-ammoniacal, nitrite,
and  nitrate)  and  phosphate  were  removed  at  the
beginning of the experiment (between days 1 and 5),
reaching low values after these days. 

Regardless of the  time of year and period of
collection  in  the  estuary,  the  DON concentrations
throughout  the  experiments showed a  similar
pattern. In all microcosms, the higher  DON  values
were  observed from  the  middle to  the  end  of
incubation. The  increasing  trend  of  DON
concentrations throughout the incubation, especially
in the inner portion, offer evidence to consider both
processes  as  organic  matter  decomposition  and
nutrient  regeneration. The DOP concentration  did
not show a  regular  pattern but  also  increased
throughout  the incubation  period.  DOP and DON
concentrations are released by the bacteria into the
environment through the decomposition of organic
matter.  They  are  also  liberated  by herbivorous
sloppy feeding,  excretion  or incomplete  digestion
(Pérez-Aragon  et al. 1984,  Hasegawa  et al. 2000,
Berman &  Bronk 2003)  and  exudation of
phytoplankton cells, death and cell lysis (Nausch &
Nausch 2006) claim  that the  release  of DOP  by
cyanobacteria occurs mainly during cell  death.
Besides these factors, physiological stressors such as
nutrient limitation and temperature can also increase
the production of DOP and DON (Myklestad  1995,
Zehr & Ward 2002).

Interestingly, in both the dry and rainy periods
the  DON  concentrations  were  higher than other
nitrogenous  forms  in  the  microcosms. In  fact,  in
many natural waters, DON concentrations are higher
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than DIN,  fraction comprising ammonium (NH4
 +),

nitrate (NO3
-) and nitrite (NO2

-).  The autochthonous
sources  may  include  release  by  exudation  from
phytoplankton, and bacteria, from cell death or viral
lysis,  or  from  zooplankton  grazing  and  excretion
(Berman & Bronk 2003).  However, concentrations
of DON and DOP were higher in microcosms 1 and
2, which were from water collected from the inner
portion of  the  estuary.  In  that  portion,  a  higher
concentration  of phytoplanktonic  biomass  was
observed,  but also a  greater input of organic matter
from river sources and from the sewage treatment
plant.  In  these microcosms, high phytoplankton
production, expressed as an increase of chlorophyll-
a in the middle and end of the experiment, may be
largely sustained by DON uptake. 

Traditionally, DON used to be seen as a large
"pool"  of  refractory N,  which only contributed to
bacterial  production (Bronk  et al. 2007).  This  is
because aquatic  bacteria are  capable  of  using a
variety of DON that can be sources of nitrogen and
carbon for biosynthesis or may be used as sources of
energy  (Kroer  et al. 1994). The  ability  of  these
microorganisms to use the DON is due to excretion
of  proteolytic  enzymes that  digest peptides  and
proteins, such that the monomers or oligonucleotides
can  be  absorbed and  metabolized by  bacteria.
However, other studies have shown the importance
of DON as a nutrient source for primary production,
including  some  noxious  species of  phytoplankton,
which can obtain a substantial  part of its  nutrition
from organic  compounds (Berman &  Bronk 2003,
Bronk et  al. 2007, Cochlan et al. 2008,  Bradley et
al. 2010).  Like DON, several  studies have reported
the use of DOP by phytoplankton, especially  in the
case  of phosphorus  deficiency,  and  also by
bacterioplankton (Lomas  et al. 2010, Yoshimura &
Kudo 2011, Wang et al. 2011).

Conclusion
The  microcosm  experiments  revealed  that

there is no clear pattern of phytoplanktonic biomass
(chlorophyll-a),  DON,  DIN,  DOP,  phosphate,  and
silicate concentrations between the rainy and the dry
periods  in  the  Cachoeira  River  estuary  portions.
However,  in  the  inner  portion  the  majority  of  the
nutrient  concentrations  were  higher  in  the  rainy
period than in the dry period, due to increased input
of  these  nutrients  from  the  watershed  into  the
estuary. The highest nutrient  concentration and the
majority  of  the  biological  process  were  observed
mainly  in  the  inner  estuary  portion,  reflecting  the
STP  and  the  river  discharge  influence  on  the

Cachoeira River estuary. The depletion of inorganic
nitrogen and phosphate associated with an increase
in DON and chlorophyll-concentrations are mainly
related  to  the  assimilation  by  phytoplankton.
Although  N-ammoniacal  is  the  preferred  form  of
nitrogen  for  phytoplankton,  nitrate  represented  a
major  source of  nitrogen for  primary producers  in
this experiment, and it was totally depleted from the
system.  Nitrification  seems  to  occur,  but  it  is
possibly not  the most  important  mechanism in the
removal of N-ammoniacal in microcosm. DON and
DOP were probably also used by phytoplankton and
may play a relevant role in the dynamics of nutrients
in the water column of the estuary of the Cachoeira
River.
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Table SI Monthly precipitation average (mm) and standard deviation from 1999 to 2010 in the Cachoeira River Estuary by Weather Monitoring Program (PROCLIMA)

monthly precipitation average (mm) ± standard deviation 

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

January 3.2 ± 6.2 4.1 ±6.1 2.5 ±3.3 10.5 ±14.7 1.2 ±2.5 4.3 ±4.4 5.4 ±12.4 4.1 ±4.4 4.1 ±10.8 3.3 ±7.7 3.8 ±5.8 2.9 ±3.6
February 5.1 ± 6.6 5.9 ±8.1 1.9 ±2.7 7.2 ±20.2 3.3 ±1.9 5.1 ±5.1 7.8 ±10.4 1.2 ±5.1 1.2 ±14.9 4.1 ±4.9 4.3 ±5.9 4.9 ±6.2
March 4.5 ± 7.2 9.1 ±9.6 5.5 ±6.3 4.6 ±5.1 5.7 ±5.5 9.3 ±9.7 5.4 ±12.7 7.2 ±11.6 7.2 ±4.9 5.3 ±7.5 4.6 ±6.6 4.8 ±6.8
April 6.6 ± 6.6 6.3 ±8.3 3.8 ±3.7 4.2 ±4.7 4.4 ±3.8 6.1 ±6.6 8.1 ±6.4 6.1 ±5.2 6.1 ±9.5 3.0 ±4.6 8.0 ±16.3 5.8 ±9.9
May 5.6 ± 9.1 2.9 ±4.8 4.1 ±5.4 2.8 ±3.7 7.9 ±4.1 2.1 ±2.1 8.2 ±8.4 1.7 ±5.6 1.7 ±9.4 1.0 ±2.5 1.5 ±3.3 2.7 ±3.2
June 5.0 ± 9.6 3.1 ±4.6 5.4 ±6.9 4.1 ±4.3 3.8 ±5.4 3.6 ±3.3 6.9 ±7.1 3.3 ±3.1 3.3 ±4.3 5.6 ±7.1 2.7 ±5.4 1.1 ±2.7
July 7.7 ± 11.2 4.9 ±8.6 3.7 ±3.1 4.7 ±5.6 4.9 ±3.7 4.3 ±4.1 2.7 ±3.7 1.4 ±3.5 1.4 ±12.5 3.3 ±6.8 4.8 ±8.5 7.4 ±8.2

August 4.8 ± 6.9 3.1 ±7.1 4.3 ±5.3 4.8 ±4.8 4.7 ±4.3 3.4 ±3.1 4.3 ±2.7 1.8 ±5.1 1.8 ±3.5 2.4 ±3.7 5.3 ±13.1 2.6 ±3.2
September 3.2 ± 3.5 3.8 ±6.2 2.1 ±5.2 4.3 ±7.7 2.2 ±2.1 3.1 ±3.2 3.1 ±4.1 2.6 ±0.9 2.6 ±7.8 1.1 ±1.6 2.2 ±3.4 2.4 ±3.1

Octuber 3.7 ± 6.8 1.5 ±2.9 6.5 ±11.1 1.8 ±3.2 2.1 ±6.5 1.1 ±1.7 2.1 ±2.9 7.1 ±6.1 7.1 ±8.1 2.0 ±4.1 6.9 ±13.9 3.1 ±6.1
November 5.9 ± 8.1 3.4 ±4.5 1.8 ±4.2 3.2 ±8.1 2.2 ±1.8 3.9 ±3.4 8.6 ±13.4 4.4 ±10.1 4.4 ±7.8 3.9 ±7.7 2.4 ±4.5 4.1 ±5.9
December 7.4 ± 12.1 6.8 ±12.5 7.4 ±15.1 5.9 ±12.1 1.8 ±7.4 6.1 ±6.6 4.5 ±5.7 6.7 ±3.7 6.7 ±5.1 7.1 ±12.4 1.3 ±3.9 3.9 ±8.1
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