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Nutrient budgets in the Piratininga-Itaipu lagoon system (southeastern Brazil):
effects of sea-exchange management
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Kelly de Andrade-Jandre' & Aguinaldo-Nepomuceno Marques Jr!
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Outeiro Sao Jodo Batista s/n, Centro, Niterdi, 24.020-141, Brazil

ABSTRACT. The Piratininga-Itaipu Lagoon System and its drainage basin, located on the southeastern coast
of Brazil, Niterdi (RJ), has been the target of an intense process of urbanization over the last four decades. As
a result of this process, both the lagoon and the adjacent sea area have shown signs of eutrophication due to
the release of large quantities of domestic sewage semi (or not) treated. In an attempt to minimize these
effects, in 2008 the government re-established a connection between the Piratininga lagoon and the sea. To
evaluate changes and variations in the balance of dissolved inorganic nutrients, before and after interventions,
the geochemical model of two stoichiometric mass balance boxes of the "LOICZ Program” (Land-Ocean
Interactions in the Coastal Zone) was used. The salt and water balance showed different water residence times
in the Piratininga lagoon for the two periods: 2005-2006 (before the opening of the connection between the
Piratininga lagoon and the sea) and 2009-2010 (after the opening of the connection with the sea). The first
period showed a value about two times higher than that obtained for 2009-2010, T = 83 and 39 days
respectively. The water residence time of the Itaipu lagoon did not show great variations between the two
periods (t = 9 and 8 days). For the period of 2005-2006, before the opening of the connection with the sea,
both the lagoons were autotrophic (ADIP > 0) and nitrogen loss was predominant (ADIN < 0). The second
period (2009-2010) was characterized by changes only in the trophic state of the Piratininga lagoon, which
became heterotrophic (ADIP > 0).

Keywords: nutrient balance, DIP, DIN, LOICZ, Piratininga-Itaipu, Brazil.

Balance de nutrientes del sistema lagunar Piratininga-Itaipu (sudeste de Brasil):
efectos del manejo del sistema a través del intercambio con el agua de mar

RESUMEN. EI Sistema Lagunar y su cuenca de drenaje, localizada en la costa sudeste de Brasil, Niteroi (RJ),
han sido objeto de un intenso proceso de urbanizacion en las Ultimas cuatro décadas. Como resultado, tanto el
area lagunar como el area costera adyacente han mostrado signos de eutrofizacion debido a la liberacién de
aguas residuales domésticas tratadas y no tratadas. En un intento por minimizar estos efectos, el gobierno
restablecio en el 2008 la coneccidn, que une la laguna de Piratininga con el mar. Para evaluar los cambios y las
variaciones de los balances de nutrientes inorganicos disueltos, antes y después de las intervenciones, se
utilizé el modelo geoquimico LOICZ. El balance de agua y sal mostrd tiempos de residencia de agua
diferenciados para los dos periodos simulados. Para el periodo 2005-2006 en Piratininga, mostré un valor casi
dos veces superior al obtenido después de la apertura de la conexion con el mar, t = 83 y 39 dias
respectivamente, la laguna de Itaipu no reveld gran variacion entre los dos periodos (t = 9 y 8 dias). Para el
periodo 2005-2006, antes de la apertura de la coneccion con el mar, ambas lagunas fueron autotréficas (ADIP
> 0) y con procesos de pérdida de nitrégeno (ADIN < 0). El segundo periodo (2009-2010) fue caracterizado
por cambios en el estado trofico solo en la laguna de Piratininga que paso a estado heterotréfico (ADIP > 0).
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INTRODUCTION

Coastal lagoons are among the most productive
ecosystems in the world (Vollenweider et al., 1992;
Bianchi, 2007). High levels of primary production,
frequently observed in these systems, are directly
associated with the large supply of dissolved inorganic
nutrients from land, either of natural origin or
anthropogenic sources or both (Zhang & Liu, 1994;
Abreu et al., 1995; Souza et al., 2003, 2009). The
input of nutrients in the lagoon systems can be from
river discharge, streams, marshes, human activities
and organic matter decomposition in water and
sediments. Thus, knowledge about the nutrient flux
from these sources is fundamental for understanding
the functioning of lagoon systems, and improving
management of such ecosystems (Bormann & Likens,
1967; Andrews et al., 1998; Micheli, 1999).

The Piratininga-Itaipu Lagoon System and its
drainage basin, located on the southeastern coast of
Brazil, Niteroi (RJ), has been the target of an intense
process of urbanization over the last four decades. In
the 70s, urbanization was accelerated by the
construction of the Rio-Niterdi Bridge. At that time,
the opening of a permanent channel between the
Piratininga Lagoon and the sea was also performed
and caused drastic changes in the lagoon system
(Barroso et al, 2000). Urbanization processes
followed by high human occupation in drainage basin
area increased the organic load to the lagoons. In
addition, fresh water from rivers carried large
quantities of domestic sewage, which were stored in
the form of macroalgal biomass in banks. In the 80’s,
macroalgal biomass reached 60-70% of the system
surface area of the Piratininga Lagoon (Barroso et al.,
2000). As a result, both the lagoon system and the
adjacent sea area have shown signs of eutrophication
due to the release of large quantities of semi-treated or
raw domestic sewage. The eutrophication process was
more intense in the Piratininga Lagoon, which had its
old channel of communication with the sea closed
during the 80’s. This led to an increase in water
residence time and organic matter accumulation in the
lagoon, creating a hypertrophic environment.

In an attempt to minimize these effects, the local
government re-established in 2008, the connection of
the Piratininga Lagoon with the sea. Within the same
period, a domestic wastewater treatment station for the

region was constructed to reduce sewage loads into
the lagoons. This study aimed to evaluate the effects
of these interventions in the metabolism of the lagoon
system by calculating the mass balance, considering
conservative (salinity) and non-conservative elements
(N, P). We performed calculations using the “LOICZ
Program” (Land-Ocean Interactions in the Coastal
Zone), by applying a two box geochemical model. The
time series data was obtained from two years of the
monitoring, 2005-2006 and 2009-2010. These periods
were characterized by the absence and presence of the
canal that linked the Piratininga Lagoon with the sea.

MATERIALS AND METHODS

Study area

The Piratininga-Itaipu Lagoon System and its adjacent
coastal area are located in Niter6i City (22°55'-
22°58'S and 43°07'-43°03'W), Rio de Janeiro (Brazil),
covering an area of 34.1 km?. The system is formed by
two shallow lagoons communicating with each other
through the Camboata Channel. Mean depth in the
lagoons is about 1 m and freshwater input comes from
the Arrozal, Jacaré and Jodo Mendes rivers (Knoppers
& Kjerfve, 1999). The drainage basin, with 45.5 km?,
is limited by the peaks of surrounding hills (Viragéo,
Proventério, Sapezal, Santos Ignacio) and mountains
(Cantagalo and Jacaré). The lagoons are separated
from the sea by a sand barrier system with three sandy
beaches: Piratininga, Camboinhas and Itaipu (Fig.1).
The area is subjected to a seasonal meteorological
cycle characterized by a rainy summer and a dry
winter. Tidal regime is semi-diurnal, with a short
time-scale dynamics and 1.0 m tidal height (Knoppers
& Kjerfve, 1999).

Sampling

Water samples were collected during ten expeditions
on the Piratininga-Itaipu Lagoon System and ltaipu
Inlet, between June 2005 and November 2006 (before
the opening of the channel connecting Piratininga
Lagoon with the sea) and twenty three expeditions
between April 2009 and March 2010 (after the
opening). Sampling was carried out in six sites located
downstream of the three rivers (sites 2, 3 and 4), in the
two lagoons (sites 1 and 5) and in the Itaipu Inlet (site
6) (Fig. 1). Lagoons and inlet water samples were
collected 0.5 m deep and river samples at the surface
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Figure 1. The Piratininga-Itaipu Coastal Lagoons System and Itaipu Inlet (adjacent coastal area).*1-*2-*3-*4-*5-*6 =
sampling points, Piratininga Beach (PB); Camboinhas Beach (CB) and Itaipu Beach (IB).

(0.1 m). The sampling periods included both high and
low tides. Water samples and “in situ” data were
collected using a 2 L Van Dorn Bottle. At each
station, pH, temperature and salinity were measured
using a WTW 330 pHmeter and an YSI 30 probe.
Water sub samples were taken to analyze nutrients in
laboratory. About 1 L of water was filtered through a
pre-combusted GF/F Whattman glass fiber filter in
order to separate the dissolved and the particulate
fractions. Samples were stored in 1 L polyethylene
bottles pre-washed with HCI 1:1, rinsed with distilled
water and then with water from the sample. After
collection, samples were kept on ice during transport
and frozen until dissolved inorganic nutrients
determination. Sampling period included both high
and low tides.

Analytical methods

Dissolved inorganic  nitrogen species (DIN):
ammonium (N-NH,"), nitrite (N-NO), nitrate (N-
NO3), dissolved reactive phosphate (P-PO,®) (DIP),
particulate organic nitrogen (PON) and particulate
organic phosphorus (POP) of water samples were
measured spectrophotometrically in the laboratory
(Grasshoff et al., 1983). Absorbance was measured
using a Shimadzu mod. UV 1601 PC spectropho-
tometer. Detection limits (uM) were as follows
(standard deviations of replicates in brackets): N-NO;’,

0.01 (£3%); N-NOg3’, 0.05 (£3%); N-NH,", 0.1 (£5%);
P-PO,?, 0.03 (+5%).

Principles of the LOICZ approach

To understand the functioning of the Piratininga-Itaipu
Lagoon System, before and after the opening of the
connecting channel between the sea and Piratininga
Lagoon, we adopted the simple mass balance mode-
ling procedure described in the LOICZ guidelines
(Gordon et al., 1996). The LOICZ is a budgeting
procedure describing the rate material delivered to the
system (inputs), the rate of material removed from de
system (outputs) and the rate of changes of material
within the system (internal sources or sink).In the
LOICZ approach, four sequential budgets are
established: (i) water balance, (ii) salt balance, (iii)
balance of non-conservative materials N:P, and (iv)
stoichiometric relationships among non-conservative
balance. To construct the mass balance model, the
system was divided into two boxes (Piratininga and
Itaipu lagoons). Fresh water inflows (V),
precipitation (V;), and sewage discharge (V,) into this
lagoon system were considered equivalent to the
outflow and their difference with evaporation (V)
represents the residual flow (V,). In this study,
measured data for river discharge (Vg), direct
precipitation (V,), direct evaporation (V) and sewage
(Vo), are available in Tables 1 and 2.



Latin American Journal of Aquatic Research

229

(ez=u) renuue abeisne Apnis siy L a4 INW oNIa (0102-6002) NIA 18|UI Ndrey|
(e2=U) renuue abesane Apms siy L €T d'N (9002-5002) dOd:dON uooBe| ndrey|
(ez=U) renuue abesane Apms siy L 8T d'N (9002-5002) dOd:dON uoofe| ebutunelld
(ez=u) renuue abelane Apns siy | Gt INwW NIQ (0T02-6002) NI1G uooBe| ndrey|
(ez=u) renuue abesane Apms siy | LlT INwW NId (0T02-6002) NI1G uooBe| ebulunelld
(€z=u) renuue abeisne Apmis siy L 90 wNw easd|lq (0102-6002) dIQ 18U Ndrey|
(€z=u) renuue abeisne Apmis siy L 12 AW di1a (0T02-6002) d1Q uooBe| ndrey|
(ez=u) renuue abeisne Apnis siy L vz AW dia (0T02Z-6002) d1A uoobe| ebutunelid
(ez=u) renuue abeisne Apnis siy L e B (0T02-6002) 1IeS 18Ul Ndrey|
(e2=U) renuue abesane Apms siy L €Te Big (0T0Z-6002) 1ES uooBe| ndrey|
(e2=U) renuue abesane Apms siy L 9 Big (0T0Z-6002) 1ES uoofe| ebutunelld
(0T=U) fenuue abesane Apnms siy | 8 d:N (9002-5002) dOd:dON uooBe| ndrey|
(0T=U) fenuue abesane Apnms siy | 6T d'N (9002-5002) dOd:dON uooBe| ebulunelld
(0T=u) renuue abeisne Apnis siy L ey INW oNIa (9002-5002) NI1a 18U Ndrey|
(0T=u) renuue abeisne Apmis siy L 121 AW NId (9002-5002) N1a uooBe| ndrey|
(0T=U) renuue abeisne Apnis siy L 8'TC AW NId (9002-5002) N1a uoobe| ebutunelid
(0T=U) renuue abeisne Apnis siy L 1670 INW wod1a (9002-5002) d1Q 18Ul Ndrey|
(0T=U) renuue afesane Apmis siy L 12 INwW ‘dia (9002-5002) d1A uooBe| ndrey|
(0T=U) [enuue afelane Apms siy L L'TT Aw 'dia (9002-5002) d1Q uoofe| ebutunelld
(0T=U) fenuue abesane Apnis siy L zee ¥ (9002-5002) }es 19jur ndey
(0T=U) fenuue abesane Apnis siy L 7'0€ s15g (9002-5002) }es uooBe| ndrey|
(0T=u) renuue abeisne Apnis siy L €8T S (9002-5002) 1eS uoofBe| ebulunelid
(666T) Ie 10 1addouyy Z AU raly uoobe| ndrey|

(666T) Ie 10 1addouyy € AU ealy uooBe| eburunelid

(0002 e 19 01N0D) 81942 |enuUUY € A ow ot (dIa)x°A (d1Q) aBemas wislsAs uoobeT
(000Z “Ie 18 0IN0D) 81040 [enuuY 70 HAow ot (NIa)X°A (N1Q) sbemas wislsAs uoobe
(666T ‘e 19 sladdouy) 81942 jenuuy T0 1Sew A SapuaA Oeor (SI8A1Y) Jjound adepInsg uoobe| ndrey|
(666T ‘e 19 siaddouy|) 8942 [enuuy 900 1Sw A aJeder (SIaA1Y) Jound 8deLIng uoobe| eburunelid
(666T ‘e 19 siaddouy|) 8942 [enuuy €00 1Sw A |ezoliy (SIaAlY) Jjounl ageuns uoobe| eburunelid
(10131N) gw_w_w,m\_mmﬂmm%%ﬁ_\h% _Mwwwﬁm.wmm%v%m:wm sulh Tveer H.S ww an uonendioald suooBe ndieyj-ebulunelid
s s s g5t phuw
82.In0s eleq anjeA Anuend 3po)d sialawered 19Ul ndre}|-suoobe]

" uaboau a1uehiour paajosip :NIQ ‘snioydsoyd aruebioul paajosIp :d1d
"walsAS suoobie [eiseo) ndrelj-ebulunelid ayl 10} ‘ZD107 S|9POW X0g-0M] 10} Pasn ‘824nos elep pue sialsweled ay) Jo uoneanuenb ‘sanjea fenuue jo Alewwns T sjqeL



Nutrient budgets in the Itaipu-Piratininga lagoon system

230

Table 2. Summary of dissolved inorganic nutrients in the Piratininga and Itaipu lagoons (mean £SD, Minimum-

Maximum).
. . . NO;-N NO,-N NH;-N PO,-P
Location Sampling period (mM) (MM) (mM) (mM)
1.24+1.08 0.44 (0.22) 20.56 £19.83 11.70+12.56
2005-2006
o 0.09-2.95 0.17-0.82 2.97 - 51.68 0.95 - 34.53
Piratininga Lagoon
3.49 £ 3.02 0.69 £ 0.84 1354 £24.27 244+ 464
2009-2010
0.01-10.91 0.04 - 3.96 0.01-79.98 0.05 - 14.96
1.84 +1.47 0.74 £ 0.67 0.88+1556 2.08+5.71
2005-2006
. 0.47-4.31 0.10-1.97 0.99-40.98 0.76-5.71
Itaipu Lagoon
2.85+1.59 0.74+0.70 11.72+19.83 2.12+3.63
2009-2010
0.33-6.02 0.08 - 3.96 0.01-79.98 0.28-14.96
0.92+0.80 0.57+£0.59 2.78 +1.63 0.92+0.85
2005-2006
i 0.01-1.95 0.10-1.72 532-0.73 261-0.34
Itaipu Inlet
2.65+1.88 0.50 £ 0.34 1.63+1.37 0.57+0.34
2009-2010
0.32-7.53 1.42-0.02 0.01-5.01 0.08-1.29

We used the estimated sewage discharge presented
by Couto et al. (2000), for the same lagoon system.
Because of the difficulty to obtain data flow of
groundwater, this input was not included in the model.
Camboata Channel flow was not considered for the
calculations done for LOICZ model since a
“bidirectional” flow was deduced based on temporal
series of salinity measured in a fixed sample station in
the channel. Mean and standard deviation obtained
were 14.8 + 6.9 and 24.5 + 5.2 for the 2005-2006 and
2009-2010 series, respectively. These results indicate
an active water exchange between the two lagoons.

Based on this information, residual flow (V,) was
calculated according to the following equation (1):

Vr =(Vg+Vp+Vo+\Ve) (1)

In this equation the numerical value of V. is
negative, implying that water leaves the lagoons
system by evaporation. Vg, V, and V, are positive,
implying that water enters the system by river
discharge, precipitation and sewage flow. If V, is
negative, a net outflow from the lagoon system to the
adjacent area takes place (export).

To conserve salt in the system, the amount of salt
leaving the lagoon system with residual flow (V) is
balanced by an amount of salt entering the system
with mixing flow (V) caused by winds, tides or
estuarine flow, leading to equation (2):

VX = (—VrSr) /(Ssea - Ssyst) (2)

where Sgir and Sgea are salt concentrations of system
and sea, respectively.

The ratio of the volume of the system (V) and
the sum of volume of mixture (V) with the absolute
value of residual volume (|V}]), is expressed in units of
time, mean residence time of freshwater (t), or hy-
draulic residence time of the system following equa-
tion (3).

= (Vsyst) /(VX+ Vr]) ?)

The balance of non-conservative materials (N and
P) is formulated as equation (4):

>[Source— Sink] = Yinputs— Y outputs= Ay (4)

Inputs and outputs are calculated as products of
water input or output (V) and appropriate concentra-
tions of nutriens () following equation (5):

Ay =Vy (5)
So, AY is given asequation (6):
AY =VqYq+VpYp +VX(Ysea — Ysyst) +VIYr (6)

where Y, is the concentration of nutriens in the sea,
and Y the concentration in the system. In case of
conservative behaviour, AY should be zero (AY = 0).
A positive AY indicates that the system is releasing
material (r) and a negative AY indicates that it is up-
taking.
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Stoichiometric relationships among non-conser-
vative balance

The calculations are based on the stoichiometric
model of the C:N:P ratio of 106:16:1 described by
Redfield (1934), where the content of these elements
in organic matter (OM) has a molar ratio similar to
production of the phytoplankton (equation 7).
Whereas the basis of primary production is
phytoplankton, the production processes and
mineralization of organic matter are described by
equation (7):

106C0O2+16HNOs+ H3PO4+122H 20 <>
(CH 20)106(NH 3)16(H sPO4) +1380: )

where: the reaction, from the left to the right, is set to
produce organic matter (p) and the reverse reaction
shows mineralization (r). So, p-r is a measure of net
metabolism ecosystem (NEM).

Therefore, to obtain the concentration of an
element of the equation above and to define the
stoichiometric relationship between these elements,
the rest of the equation can be theoretically inferred.
Whereas non-conservative flow of dissolved inorganic
phosphorus (DIP) is an approximation of net
metabolism of the ecosystem (photosynthesis and
respiration) and the various reactions that occur with
phosphorus are no less complex than those that occur
with the nitrogen and carbon, the net metabolism of
the system is defined by equation (8):

ADIC =[p—r]=-ADIP(C:P)pat  (8)

A system that shows a positive ADIP (ADIP > Q) is
interpreted as a DIC (dissolved inorganic carbon)
producer mainly via respiration (P-r < 0; respiration >
photosynthesis). If a system presents a negative ADIP
(ADIP < 0), it seems to be a primary producer of
organic matter (P-r > 0; photosynthesis > respiration).

Assuming that the N:P ratio of particulate matter in
a system is known, (N:P)a = 16 (Redfield ratio), the
flux of DIN associated with the production and
decomposition of the particulate matter from the flow
of phosphorus dissolved (AP = ADIP) can be
estimated when multiplied by 16 (equation 9). In this
study we used the N:P Redfield ratio and the N:P ratio
obtained from our results for the suspended particulate
matter (PON = particulate organic nitrogen, and POP
= particulate organic phosphorus).

Thus, Nfixation-denitrification can be estimated as
the difference between the measure of flow of DIN
(ADIN = ANO,+ANO3;+ANH4) and flow of DIN
expected for the production and decomposition of
organic matter (ANep) (equation 9). The difference

between the ANgpserved aNd the ANeypected IS indicative
of other processes that can alter the concentration of N
in the system, besides the production and minera-
lization of organic matter. When positive, the values
obtained represent the fixed nitrogen in the system,
whereas negative values represent nitrogen lost
(equation 9).

(Nfix - Ndenit) = ADINobs - DlPexp (9)
(Nﬁx - Ndenit) = ADINobs — DIPX16

where: nitrogen fixation (Ngy) and nitrogen denitri-
fication (Ngenit)

RESULTS

Water and salt balance

To calculate the mass balance is important to quantify
the input and output flows of conservative materials in
the aquatic system. The water and salt balances for the
Piratininga-Itaipu Lagoon System are represented by
two compartments (box 1 = Piratininga, box 2 =
Itaipu; Fig. 1 and Figs. 2a-2b) and by the adjacent
Itaipu inlet, representing the coastal area.

The salinity obtained during the first period (2005-
2006) for the Piratininga-ltaipu Lagoon System
showed that the residual flow was negative (V)),
indicating a water volume export of 2.9x10° m?yr* from
the Piratininga to the Itaipu lagoon, and of 3.1x10° m®
yr'* from the Itaipu lagoon to the Itaipu inlet (Table 3).
The values in the volume of mixture (V4 = 5.9 and
V2 = 37.8) were higher than the flow of fresh water
and residual water, but enough to ensure that a salinity
gradient could be observed (Table 3). The water
residence time was 83 days for Piratininga and 9 days
for Itaipu (Fig. 2a). The salinity observed for the
second period (2009-2010) showed a similar pattern,
with negative values for V,; = 2.9;V,, = 3.2 and greater
positive values for Vy; = 15; Vy, = 39.6 (Table 3). For
both periods the export volume was higher for fresh
water inflow and small tributary streams, that support
the Piratininga-Itaipu Lagoon System. The entry of
groundwater probably also contributes to this balance.
However, the water volume that enters the ecosystem
from this source was not quantified for this study. In
2008, the opening of the channel connecting
Piratininga lagoon to the sea increased salinity in 58%
(Piratininga = 26.0), and decreased significantly the
water residence time in the lagoon (31%; Piratininga =
39 days; Fig. 2b).

Nutrient balance

The balance of dissolved inorganic nutrients, was
obtained from the temporal variation of the
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Figure 2. Water and salt budget for Piratininga-Itaipu Coastal Lagoons System = a) 2005-2006, and b) = 2009-2010.

Water flux in 108 m®yr?, salt flux in 106 m® yr™.

Table 3. Summary of the results of the balance of salt and water of the conservative elements to the Piratininga-Itaipu
Coastal Lagoon System. V,: Volume of the rivers; V,: precipitation volume; V,: evaporation volume; V,: residual
volume; V,: mixture volume; Sg;:: salinity system; Sgq: salinity of the external system; S,: residual salinity.

. Vq Vp Ve Vr Vx Ssist Ssea  Sr
Location Year 105 (miyrh 108 (miyrY) 108 (miyrt) 108 mPyrh) 10° (mPyrh) o salt  salt  salt
Piratininga Lagoon .8 3.7 -3.6 -2.9 5.9 18.3 24.3

. 2005-2006
Itaipu Lagoon A 24 -2.3 -3.1 37.8 304 332 318
Piratininga Lagoon 2.8 3.6 -35 -2.9 15 26 28.7
. 2009-2010
Itaipu Lagoon A 24 -2.3 -3.2 39.6 31.3 34 326

concentrations of these constituents in the water of the
lagoons and the adjacent coastal waters (Table 2). As
mentioned above, the model was composed by two
boxes representing (1) the Piratininga lagoon, and (2)
the Itaipu lagoon with adjacent coastal area. The
exchange of nutrients between compartments (input
and output) allows to identify if the system and the
individual compartments act as retainers (sinks) or
exporters (sources) of nutrients.

The balance of dissolved inorganic phosphorus
during 2005-2006 showed a unidirectional flux
between the compartments (Piratininga Lagoon
—ltaipu Lagoon—ltaipu Inlet) in all conditions (Fig.
3a). Taking into account the annual flux for the whole
system, the results suggest a net production of DIP
(Piratininga +20x10° mol yr™ and Itaipu +18x10° mol

yr'). Thus, the behaviour of Piratininga-Itaipu Lagoon
System characterizes itself as an exporter (Asyst =
+38x10° mol yr') (Fig. 3a).

During the 2009-2010 period, after the opening of
the channel, the phosphorus concentrations decreased
in 65% (Piratininga = 2.4 uM), and the annual flow
became negative of DIP (Piratininga = -45x10° mol yr™).
On the other hand, the non-conservative flux in Itaipu
lagoon was positive, with an increase of 32% on
phosphorus concentration and an export of +35x10°
mol P yr? to the Itaipu Inlet. The behavior of the
whole system revealed a net uptake of phosphorus
(Asyst = -10x10° mol yr™") (Fig. 3b; Table 4).

The balance for dissolved inorganic nitrogen forms in
2005-2006 showed a non-conservative DIN flux
(ADIN), with a negative value (Piratininga = -1200x10°
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3 Wa,DIPg, =28
Vr,DIPr, = -5
Va,DIPg, = 56 VryDIP, =-20 \ T,DIPT,
—— —_— S
Piratininga Itaipu
DIP, = 11.7 uM DIP, =21 M OiReeq =T
ADIP, = +20 moles yr-t ADIP, = +18 moles yr?
p-r= -2100 moles yr? p-r= -1910 moles yr —
e ? -0.7 mmol m2yr? = - 0.9 mmol m2yrl
NGRIARE= 1A Viy(DIPDIP;) = -56 Vi,(DIPsea-DIP,) = -42
ADIP = +38
b Vg,DIPg, =28
Vg,DIPq, = 56 VryDIPy = -6.5 \ Vir,DIPr, = -4
B — — —_—
Piratininga Itaipu
DIP, = 2.4 M DIP,=2.1 1M Difssa 00N
ADIP, = -45 moles yr-! ADIP, = +35moles yr
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Vo,0IPo, = 0.4 Vi, (DIP,-DIP,) = -4.5 Vx,(DIPsea-DIP,) = -60

ADIP syse =10

Figure 3. Dissolved inorganic phosphorus fluxes in the Piratininga-Itaipu System a) 2005-2006, and b) 2009-2010.

Fluxes in 10°mol yr.,

Table 4. Summary of the results of the balance of non-conservative material elements, phosphorus (DIP), dissolved
inorganic nitrogen forms (NID), net ecosystem metabolism (p-r) and nitrogen fixation minus denitrification (nfix-denit) to

the Piratininga-Itaipu Coastal Lagoon System.

. D DIPys D DINgps D DINegyp (nfix-denit)  (nfix-denit)™ (p-1)
Location Year 3 1 3 1 3 1 3 1 3 1 3 1
10° (molyr™)  10° (molyr~) 10° (molyr™) 10° (molyr~) 10° (molyr™) 10° (molyr™)
Piratininga Lagoon +20 -1200 320 -1560 -1620 -2100
. 2005-2006
Itaipu Lagoon +18 -892 288 -1180 -1040 -1920
Piratininga Lagoon -45 -1180 -720 -457 -1321 4800
. 2009-2010
Itaipu Lagoon +35 -1370 560 -1940 -1650 822

mol N yr and Itaipu= -892x10° mol N yr™) indicating
that the lagoon system acts as a non-conservative DIN
exporter. During 2009-2010, it was observed that DIN
concentrations decreased in 10% in Piratininga
Lagoon, reaching 17.1 uM. In opposite, DIN
concentrations in the Itaipu lagoon increased
approximately 10%, presenting concentrations up to
15.0 uM. Negative flows were observed for the whole
system (Piratininga = -1180x10° mol N yr™ and Itaipu

-1370x10° mol N yr™). For both cases, the Piratininga-
Itaipu Lagoon System seems to be a nitrogen exporter
showing a Ay = -2092x10° mol yr* (Fig. 4a) during
2005-2006, and a Ags=-2550x10° mol yr* (Fig. 4b,
Table 4) during 2009-2010.

Stoichiometric balance

Annual average values showed that the total liquid
metabolism of the whole Piratininga-Itaipu Lagoon
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5 Va,DINg, =1270
Va,DINg, = 1350 Vr,DIN, =-50 \ Vr,DINr, = -26
> | Piratininga — Itaipu >
DIN, = 21.8 pM DIN, = 12.1 pM
ADIN,= -1200moles yrl ADIN,= -892 moles yr DiNsea = 4.12 P
{nfix-denit)= -1560 moles yr? {nfix-denit)= -1180 moles yr?
-0.5 mmol m2 yrl -0.5 mmol m2yrl
*(nfix-denit)=-1620 moles yrl *(nfix-denit)= -1040moles yrt
-0.5 mmol m2 yrt _ -0.5 mmol m2 yr?l _—
Vo, DINg, = 3 Vity(DIN,DIN,) = -57 A D[Nsyst= 2092  V¥(DIPsea-DIP,) = -360

* N:P Particulate material =19

* N:P Particulate material =8

b Va,DINg, =1270
Vg,DINg, = 1270 Vr,DIN, = -47 \ Vr,DINr, = -33
Piratininga ; _
| DN, =17.7 uM Itaipu >
ADIN, = -1180 moles yr PiN, =150 MV . DiNsea = 4.29 uM
(nfix-denit)= -457 moles yrl ADIN,= -1370moles yr
-0.1 mmol m2yrt (nfix-denit)= -1940 moles yr
*(nfix-denit)= -321 moles yrl -0,9 mmol m2yri
-0.1mmol m2yrl *(nfix-denit)= -1650 moles yrl
-0,8mmol m2 d?1
—_— R — _—
Vg,DINg, = 3 Vity(DIN,-DIN, ) = -42 ADIN =-.2550 Vx(DIPsea-DIP,)=-108

* N:P Particulate material = 18

syst

* N:P Particulate material = 13

Figure 4. Dissolved inorganic nitrogen fluxes in the Piratininga-ltaipu System a) 2005-2006, and b) 2009-2010. Fluxes in

10° mol yr™.

System was heterotrophic during 2005-2006, presen-
ting organic matter degradation. The production minus
respiration (P-r) parameter was negative in both
Piratininga and Itaipu lagoons (p-Tpiratininga = -2100; p-
MNwipu = -1910) (Fig. 3a). In 2009-2010 the system
changed from an heterotrophic to an autotrophic
condition, showing positive values of (P-r) for
Piratininga (+4800) and Itaipu (+822) (Fig. 3b).

Despite these differences in the (p-r) parameter,
the stoichiometric balance results revealed that
nitrogen loss exceeded nitrogen fixation in both
periods, i.e., before and after the opening of the
connection of the Piratininga Lagoon with the sea in
2008. The nitrogen balances (nfix-denit) obtained for
2005-2006 and 2009-2010 ranged from -1560 to -1620
and -321 to -457 for the Piratininga Lagoon, and from
-1040 to -1180 and -1650 to -1940 for the Itaipu
lagoon in both periods, respectively (Table 4).

DISCUSSION

Coastal lagoons are similar to lakes since they are
naturally prone to eutrophication, but they are more
dinamyc systems once they are also submitted to daily
variations of water movement due to tides. Althoug
the Piratininga-Itaipu Lagoon System is considered as
a choking lagoon (Knoppers & Kjerfve, 1999), the
water residence time differs between them. These
characteristics were highlighted by the water and salt
balance modeled with LOICZ (Fig. 2a). A higher
water residence time was observed in Piratininga
lagoon, but it was most evident during the first period
(2005-2006). These considerable differences resulted
from the low mixing and renewal of Piratininga waters
due to the reduced capacity of the Camboata Channel
(channel that connects the two lagoons) in transporting
water. Couto et al. (2000) reported a similar pattern
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for Piratininga and Itaipu lagoons (Piratininga = 46
days and Itaipu = 6 days) during 1980’s, with a lower
water residence time for Piratininga. Carneiro et al.
(1990) estimated the water residence time for the two
lagoons. For Piratininga the water residence time was
46 days in summer and 995 days in winter. For ltaipu,
the water residence time was estimated to vary from
14 days in summer to 289 days in winter. This
variation is attributed to the worsening of the low
circulation of the system and mainly to the energy of
tidal waves (ranging between 0.8 and 1.0 m) that
regulates the circulation and dynamics of the system.

The opening of the connection between the Pirati-
ninga Lagoon and the sea in 2008 had a significant
effect on water renewal of this lagoon. As expected,
the great differences in the salt and water balances
were observed in Piratininga, with a decrease of 31%
in the water residence time in this lagoon (39 days).
However, this intervention affected both Piratininga
and Itaipu lagoons by increasing salinity in the whole
system and improving the hydrodynamics (water and
salt balances, as observed in 2009-2010). Therefore,
the Piratininga-Itaipu Lagoon System changed from
“choking” to “restricted” (Carneiro et al., 1990). The
water residence time is a crucial factor associated to
biological productivity in aquatic systems. Environ-
ments with high water residence time tend to produce
more nutrients, while systems with higher water
renewal tend to be conservative in relation to the
variation of nutrients along a salinity gradient
(Grelowski et al., 2000).

The highest DIP fluxes (ADIP) observed in the
period before the opening of the channel (2005-2006)
resulted from the high phosphate concentrations on
waters in this period. Fluxes were positive between all
compartments: Piratininga Lagoon—ltaipu Lagoon
and Itaipu Lagoon—ltaipu Inlet (the adjacent coastal
area). The system exported phosphorous and the water
balance was positive. A similar pattern was observed
for Paranagud Bay estuary (Marone et al., 2005),
Mhathuze and Mvoti estuary (Wepener, 2007) and for
Piratininga-Itaipu Lagoon System in 1980°s (Couto et
al., 2000). After the opening of the channel (2009-
2010), the water residence time and DIP concen-
trations decreased in Piratininga and ADIP became
negative. Therefore, the outputs became smaller than
the inputs meaning that primary productivity prevailed
over mineralization and/or respiration processes
making the system autotrophic (Talaue-McManus et
al., 2003). In contrast, ADIP values increased after
2008 in the Itaipu Lagoon, making the lagoon more
heteretrofic than before, as also observed in other
study carried out in the Piratininga-ltaipu System
(Couto et al, 2000) and in other lagoons

(Wattayakorn et al., 2001). The phosphorus has a
complex dynamics in lagoon systems (Lillebo et al.,
2004) and these results should be interpreted with
caution since phosphorous concentrations are
influenced both by its biological uptake and by
physical adsorption-desorption processes in sediments.

A DIN exportation was verified for both studied
periods, like it was observed for other estuarine
systems such as Mhathuze and Mvoti estuary
(Wepener, 2007). The Piratininga-ltaipu Lagoon
System has also shown a denitrification capacity
(nitrogen loss) in comparison to N assimilation
(fixation). This pattern was observed for the whole
system during both periods (2005-2006 and 2009-
2010) and for the two lagoons separately. Indeed, both
systems presented a certain degree of anoxia (Couto et
al., 2000) and denitrification was also observed for the
upper Piaui Estuary (PI) during short periods of
anoxia (Souza et al., 2003). In general, the majority of
estuaries are considered denitrificators, and may cause
a nitrogen loss from 10 to 20% to the atmosphere, and
in extreme cases, up to 30% (Seitzinger, 1988;
Knoppers & Kjerfve, 1999; Crossland et al., 2005;
Capone et al., 2008). Of course other processes may
also account for these losses of nitrogen, such as loss
of ammonia to the atmosphere (Guimardes & Mello,
2006).

The LOICZ model results, carried out for Brazilian
estuarine areas, revealed that these ecosystems work
in autotrophic conditions and act as nitrogen-fixing
and denitrifying systems, like Guaratuva Bay,
Paranaguad Bay, Concei¢do Lagoon and Marica
Lagoon (Couto et al., 2000; Souza et al., 2003;
Marone et al., 2005; Brandini, 2008). Some excep-
tions were the Piratininga-ltaipu Lagoon System
during 2005-2006 (our data) and the upstream sector
of Piaui River Estuary, with NEM heterotrophic
denitrifying system (Souza et al., 2003) (Table 5). All
systems have a different behavior compared to net
ecosystem metabolism, depending on the different
characteristics of each system. NEM Piratininga
Lagoon behavior is similar to that presented by
Paranagua Bay in dry periods. On the other hand,
Itaipu Lagoon behavior is similar to Guarapina
Lagoon. Although the wvalues of (p-r) in the
Piratininga-Itaipu System are relatively low and,
comparable to other systems, the Itaipu Lagoon
increases its capacity of exporting DIP to adjacent
coastal areas by increasing the exchange of this
element. As results of the opening of the connection
between Piratininga Lagoon and coastal waters, a
decrease on the water residence time in the lagoon and
an increase of the DIP loading to the Itaipu Lagoon
were observed. Furthermore, the system in both
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periods always showed an exportation of N, where
denitrification is higher than N fixation (nfix-denit
"negative") in contrast to the lower values observed in
the Guarapina Lagoon System (Table 5). Lacerda et
al. (1992) estimated for Piratininga that anoxia
extends throughout the water column and reaches very
low Eh values (-320 to +130 mV), whereas in Itaipu,
anoxia is restricted to bottom waters (-66 to + 20 mV).
This scenario is undergoing changes due to the
positive effects generated by the construction of the
channel that connects the system and coastal waters,
decreasing the values of denitrification in Piratininga.
Otherwise, as negative effects, an increasing on the
denitrification values in Itaipu was observed.

One should bear in mind, however, that LOICZ
model has limitations that may be important, espe-
cially when applied for shallow coastal ecosystems
such as the Piratininga-Itaipu Lagoon System. These
environments are affected by the high variability of
physical phenomena such as change in weather
conditions related to the entry of cold fronts (with
frequency of 7-8 days) which end ups adding
variability to the tidal waves force, directly
influencing the sedimentary dynamics of the system.

CONCLUSIONS

Based on the water and salt balances and dissolved
nutrients (DIP-DIN), this study shows that, the
engineering work for the Piratininga and Itaipu
lagoons (the construction of the channel) has direct
effects on the system, resulting in lower water
residence times, specifically for Piratininga Lagoon,
increasing and enhancing the system hydrodynamics.
Associated to the lower water residence time, the
whole system works like a producer of organic mater
(autotrophic). Separately, Piratininga and Itaipu
lagoons showed different patterns: Piratininga was
autotrophic and Itaipu was heterotrophic, exporting
material to the adjacent Itaipu Inlet System. The
Piratininga-Itaipu System is a denitrifying system,
despite the fact that the presence of benthic algae on
the smaller mud flats could also account for nitrogen
fixation. In general, despite of all mitigation measures
and changes in the system, there are still sporadic
dystrophic episodes and fish mortality induced by
nutrient inputs, showing that measures are not yet
sufficient.
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