Estuaries and Coasts (2017) 40:419-436
DOI 10.1007/s12237-016-0150-9

@ CrossMark

Effects of External Nutrient Sources and Extreme Weather
Events on the Nutrient Budget of a Southern European Coastal

Lagoon

Erik -jan Malta'*
Diogo Tavares' - Rui Santos'

- Tibor Y. Stigter® - André Pacheco® - Amélia Carvalho Dill® -

Received: 5 November 2015 /Revised: 29 July 2016 / Accepted: 11 August 2016 /Published online: 23 August 2016

© Coastal and Estuarine Research Federation 2016

Abstract The seasonal and annual nitrogen (N), phosphorus
(P), and carbon (C) budgets of the mesotidal Ria Formosa
lagoon, southern Portugal, were estimated to reveal the main
inputs and outputs, the seasonal patterns, and how they may
influence the ecological functioning of the system. The effects
of extreme weather events such as long-lasting strong winds
causing upwelling and strong rainfall were assessed. External
nutrient inputs were quantified; ocean exchange was assessed
in 24-h sampling campaigns, and final calculations were made
using a hydrodynamic model of the lagoon. Rain and stream
inputs were the main freshwater sources to the lagoon.
However, wastewater treatment plant and groundwater dis-
charges dominated nutrient input, together accounting for
98, 96, and 88 % of total C, N, and P input, respectively.
Organic matter and nutrients were continuously exported to
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the ocean. This pattern was reversed following extreme
events, such as strong winds in early summer that caused
upwelling and after a period of heavy rainfall in late autumn.
A principal component analysis (PCA) revealed that ammo-
nium and organic N and C exchange were positively associ-
ated with temperature as opposed to pH and nitrate. These
variables reflected mostly the benthic lagoon metabolism,
whereas particulate P exchange was correlated to Chl a, indi-
cating that this was more related to phytoplankton dynamics.
The increase of stochastic events, as expected in climate
change scenarios, may have strong effects on the ecological
functioning of coastal lagoons, altering the C and nutrient
budgets.

Keywords Coastal lagoon - Groundwater - Wastewater
treatment plants - Nutrient budget - Climate change - Ria
Formosa

Introduction

Coastal lagoons are shallow coastal water bodies, separated
from the ocean by sand barriers and connected to it by one or
more inlets. They occupy 13 % of the coastal areas worldwide
(Kjerfve 1994). They are complex, highly dynamic environ-
ments located at the interface between drainage basins and the
coastal ocean, often hosting a wide range of habitats and com-
munities such as saltmarshes, seagrass beds, intertidal and
subtidal flats, and oyster reefs. Because of this, they are gen-
erally highly productive systems, providing a range of ecosys-
tem services of great environmental and economical values
(e.g., fisheries, aquaculture, and tourism; Newton et al.
2014). Coastal lagoons sustain complex biogeochemical cy-
cles, intercepting, transforming, and recycling the fluxes of
nutrients and organic matter from the land to the ocean (and
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vice versa) (McGlathery 2008; Valiela and Cole 2002).
Ultimately, they control the magnitude of nutrient export from
the land to the ocean (Makings et al. 2014). Their setting
within the coastal landscape, generally supporting large hu-
man populations, and their restricted exchange with the ocean
make these systems especially vulnerable to anthropogenic
pressures such as freshwater withdrawal from groundwater
and surface water, eutrophication and pollution, overfishing,
and climate change (Newton et al. 2014).

Lagoon nutrient budgets are simple mass balances of the
dominant nutrients (in this case carbon, nitrogen, and phos-
phorus (C, N, and P) over a defined period that describes the
rates of matter delivery and removal to the system and its
change within the system (Artioli et al. 2008). Budgets are
powerful tools to analyze threats as eutrophication because
they enable the assessment of the absolute and relative impor-
tance of the external nutrient sources (and consequently the
underlying causes), internal biogeochemical processes, and
water exchange (Gordon et al. 1996). Despite this, annual
budgets of complete systems are still quite scarce (Boynton
and Kemp 2008) and mainly based on exchange of dissolved
inorganic nutrients following Land-Ocean Interactions in the
Coastal Zone (LOICZ) program budget methods for estuaries
(Gordon et al. 1996). According to these, lagoons can both be
a sink and a source of dissolved nutrients for the adjacent
coastal zone, and this may be different for N and P as found
for various temperate (Boynton et al. 1995; Giordani et al.
2008; Krasakopoulou and Pagou 2011), subtropical
(Miyajima et al. 2007), and tropical lagoons (Cerda et al.
2013). In some cases, lagoons were found to be exclusive
sinks (Sfriso et al. 1994) or sources (Falco et al. 2010;
McGuirk Flynn 2008) on an annual basis. In general, it ap-
pears that with increasing nutrient loads, either of anthropo-
genic or natural origin, at some point lagoons will shift from
sink to source, as was found in a LOICZ budget exercise of 17
Italian lagoons (Giordani et al. 2008). A similar pattern
emerged in a study of 24 Mexican and Central American
lagoons (Smith et al. 1999), although here in some cases a
lack of data did not allow for specific conclusions. Even
though on an annual basis there might be nutrient export, the
capacity of lagoons for intercepting nutrient fluxes from wa-
tersheds thereby diminishing the release of (dissolved inor-
ganic) nutrients to the coastal zone is eminent; for example,
for West Falmouth Harbor (Cape Cod, USA), it was calculated
that from spring to autumn, on average, 60 % of the N loading
from the watershed were intercepted, despite a recent three-
fold increase in loading (Hayn et al. 2014). In summer, this
even amounted to 100 % (no data for winter are given).

The case of West Falmouth Harbor also illustrates the find-
ing that budgets vary greatly on a seasonal basis, related to
activity of primary producers, bacteria (nitrifiers, denitrifiers),
and other organisms, stressing the need for frequent and year-
long sampling. Logically, increased nutrient assimilation
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related to higher primary production in the main growth sea-
son, generally late spring and summer, turns the lagoon from
nutrient source to sink, although not necessarily for both N
and P simultaneously (Giordani et al. 2008; Hayn et al. 2014;
Krasakopoulou and Pagou 2011). Extreme meteorological
events, such as storm and heavy rainfall, can have profound
impacts on nutrient concentrations and thus on budgets, al-
though on an annual basis, the impact may be minimal
(Burkholder et al. 2006). This is particularly true for tropical
systems that are often affected by typhoons or hurricanes with
associated heavy rainfall (Wetz and Yoskowitz 2013), but
storm-driven alterations of relative availabilities of C, N, and
P and stoichiometric ratios also occur in Mediterranean sys-
tems (Lipizer et al. 2012). However, their effects on annual
budgets to our knowledge have not yet been quantified.
Additionally, specific strong wind conditions can bring
upwelled nutrient-enriched waters to systems outside tradi-
tional upwelling areas that can also impact the nutrient budget
(Nieblas et al. 2009; Relvas and Barton 2005). The occurrence
of these stochastic events is difficult to predict; high-
frequency sampling with high temporal resolution might be
instrumental in analyzing their effects.

The aim of this work was to estimate the annual nutrient
budgets (N, P, and organic C) of the mesotidal Ria Formosa
lagoon, southern Portugal, considering all inputs and outputs.
The seasonal changes on the water input and output fluxes
were analyzed to reveal how they may influence the ecologi-
cal functioning of the system as a sink or source of nutrients
and the potential contribution of organic matter and nutrients
to the adjacent coastal zone. These may feed important local
coastal fisheries of bivalves (Vania et al. 2014) or contribute to
noxious summer blooms of green macroalgae (Malta et al.
2007; Stigter et al. 2013). The sources of nutrients to the
lagoon are the rainwater, the surface, and groundwater inputs
from the watershed and the effluents of the wastewater treat-
ment plants (WWTPs; Fig. 1). The nutrient exchanges be-
tween the lagoon and the adjacent coastal zone were also
considered.

In addition, we describe how this budget is affected by
extreme weather events such as a heavy rain period that oc-
curred in winter and a summer upwelling event caused by an
extended period of strong NW winds. Even though these
events may not occur every year, they are relatively common
and their frequency is expected to increase as a result of cli-
matic changes. Regarding rainfall, though long-term climate
change scenarios (2070-2100), foresee an overall decrease in
Mediterranean regions (Giorgi and Lionello 2008), predicting
also an enhanced torrential character of seasonal rains
(Sanchez et al. 2004). For the south of Portugal in particular,
short-term predictions (2020-2050) show a possible increase
in winter rainfall volume and intensity (Stigter et al. 2014).
Less can be said for wind, since regional climate models vary
strongly with respect to predicted changes in velocity in the
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A=Ria Formosa

B=salt marsh of Ria Formosa
C=Barrier island

D=Atlantic Ocean

E=stream (surface runoff)
F=wastewater treatment plant
G1=shallow groundwater circulation
G2=groundwater flow along fault
G3=deep groundwater circulation

Water and nutrient sources:

11=diffuse groundwater seepage
I2=groundwater seepage along fault

I3=stream discharge

l4=discharge from wastewater treatment plants
I5=atmospheric deposition and N, fixation
16=import from ocean

Water and nutrient sinks:
O1=denitrification
O2=export to ocean

Fig. 1 Schematic diagram of water and nutrient sources and sinks in the Ria Formosa lagoon

Mediterranean, as well as in many other regions in Europe
(Rockel and Woth 2007). We will discuss the effect of poten-
tial increases of extreme events on the nutrient fluxes of coast-
al lagoons, on their interaction with the coastal ocean, and
how the results of this study can be used to implement policy
measures to improve the water quality of Ria Formosa lagoon.

Materials and Methods
Study Site

The study was carried out at the Ria Formosa lagoon in the
south of Portugal, including its drainage basin (Fig. 2). The
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total area of the drainage basin is 844 kmz, with a maximum
and mean altitude of 512 m and 112 m, respectively, and an
average slope of 11 %. The two most important subbasins are
of the rivers Rio Séqua/Gildo and Ribeira do Almargem,
which together cover 39 % of the area and account for approx-
imately 80 % of total runoff. These two rivers have an inter-
mittent behavior and discharge directly to the ocean through
the Tavira inlet, whereas all other streams are ephemeral,
discharging only during and slightly after significant rainfall
events.

The hydrogeology of the drainage basin is summarized in
Fig. 2, details from Stigter et al. (2009). The area is dominated
by surface runoff. Recharge is estimated to be 10 to 15 % of
rainfall in sandy aquifers and up to 50 % in limestone aquifers
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Fig. 2 Location of Ria Formosa lagoon (South Portugal), its drainage basin and the three major stream catchments, defined aquifer systems, nitrate
concentrations in groundwater (mg/l), the designated nitrate vulnerable zones, and wastewater treatment plants
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(Stigter et al. 2009). Intensive irrigated citrus and horticultures
characterize land use, particularly in two areas of the basin-
designated nitrate vulnerable zones (Fig. 2). Together with
losses from septic tanks, these cause high nitrate concentra-
tions in groundwater, which are well above the guideline value
for drinking water (50 mg/l NO3) and can locally exceed
300 mg/l.

The Ria Formosa is a mesotidal lagoon (average depth
<2 m), extending for approximately 55 km along the south
coast of Portugal. Water exchange with the ocean ranges from
52 to 80 % between neap and spring tides (see Andrade et al.
2004 for details on geography and morphology). Water tem-
perature varies between 12 °C in winter and 27 °C in summer
(Falcao and Vale 1990). The Ria Formosa lagoon receives
secondarily treated sewage inputs from five WWTPs (Fig. 2)
that flow into the main navigation channels.

Two hydrodynamic subsystems can be distinguished in Ria
Formosa (Pacheco et al. 2010), with limited connection be-
tween them, the larger western sector that develops up to the
Armona inlet and the narrow eastern sector that develops east-
erly from Armona. In this study, we focused only on the west-
ern sector of the lagoon as 93 % of the total water exchange
between the whole lagoon and the ocean take place through
the three inlets of this sector (Pacheco et al. 2010). The two
major and opposing interconnected inlets of the system, which
are the main stabilized inlet of Farol and the natural inlet of
Armona, represent almost 90 % of the total prism of the Ria
Formosa system. Farol inlet is flood dominated (more water
enters at high tide than goes out at low tide) and Armona inlet
ebb dominated; i.c., the exceeding flood prism of Farol inlet
ebbs through the Armona inlet.

Inputs to the Lagoon

To obtain a complete nutrient budget for the Ria Formosa
lagoon, all inputs from both the watershed and from rain were
estimated from October 2005 to April 2007 as well as the
exchanges between the lagoon and the Atlantic Ocean through
the Farol and Armona inlets (March 2006 to March 2007) as
schematized in Fig. 1.

Rain Input

The total amount of rain was obtained from data of the mete-
orological stations of Faro airport (at the border of the lagoon)
and Quelfes that is situated a few kilometers more inland. The
spatial distribution of mean annual rainfall was obtained from
Nicolau (2002), who applied a kriging interpolation with ex-
ternal drift, using elevation as auxiliary variable, to map the
spatial distribution of rainfall with a resolution of 1 km®. By
entering these data into a GIS, the ratio of mean annual rainfall
into the lagoon to that of the meteostations was calculated. To
determine nutrient concentrations in the rain, water samples
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were collected during two rain events with a funnel mounted
on a polypropylene (PolyP) 100-ml bottle (Kartell, Italy). The
rainwater was collected during the first 15 to 20 min, filtered
over a 0.45-um filter (Whatman) in a PolyP bottle, and frozen
for nutrient analysis. Nutrient (and major ion) concentrations
in coastal rainwater are highly variable, depending on the
atmospheric conditions, such as wind speed and direction, as
well as duration, intensity, and time of year of the rainfall
event (e.g., Neal and Kirchner 2000; Kogak et al. 2007). To
account for variability, average values of collected rain sam-
ples, past rainwater samples, and minimum observed nutrient
concentrations in runoff water (presenting minimum contribu-
tion of soil N during runoff) from the rivers Gildo and
Almargem were used to estimate the nutrient contribution of
rain. Total annual nutrient input from precipitation was then
calculated as the product between rain volume and average
nutrient concentration. To validate the representativeness of
the obtained results, they were compared to existing (older)
data for Faro, available through the Chemical Coordinating
Centre of the European Monitoring and Evaluation
Programme (EMEP; see http://www.nilu.no/projects/ccc/
sitedescriptions/pt/index.html).

Riverine Input, WWTP, and Groundwater Discharge

The methodology for quantification of water and nutrient dis-
charges from river discharge and WWTPs is presented by
Stigter et al. (2006a). These values were updated and slight
adjustments were made to the river discharge calculations as
indicated below. As WWTPs do not provide data on
particulate and dissolved organic carbon contents, we used
the levels measured by Santos et al. (2004) at the outlets of
the two WWTPs of Faro and multiplied them by total
discharge.

Total runoff into the Ria Formosa lagoon was determined
for the two largest and most important rivers and for the Rio
Seco stream (Fig. 2). Despite the ephemeral nature of the
latter, its high nutrient content, linked to agricultural and res-
idential areas, justified its inclusion in the budget calculations.
Recorded water levels and available rating curves were pro-
vided by the Regional Water Basin Authority (RWBA) and
used to calculate runoff. Runoff of the unmonitored stream
reaches (downstream) was extrapolated based on geology,
considering proportionally equal runoff in areas of Paleozoic
rock and zero runoff in areas of outcropping detritic and lime-
stone formations. Water samples for particulate and dissolved
nutrient (C, N, and P) analysis were gathered from the main
streams during runoff periods (see “Analytical procedures”
section for analytical procedures). Data resulting from contin-
uous recording of the electrical conductivity (EC) by the
RWBA were used to detect and account for the dilution effects
in the calculations caused by runoff peaks.
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A water balance approach was used as detailed in Stigter
et al. (2013) to assess the annual groundwater discharge from
land into the lagoon. The N load on groundwater mainly orig-
inates from fertilization and domestic effluents (septic tanks)
and dry and wet deposition. Localized groundwater outflow
into the lagoon along geological faults was studied with the
help of electromagnetic surveys (Stigter et al. 2013). The
method proved adequate for the detection of freshwater out-
flow into the lagoon, but its direct quantification was not pos-
sible. In order to assess the spatial distribution of groundwater
and corresponding N discharges, the water and mass balances
were performed in a GIS environment for N-S oriented, 200-
m-wide “bands.” The relative contribution of shallow ground-
water outflow into the lagoon and deep circulation passing
below the lagoon and discharging into the ocean is particularly
important in the east (Stigter et al. 2013). This estimate was
quantified by defining a “groundwater divide” separating the
shallow and deep flow components. In other words, only aqui-
fer recharge occurring south of the groundwater divide is be-
lieved to result in direct discharge into the lagoon. An impor-
tant exception occurs in the westernmost sector, where
groundwater inflow from the north occurs due to high extrac-
tions for irrigation in the south.

The N content in groundwater was considered con-
stant throughout the year. Monthly averages of ground-
water flow were obtained from existing transient numer-
ical simulations for a large aquifer bordering the region
to the west (Stigter et al. 2009). As for N, P content of
groundwater was considered constant throughout the
year. The average observed concentration in the coastal
groundwater of the area (0.01 mg/l) was multiplied by
monthly flow estimates to quantify P discharges into the
lagoon.

Lagoon-Ocean Exchange

Water exchange volumes were obtained from Pacheco et al.
(2010). Average velocities and discharge volumes in the chan-
nel cross section due to the ocean tide and tidal elevation
change in the bay were used to determine the tidal prism
discharge for different tidal amplitudes using the linear meth-
od approach (see Dean and Dalrymple 2002). To apply this
approach, inlet morphology parameters were obtained from a
2006 bathymetric chart for the Farol inlet, following the rec-
ommendations of Seabergh (2006). The same procedure could
not be applied to Armona inlet, due to the lack of a detailed
bathymetry. To estimate flows at this inlet, an exponential
equation was obtained relating the mean tidal prism and the
tidal range for Farol inlet. Assuming the two inlets as an in-
terconnected subsystem, where Ancdo inlet contribution is
negligible (Pacheco et al. 2010), the percentage of water
flowing through each inlet was determined. We assumed a
linear relation between that percentage and tidal range and

estimated the discharge at Armona inlet as a function of
Farol inlet discharge. Because the inlets are an interconnected
hydrodynamic cell system, with a clear circulation pattern
from Farol to Armona inlets, it was also necessary to correct
for the difference between flood and ebb between the inlets.
This method allowed estimating velocity and discharge at
each inlet for any specific tidal amplitude.

Continuous data on sea surface temperature (SST)
measured on a buoy approximately 2 nm off the coast
were obtained from the Hydrographical Institute
(Lisbon). Exchange of nutrients, chlorophyll a (Chl a),
and particulate matter between the Ria Formosa and the
Atlantic Ocean were measured every 2 h during full
tidal cycles (24 h) from March 2006 to March 2007.
Neap and spring tidal cycles were sampled every other
month, but due to technical problems, the July spring
tide could only be sampled during daytime and the
November 2006 neap tide campaign had to be canceled.
In total, 12 full tidal cycles and 1 half (12 h) cycle
were sampled. Samples were taken from the far end of
the jetty in the Farol inlet (Fig. 2) using a bucket at-
tached to a 20-m-long rope to collect water that was
transported in insulated bags to a provisional field lab-
oratory within 5 min time, where they were processed
as described in “Analytical procedures” section. To test
for potential differences of water parameters between
Farol and Armona inlets, additional samples were taken
in the months of April, June, August, October, and
December 2006 and February 2007, at 3 h from the
turn of tides during daytime neap and spring tides. As
no significant differences between the inlets were found,
the calculations of the inlet budgets were based only on
the concentrations measured in the Farol inlet.

Analytical Procedures

Duplicate water samples for both riverine and seawater were
collected in 2-1 PolyP bottles. Temperature, EC (rivers) or
salinity (ocean), and pH of the two water samples were mea-
sured on the spot using a multiparametric sonde (WTW,
Weilheim, Germany). All samples were analyzed for
suspended particulate matter (SPM); particulate C, N, and P
(POC, PON, and PP); dissolved organic carbon (DOC); and
dissolved inorganic nutrients. In addition, seawater samples
were analyzed for Chl a concentrations.

For SPM and POC, PON, and PP analyses, 500 ml of water
was taken from each bottle after vigorous shaking and filtered
over precombusted (450 °C, 2 h), preweighed filters
(Whatman GF/F). Filters were dried at 60 °C for 2-3 days
and weighed to calculate SPM. POC and PON were analyzed
at the University of Malaga (Spain) using a 2400 CHN ele-
mental analyzer (Perkin-Elmer, USA). PP was analyzed as
orthophosphate as indicated below after acid persulfate
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digestion of the filters (Sommer and Nelson 1972). For sea-
water samples, another 500 ml was filtered over untreated
filters after which these were stored frozen wrapped in alumi-
num foil. Chl a was analyzed spectrophotometrically
(Beckman Coulter DU 650, USA) on these filters after over-
night extraction in the dark at 4 °C (Lorenzen 1967).

For DOC analyses, 20 ml of the sample was filtered
with precombusted filters in a glass ampoule to which
10 ul, 85 % H3;PO4 was added after which the ampoules
were sealed. Samples were analyzed at the Mediterranean
Institute for Advanced Studies (IMEDEA-CSIC, Spain)
using a Shimadzu TOC-5000 A (seawater sample) and at
the University of La Corufia, Spain, on a Shimadzu TOC-
V CSN analyzer (freshwater samples). For nutrient (am-
monium, nitrite + nitrate, and orthophosphate) analyses,
200 ml water was filtered over 0.45-um cellulose acetate
filters (Whatman) and frozen. Nutrients were later ana-
lyzed on a portable loop flow analyzer (Micromac-1000
MP, Systea, Italy) based on traditional colorimetric anal-
yses (APHA 2005).

Data Analysis and Budget Calculation

A principal component analysis (PCA) was performed
on a correlation matrix of 11 variables (listed in
“Results” section) to assess multivariate relationships
among variables and to reveal hydroecological processes
occurring during the sampling period. To calculate the
nutrient and particulate matter exchange between Ria
Formosa lagoon and the adjacent coastal zone, the av-
erage of the initial and final concentrations was calcu-
lated for each 2-h period and multiplied with the vol-
ume of water exchanged during this period. The
amounts of nutrients or particulate matter exchanged in
each 2-h period were summed to obtain tidal and daily
exchange totals. Based on PCA results, the cycles were
separated in spring-summer (May, July, and September)
and autumn-winter cycles. To detect whether cycles
were deviating significantly from the average in a sea-
son, a Dixon’s Q test was performed for all nutrients
(Rorabacher 1991), using the outlier package (Komsta
2011) in R version 3.1 (R Core Team 2014). Seasonal
exchange budgets were calculated by averaging the dai-
ly exchanges per season, multiplied with 183 and
182 days for summer and winter, respectively, and
summed to obtain annual exchange. Based on the re-
sults of the outlier analyses, two annual budgets were
calculated, one including the July and November cycles
and one excluding those, to assess the importance of
short-lasting, isolated events (in this case wind induced
upwelling and torrential rain, respectively) on the annual
budgets of Ria Formosa lagoon.
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Results
Freshwater Nutrient Inputs

The main contributors to the total freshwater discharge into
Ria Formosa lagoon between October 2005 and April 2007
were rainfall and stream runoff, which peaked in November in
both years, followed by groundwater and WWTP discharge,
respectively (Fig. 3a). Rain and stream discharges showed
considerable intraannual and interannual variations, which al-
beit less pronounced were also observed in groundwater dis-
charge. Discharge was minimum in August and September
and maximum in February to April. In contrast, WWTP dis-
charge was highest in summer and lowest in winter
(December to February), although variation was generally
small.

Contrasting to water volumes, nutrient discharge for rain
and riverine runoff was much more modest (Fig. 3b—d).
WWTPs and groundwater were the main nutrient contributors
because their concentrations are orders of magnitude higher,
together accounting for 88.3 and 96.0 % of the total P and N
annual loading into the lagoon, respectively (Table 1).
Dissolved inorganic nitrogen (DIN) was the major N compo-
nent of stream runoff, with PON contributing with up
6.0 £ 3.9 % to the total N load. In contrast, the particulate
form of P is much more abundant in stream runoff, on average
responsible for 43 % of the total input. WWTPs are the main
source of organic carbon, although during the months of
highest rainfall, riverine contribution can be significant
(Fig. 3d). Stream carbon discharge was mainly in the form
of DOC (average DOC/POC ratio 6.3), whereas POC was
the dominant form discharged by WWTPs (average DOC/
POC of 0.2). A considerable spatial variation of inputs into
the Ria Formosa lagoon was observed with the larger western/
central sector of the Ria Formosa receiving most of the rain
input, whereas the narrower eastern sector received most of
the riverine inputs (Fig. 2). Discharge from the WWTPs is
mostly concentrated in the western/central sector.

The spatial distribution of groundwater outflow from Ria
Formosa watershed is shown in Figs. 4 and 5. The total
groundwater discharge from land was estimated as
57 x 10° m® for an average year, corresponding to approxi-
mately 70 % of natural recharge. The remaining fraction is
consumed by agriculture, pumped mainly from the aquifer
systems located in the west (Stigter et al. 2013). These aqui-
fers are therefore characterized by a significant negative con-
tribution to outflow (white and very light gray areas of Fig. 4);
i.e., there is no groundwater and thus no N contribution to the
lagoon (Fig. 5a). These negative values are mostly compen-
sated by positive water balances in neighboring areas, but
cumulative outflow in this area is close to zero. The areas with
highest recharge are located in the north (Fig. 5a). In the west-
ern sector of Ria Formosa lagoon, even though N load in
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Fig. 3 a—d Monthly discharges of water, N, P, and C from rain, streams,
wastewater treatment plants (WWTPs), and groundwater into the Ria
Formosa lagoon

groundwater is high, N transport into the lagoon hardly occurs
(Fig. 5b). The annual N load on the basin was 570 t yr ', from
which 430 t yr ! was transported from land via groundwater.
Only part of this N enters the lagoon (300 t yr '), corresponding

to a groundwater discharge of 25 x 10® m® yr ' (Fig. 5b). The
remaining fraction is considered to discharge directly into the
Atlantic Ocean.

Exchanges with Ocean

Water temperature monitored at the main inlet of Ria Formosa
(Farol inlet) showed normal seasonal variation, reaching a
maximum of 25 °C in September (Table 2) and a minimum
of 14 °C in March. SST measurements obtained from the
Hydrographical Institute showed a similar pattern (Fig. 6). A
striking, strong SST drop that lasted from 25 June to 9
July 2006 indicates an upwelling event that preceded the
Jul06-1 sampling. The diurnal variation in water temperature
was generally small, presenting patterns with afternoon max-
ima and night to early morning minima without any clear
differences between incoming and outgoing tides (not shown).

Average pH values were higher from late September to
March and lower from late March to early September
(Table 2). No distinct day-night or tidal patterns were ob-
served. Salinity was practically constant all year round with
little variation both between and within cycles, with a notable
exception at the Nov06-1 sampling cycle. This cycle was
sampled in the last day of a period of several days of heavy
rainfall. Outflowing river water caused a decrease in salinity,
which influence reached the Farol inlet as salinity dropped to
lowest values of below 33 at two consecutive low tides
(Fig. 7a). During this event, pH showed strong positive cor-
relations with salinity (Pearson » = 0.89; Fig. 7a), as opposed
to the negative correlations found between salinity and DIN
and phosphate (Pearson » = —0.94 and —0.62, respectively;
Fig. 7b), all showing the influence of the watershed freshwater
runoff.

The variables seston, PON, DOC, and POC, measured over
tidal cycles at the Farol inlet showed a seasonal pattern with
higher values in summer and lower in winter (Fig. 8a—h). In
general, these variables did not show any clear diurnal or tidal
patterns of variability. Chl a concentration was relatively con-
stant year-round except for two distinct peaks in the first half
of May 2006 and March 2007 (Fig. 8b). In both cases, con-
centrations tended to increase with outgoing and decreased
again with incoming tides, whereas no clear tidal or day-
night pattern could be discerned for the other cycles.

Table 1 Absolute (tonnes) and

relative (percent of total) annual Input OrganicC (t) N (t) P(t)  C(percenttotal) N (percenttotal) P (percent total)
contribution of freshwater sources ]
to the nutrient (C, N, and P) load Rain - 25.5 5.6 - 3.1 7.7
of Ria Formosa lagoon in the Stream runoff 15.1 5.8 2.9 1.7 0.7 4.0
period of April 2006 to WWTP 863.6 4769 643 983  59.0 88.0
March 2007
Groundwater - 300.5 0.2 - 37.2 0.3
Total 878.7 808.7 73.1 100.0  100.0 100.0

WWTPs wastewater treatment plants
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Table 2 Characterization of

water sampling campaigns over a Code Starting date Starting time A (m) T(°C) Salinity pH

full tidal cycle with samples taken

every 2 h in the Faro-Olhdo inlet Mar6-1 23/03/2006 9:30 (H) 1.06 (N) 159 +0.7 35.9+0.1 7.80 +0.05

of the Ria Formosa lagoon in the Mar6-2 30/03/2006 9:00 (L) 3.26 (S) 16.1+0.5 36.1+0.1 7.78 + 0.04

ij;‘;‘; ‘;‘;6*7?“‘ 2006 to May6-1  18/05/2006 8:00 (H) 173(N)  203+10  364+0.1  792+004
May6-2 25/05/2006 8:00 (L) 2.60 (S) 179+ 0.8 36.2+0.1 7.93+0.03
Jul6-1 12/07/2006 10:30 (L) 2.68 (S) 21.8+0.5 359+0.2 7.92 +£0.04
Jul6-2 19/07/2006 10:30 (H) 1.58 (N) 23.5+0.8 36.0 0.1 791 £ 0.05
Sep6-1* 07/09/2006 9:00 (L) 2.37 (S) 254+0.5 35.9+0.1 791 +0.05
Sep6-2 18/09/2006 14:00 (H) 1.74 (N) 199+1.1 35.8+0.1 7.99 +0.04
Nov6-1 07/11/2006 11:00 (L) 3.03 (S) 19.8+1.3 344+1.0 8.18 £0.07
Jan7-1 11/01/2007 8:00 (H) 1.16 (N) 159+0.6 36.0+0.1 8.25+0.04
Jan7-2 22/01/2007 12:00 (L) 2.83 (S) 152+0.6 36.0+0.2 8.10+0.03
Mar7-1 13/03/2007 10:00 (H) 0.97 (N) 154+04 35.9+0.1 8.15+0.02
Mar7-2 20/03/2007 10:00 (L) 345 (S) 14.1 £0.7 35.8+0.1 8.11 £0.04

Name of campaign (code), starting time of campaign at high (H) or low (L) tide, tidal amplitude (A) indicating
neap (N) or spring (S) cycle, average temperature (7), salinity (S), and pH. Averages =1 SD

# Twelve-hour cycle only

Total DIN was also relatively constant year-round except
for peak values in winter (first March cycle 2006 and January
cycles 2007) and considerably lower values during the rest of
the year (Fig. 8c). Lowest values (1-3 uM N) were recorded
during the Jul6-2 cycle. High DIN values in winter were most-
ly due to increases in nitrate (NH,*/NO;~ = 0.34 £ 0.29),
whereas in summer, a considerable decrease in nitrate was
accompanied by a slight increase in ammonium (NH4"/
NO; = 3.59 £ 2.80). In general, DIN was the main compo-
nent of total nitrogen (DIN/PON = 2.25 + 1.22); however,
during summer, PON was slightly dominant (DIN/
PON = 0.82 £ 0.10).

28

SST (° C)
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Fig. 6 Sea surface temperature (SST, °C) variation throughout the study
period, obtained by a hydrographic buoy of the Hydrographical Institute
of Portugal located 5 nm offshore the Farol inlet of Ria Formosa lagoon.
The gaps represent the periods where no data were available; the arrow
marks an upwelling event coincident with a sampling cycle

Phosphate and particulate phosphorus (PP) concentrations
showed little variation along the year. Phosphate peaked in
March 2006 (Fig. 8e), whereas PP showed minima in
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Fig.7 a Water salinity, temperature (°C), and pH. b Ammonium (NH,"),
nitrate (NOj; ), and orthophosphate (PO4>") concentrations (uM) in the
Farol inlet of Ria Formosa lagoon during the November 2006, 24-h
sampling cycle. LT and HT indicate low and high tides, respectively
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Fig. 8 Box-and-whisker plots showing the time variation of
concentrations of seston (mg 171), Chl a (ug 171), DIN, PON, PO437, PP,
DOC, and POC (all uM) between March 2006 and March 2007 in the
Faro inlet of Ria Formosa lagoon. Each box-and-whisker plot represents

September, January, and March 2007 (Fig. 8f). On average,
PO,’ and PP contributed equally to total phosphorus (TP)
levels (average PO,>7/PP ratio of 1.00 + 0.51). Annual TP
evolution (not shown) showed a V-shaped pattern with max-
imum values in both winters and minimum in summer. DOC
was by far the major component of total carbon (TC), with a
maximum observed DOC/POC ratio of 22.8; average DOC/
POC ratio for all cycles was 4.76 + 1.46.
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Cycle

two tidal cycles (spring and neap) per month. The central line in each box
indicates the median concentrations, the ends of the boxes are the 25th and
75th percentiles, error bars are the 10th and 90th percentiles, and points
are the 5th and 95th percentiles

The first three principal components of the PCAs explained
66 % of total data variance (Fig. 9 and Table 3). The first
component, which explains 37 % of the data variance, repre-
sents positive correlations with seston, ammonium, DOC,
POC, PON, and temperature and negative correlations to pH
and nitrate. The second component explains 16 % of the var-
iance and represents the positive relationship between chloro-
phyll a and particulate phosphorus. The third component is
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Fig. 9 Primary factorial plane (explaining 53.2 % of data variance),
resulting from the PCA of data from 13 sampling campaigns between
March 2006 and March 2007 in the Farol inlet of Ria Formosa lagoon.

basically attributed to phosphate variability. The PCA plot
reveals a clear seasonal gradient along the first component,
from winter samples on the left side when high values of
nitrates and pH contrasted with the other variables to the sum-
mer samples on the right side when high levels of PON, POC,
ammonium, DOC, seston, and temperature contrasted with
lower nitrates and pH values (Fig. 9). The shifting of the data
along the negative side of component 2 indicates the reduced

Both the variable loadings and the sample scores are shown; the different
symbols and colors show the monthly sampling times. For variable
description and abbreviations, see Table 3

loadings of chlorophyll a and particulate phosphorus during
summer.

Net Exchange Budgets
Graphs for net matter exchange for all cycles between the Ria

Formosa lagoon and the Atlantic Ocean are attached as sup-
plementary material (S1), except for nitrogen (Fig. 10). Both

Table 3 PCA of seawater

parameters of 13 diurnal sampling Variable Description First factor Second factor Third factor

campaigns in the Ria Formosa in

the period of April 2006 to A Eigen value 4.07 1.78 1.41

March 2007 CEDV Cumulative explained data variance 37.0 532 66.0
T Temperature 0.62 -0.47 043
pH ~log[H"] —0.69 0.26 0.49
Ses Seston 0.80 -0.26 —0.17
Chl a Chlorophyll a 0.20 0.79 0.17
NH,4 Ammonium 0.74 0.08 —0.08
NO; Nitrate —0.64 0.10 —-0.28
PON Particulate organic nitrogen 0.69 0.43 0.34
PO, Phosphate 0.19 0.09 -0.78
PP Particulate phosphorus 0.18 0.68 -0.29
POC Particulate organic carbon 0.71 0.32 0.13
DOC Dissolved organic carbon 0.73 —0.17 —0.11

Eigenvalues, explained variance, and variable loadings of the first three components. Loadings higher than £0.60

are in italics
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Fig. 10 Net daily exchange budgets of nitrogen (dissolved inorganic
(DIN), particulate (PON), and total nitrogen (TN); kg N), between Ria
Formosa lagoon and the coastal ocean between March 2006 and
March 2007. The values represent the exchange averages observed in
each sampling cycle, i.e., including spring and neap full tidal cycles; the

negative numbers indicate the export from the lagoon to the ocean

import and export of plankton was observed without a clear
seasonal pattern. Seston was exported from May to the first
cycle of January 2007 with maximum values in summer, ex-
cept for the Jul06-1 cycle. Nitrogen was exported from the
lagoon during the whole year, except for the Jul06-1 and the
Nov06-1 cycles when a high import of DIN resulted in net N
import and during the Mar07-1 cycle, where important PON
import was observed (Fig. 10). Phosphorus showed a general
pattern of export in summer and autumn (May—November)
and import in winter, with the exception of the Nov06-1 cycle
and the Mar07-2 cycle. For carbon, the pattern was less clear,
although again, net import was observed during the Jul06-1
and the Nov06-1 cycles.

Two budgets of annual oceanic exchange through the inlets
either including or excluding the two cycles of extreme sto-
chastic events, the upwelling event (Jul06-1) and the heavy
rainfall (Nov06-1), are presented in Table 4. On annual basis,
Ria Formosa is a source of plankton, seston, and phosphorus

to the ocean, but the total amounts were reduced due to sto-
chastic events. In contrast, the effects of extreme events on the
exchange of nitrogen and carbon were particularly strong,
converting the role of the lagoon from a source to a sink of
N and C.

Table 5 presents the annual nutrient (C, N, and P) budget
for the Ria Formosa lagoon, obtained from the sum of the
different sources minus the output to the ocean. A budget
was calculated both excluding and including the extreme, sto-
chastic events. This again shows the strong effect of these
events on the total annual budget in the cases of C and P,
completely reversing the flow of matter. For P, the effect was
relatively small.

Discussion
Freshwater Nutrient Inputs

WWTPs were the most important sources of nutrients to Ria
Formosa lagoon and consequently stand as the most important
driver of the ecosystem metabolism, fuelling both the ecosys-
tem respiration (DOC and particulate matter) and the ecosys-
tem primary production (inorganic N and P). The pronounced
seasonality in WWTP discharge is driven by the seasonal
fluctuation of population fuelled by tourism, which peaks in
the summer. Groundwater appeared as the second major fresh-
water source of nutrients to Ria Formosa lagoon, contributing
with about 300 t of N. This estimate is 1 order of magnitude
higher than a previous estimate by Leote et al. (2008), which
was based on in situ measurements made at only one site. Our
estimate reveals the importance of this component in the N
loading of Ria Formosa as it has been shown for coastal sys-
tems elsewhere, where groundwater discharge compares with
riverine inputs (Niencheski et al. 2007).

The input of nutrients, through atmospheric deposition and
riverine discharge, was strongly coupled to the periods of
rainfall, i.e., in autumn and winter, rapidly decreasing in the
following months, a characteristic of Mediterranean climate
(e.g., Ludwig et al. 2003). Total contribution of nitrogen

Table 4 Net budgets of matter

exchange (t = tonnes, Chla (t Seston (kt) Ckp N® P®

kt = kilotonnes) between Ria

Formosa lagoon and the ocean Summer® —2.96 +4.84 —-3531+71.77 1.62 £4.82 —100.28 + 496.88 —47.61 +31.49

(average + standard error): Winter® 1.21+£5.30 15.15 +£44.07 —0.39 £4.08 252.00 + 628.05 —16.83 +98.09

summer (April to September Total® -1.75 -20.16 124 151.72 ~64.45

2006), winter (October 2006 to ° : ' ' ' '

March 2007), and annual Summer 396477  —6250£41.77  064+470 28859428899  —52.70+32.16
Winter 0.85+5.87 19.68 +48.21 —-1.82+3.25 —25.78 +£327.51 —-34.51 +101.96
Total -3.11 —42.82 -1.17 -314.36 —87.60

The negative numbers indicate the export of matter from the lagoon to the ocean

*Novo6-1 cycle (with rain) and the Jul6-1 cycle (upwelling) included in the calculations
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Table 5 Net annual budgets of

nutrients (C, N, and P) of Ria Input  Exchange 1  Exchange2  Difference 1 = Percent Difference 2  Percent

Formosa lagoon in the period of

April 2006 to March 2007 Organic C (t) 878.7 —1174.9 1239.8 —296.2 —133.7 21185 141.1
N (t) 808.7 —3144 151.7 4943 38.9 960.4 18.8
P (1) 73.1 —87.6 —64.5 —-14.5 -119.8 8.6 88.2

Input is the sum of freshwater input sources, exchange 1 is the exchange with the ocean excluding the Nov6-1
cycle (with rain) and the Jul6-1 cycle (upwelling), exchange 2 is the exchange including these cycles, difference is
the input + exchange 1 or 2, and percent is the exchange as percentage of input. The negative numbers indicate the
export of matter from the lagoon to the ocean

through dry and wet depositions to the lagoon (51.4 t) was 1
order of magnitude lower than that of groundwater or WWTP.
This relatively low value was confirmed with data from
EMEP and is also seen to occur in moderately industrialized
areas of the USA (e.g., NADP 2000). Industrial activities and
emissions are low in the area of Faro, and during the touristic
summer season when emissions could be slightly higher, pre-
cipitation is very scarce. The nutrient contributions of riverine
discharge to the lagoon are also relatively modest, mainly
because water discharge is low. Larger rivers flowing into
the Mediterranean and Black Sea show higher nutrient contri-
butions to coastal systems (Ludwig et al. 2009). The most
important riverine contributions to Ria Formosa lagoon orig-
inate from agricultural runoffs and, to a lesser extent, from
domestic effluents. During the period of heavy rainfall in
November, the effects of agricultural runoff were particularly
notable in the high nitrate concentration of the water flowing
into the lagoon.

Groundwater outflow occurred throughout the year,
with higher flow rates in winter and early spring, as
confirmed by transient flow simulations in a bordering
aquifer (Stigter et al. 2009). Groundwater outflow in the
western sector is highly restricted, as large volumes of
groundwater are extracted for irrigation. This is evident
in Fig. 5, where sectors with negative outflow indicate
potential seawater intrusion. Negative outflow is com-
pensated by positive water discharge in neighboring
areas, resulting in a cumulative outflow close to zero.
Consequently, the N export into Ria Formosa lagoon
from the western sector is very low. The reduced out-
flow of N combined with the water pumping for agri-
culture, fertilization, and irrigation tend to increase the
storage of N in the western aquifers. Stigter et al.
(2006b) also show that the groundwater discharge in
this sector is indeed very limited and that the long res-
idence times promote groundwater salinization and in-
creased nitrate contamination. In the eastern sector, N
loads of groundwater are lower but are completely
exported into Ria Formosa lagoon. Localized groundwa-
ter outflow along geological faults was also revealed by
electromagnetic surveys (Stigter et al. 2013), but the N
export along these pathways is believed to be limited,

as it originates from deeper, less contaminated
groundwater.

More than 60 % of the freshwater N load into Ria Formosa
lagoon is consumed internally. Highly productive saltmarsh
and seagrass communities that occupy up to 65 % of the la-
goon area (Santos, unpublished) and the low residence times
of water that is flushed to the ocean every tide (Andrade 1990)
explain why no eutrophic symptoms have been detected in the
water column of the system (Nobre et al. 2005). The nutrient
loading reported here, about 100 kg ha ' yr'!, lay on the
declining trends of seagrass response to N loading in the con-
ceptual model of Valiela et al. (1997) for systems with low
residence times. Interestingly, the mathematical model of
seagrass habitat loss in relation to N loading presented by
Short and Burdick (1996) previews a seagrass surface area
of 21 % in Waquoit Bay, MA, with the N loading observed
in Ria Formosa lagoon, which compares very well with the
actual seagrass area cover of 23 % in Ria Formosa lagoon
(recalculated based on Guimaraes et al. 2012). Both models
suggest that increasing N loading of Ria Formosa lagoon will
have a strong effect in the area covered by seagrasses within
this system. Worrisome benthic symptoms of excessive
macroalgal growth occur sporadically in Ria Formosa lagoon
both in winter and summer (Stigter et al. 2013) with the later
being exported to the adjacent coastal beaches, where they
become an important nuisance (Malta et al. 2007). It is expect-
ed that the increasing population of surrounding urban centers
will result in increasing WWTP nutrient discharges into the
lagoon and thus into the risk of the system to become
eutrophic.

Ocean Exchange: Seasonal Dynamics and Effects
of Stochastic Events

Nutrient loading into Ria Formosa lagoon showed a strong
seasonal variation fuelling within lagoon metabolic processes
that are apparent in the variables measured. The data on the
carbon budget, with C being exported to the ocean in winter
and retained in the lagoon in summer, suggest that the whole
system metabolism is autotrophic in winter and heterotrophic
in summer. This is supported by the seasonal variation of pH
in the water column showing higher values in winter and
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lower in summer. In winter, the net consumption of CO, by
the whole system will be positive, increasing the pH. As
temperature increases during summer, a higher relative
importance of the system respiration versus production is
expected, lowering the pH, as observed here. Santos et al.
(2004) estimated the metabolic contributions of the main
biological communities in a section of Ria Formosa lagoon
in the summer, concluding that the whole ecosystem was in
metabolic balance.

Temperature is probably the main driver of the summer
nutrient dynamics as it increases remineralization (Serpa
etal. 2007), thereby increasing the availability of ammonium.
In addition, WWTP discharges of ammonium increase in
summer due to increased visiting population loadings
(Cabaco et al. 2008). Higher temperature and ammonium
levels enhance activity of benthic producers (seagrasses,
saltmarsh plants, and macroalgae; Asmus et al. 2000), leading
to higher particle (seston) production (McGuirk Flynn 2008)
as observed in Ria Formosa lagoon. Macrophytes are the
dominant primary producers in the system and the major con-
tributors to water column POM, with a minor contribution
from microalgae (Machas et al. 2003), thereby explaining
the positive associations found between temperature, seston,
POC, DOC, and PON in this study. The increase of DOC in
the summer is supported by the results of Santos et al. (2004)
that showed that the benthic communities are net producers of
DOC during this season in spite of the higher temperatures
and consequent higher metabolism of microbes.

Our results suggest that P exchange is controlled by differ-
ent processes than those that drive C and N fluxes. The strong,
positive relation between PP and phytoplankton (Chl a) but
not to other variables was evidenced by the second factor of
PCA that explained 16 % of the variation of the whole data
set. This probably reflects the much higher P content of
microalgae compared to the benthic primary producers
(Atkinson and Smith 1983). The phytoplankton population
in the lagoon was found to be a mixture of lagoon and coastal
zone algae (Brito et al. 2013), which is hence influenced both
by an interaction of coastal zone and lagoon processes (e.g.,
currents, upwelling, and water mixing). This is probably why
they do not correlate with the other variables.

Suggestions of P limitation of plankton production for part
of the year were made by Falcdo and Vale (1990). However,
later studies failed to confirm this (e.g., Loureiro et al. 2005),
in agreement with the results presented here that on an annual
basis, P export to the ocean surpassed input. Phosphate
showed a weak negative correlation with temperature and
pH, indicating some role of metabolic processes in the dynam-
ics of DIP. Sedimentary consumption was found to be posi-
tively correlated to phosphate concentration in the water in
Ria Formosa lagoon, leading to higher sediment uptake rates
in winter (Asmus et al. 2000). In contrast, sedimentary re-
leases of phosphate were found in summer (Falcao and Vale
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1990), mainly due to increases in remineralization rate (Serpa
et al. 2007). This in agreement with our exchange data that
generally show higher P export in summer and indicates the
importance of benthic processes in the regulation of P exchange
between Ria Formosa and the ocean, as has been observed in
other coastal sediments (Serpa et al. 2007; Slomp 2011).

The nitrate levels were higher in winter than in the summer,
responding to the higher groundwater and stream inputs in
winter. These observations agreed with the long-term seasonal
pattern of nitrate variation in the system (Barbosa et al. 2010).
However, the N exchange results of both the first July cycle
and the November cycle (Fig. 8) suggest a strong disruption of
the general exchange pattern, driven by the extreme stochastic
events that occurred at the time of sampling. The large drop
observed in the water temperature in July indicates upwelling
of deep oceanic nutrient-rich waters. This is supported by
wind data from that period where a dominance of strong
(north)western winds during several days preceding the sam-
pling occurred, complying with the main upwelling conditions
for this area (Relvas and Barton 2005). As a result, during this
period, the system changed from a net nutrient exporter to a
nutrient importer, as also reported recently by Cravo et al.
(2014) under upwelling conditions. Conditions that cause up-
welling currents to reach the Ria Formosa are relatively rare
(Brito et al. 2012). Analyses of the available water tempera-
ture data of the period 2005-2008 show that on average,
15.7 £7.2 days of summer had temperatures compatible with
upwelling events, i.e., 8.6 % of the summer period. The im-
pact of summer upwelling on the annual nutrient budget of
Ria Formosa lagoon may be considered low under current
meteorological conditions but may become important if the
number of upwelling events increases due to climate change.

The November anomaly coincided with heavy rainfall in
the days prior to and during sampling, which resulted in im-
portant atmospheric and fluvial water inputs into the lagoon.
Contrary to expectations, a net nutrient import from the ocean
was found in this period. A likely explanation for this may be
incomplete mixing of outflowing stream freshwater above the
higher-density oceanic water, leading to reimport of the
nutrient-rich water with the next incoming tide. This hypoth-
esis is supported by the high-nutrient concentrations and re-
duced salinity of incoming ocean water during the morning
flood as shown in Fig. 7. As the mouths of the main rivers
(Gilao/Sequa and Almargem) are located in the narrow eastern
sector of the Ria Formosa and discharge directly through the
small Tavira inlet (Fig. 2), the majority of the water discharged
by those rivers goes straight to the ocean, especially at ebb
tide. Near-coastal currents in the area depend on the dominant
wind direction (Relvas and Barton 2005). Wind data extracted
from the Windguru (www.windguru.cz) archive showed that
moderate to strong eastern winds prevailed in the week
preceding the November cycle. Thus, most likely, nutrient-
rich stream water that flows into the ocean through the
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Tavira inlet was imported again with flood tides through the
westerly Farol and Armona inlets, explaining the net import
during this cycle.

It must be noted that some underestimation of the export
may be expected due to an artifact caused by the exchange
model, which considers tidal water flow, assuming equilibri-
um (i.e., all water entering with flood leaves again with ebb)
and does not take into account water inputs from land and
rainfall or losses due to evaporation. We estimated that for
November 2006, the month with the highest freshwater input
in the sampling period, the export would be approximately
2 % higher than in our exchange calculations but still an order
of magnitude lower than the estimated import during the
November cycle. Consequently, the net result would still be
that there is a net import of nitrogen.

Budget

The differences in the calculated annual budget, including and
excluding the extreme stochastic events, clearly demonstrate
their importance on connectivity of Ria Formosa lagoon with
the ocean, stressing the need for high-resolution sampling tak-
ing into account all potentially relevant processes. As these are
still short-living and relatively rare events, we consider the
annual budget excluding these cycles from the calculations
as the most realistic estimate of the real budget under current
conditions. Obviously, if the frequency of these events in-
creases, their impact on total annual C, N, and P budgets will
be more important.

The uncertainty surrounding the groundwater component
may be relatively large, particularly in terms of N-leaching
estimates. Nevertheless, our estimate of the average nitrate
(NO;3") concentration of discharging groundwater is similar
to the median nitrate concentration of observation wells in
the groundwater of Ria Formosa watershed. Groundwater dis-
charges of P are more difficult to assess but less important. P is
much less mobile, due to the tendency to sorb on solids (e.g.,
iron oxides) or, in its ionized form, precipitate with dissolved
cations such as calcium (Ca*") (e.g., Griffioen 2007). For
these reasons, we used the average concentration of the mon-
itoring wells of the area and the monthly flow estimates to
quantify P discharge into the lagoon. With respect to C, the
role of groundwater is still largely unknown. DOC concentra-
tions can be important in groundwater (see review by Bauer
and Bianchi 2011), but in general, inorganic carbon is the
dominant component (Maher et al. 2013). Part of the DOC
in groundwater may also originate from overlying seawater
(Goni and Gardner 2003).

Nutrient removal due to export of litter and plant parts
(seagrasses and macroalgae) is generally not included in bud-
gets due to difficulties of setting up representative sampling
protocols, but they may represent a considerable sink (Flindt
et al. 2007; McGlathery 2008). Nutrient export data in

1999/2000 in the form of litter were available for the small
Barra inlet in the westernmost part of the Ria Formosa (Santos
et al. unpublished data). Linearly extrapolating these values to
the scale of the lagoon indicates that for C, litter export might
be a relevant sink that could account for nearly 11 % of import,
whereas for N and P, it is probably much less relevant (around
1 % of import). It must be said however that leaf litter export is
highly variable and can be especially high during storms
(Flindt et al. 2007); increased storm activity as predicted under
climate change scenarios (Gastineau and Soden 2009), partic-
ularly when combined with high spring tides, may increase
significantly the export to the ocean.

Shellfish harvest is being increasingly considered a poten-
tial mitigating measure for nutrient extraction in eutrophicated
systems (Beseres Pollack et al. 2013). Ria Formosa lagoon is
the main producer of shellfish in Portugal; about 10,000 t of
bivalves are harvested annually (Santos et al. 2004). Taking
into account published shellfish C, N, and P contents (Beseres
Pollack et al. 2013; Smaal and Vonck 1997), this roughly
corresponds to 1260.5, 7.3, and 0.8 t of C, N, and P, respec-
tively. This is approximately 1.5 times the input of organic
carbon; according to Santos et al. (2004), it accounts for nearly
all organic carbon stored in the lagoon. For N and P, it repre-
sents approximately 1 % of the estimated input. Thus, we
conclude that shellfish harvesting probably plays a large role
on the C budget of the lagoon but that impacts on the N and P
budgets are small.

Dissolved organic N and P analyses are often not included
in budget studies mainly due to methodological problems
(Aluwihare and Meador 2008). Recently, it has become clear
that dissolved organic nutrients can form a very important
fraction of total dissolved nutrients in temperate systems
(Makings et al. 2014; McGuirk Flynn 2008). Dissolved organ-
ic nutrients have not been measured during this study. A lim-
ited number of data on both inorganic and total dissolved
nitrogen and phosphorus is available online through SNIRH
(the database of the Portuguese Water Institute INAG;
http://snirh.pt), indicating that this might be quite important,
although highly variable. However, the lack of detail on the
precise nature of these samplings and their scarcity does not
allow for straight conclusions at this moment, stressing the
need for further studies on this subject.

Combining the above considerations for the general carbon
budget, seafood harvest and to a much lesser degree litter
export are important sinks as discussed above. Seafood har-
vest is in the same order of magnitude as export of DOC and
POC to the ocean. Adding these to the measured export to the
ocean, this means that in total, more than 2500 t C per year is
exported from the lagoon. According to our data (Table 5),
34.9 % of this can be accounted for by the observed import of
DOC and POC through streams and the WWTPs. Net primary
production should be responsible for the remaining part,
which should hence be in the order of 1600 t per year, minus
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the groundwater contribution. Organic carbon in groundwater
was not considered in this work, but in general, its concentra-
tion is low (Goiii and Gardner 2003), whereas groundwater
can be an important source for inorganic carbon (Goiii and
Gardner 2003; Santos et al. 2012).

In relation to the N budget with the outcome of the net
annual exchange budget presented in Table 5, there is a miss-
ing sink of N of around 500 t N. This may be accounted for by
the outcome of nitrogen fixation and denitrification processes
that were not measured here. In temperate lagoons and estu-
aries, except for the Baltic Sea, the role of N fixation is gen-
erally modest in comparison to loadings from external sources
(Herbert 1999). On the other hand, denitrification (including
canonical denitrification and anammox) is recognized as one
of the most important processes of N removal in coastal zones
(Devol 2008). To close the N budget, the annual denitrifica-
tion should be >47.9 umol m 2 h'. Published (canonical)
denitrification rates for lagoons vary widely, depending on
the environment in which it is measured and the measuring
technique applied (Boynton and Kemp 2008). Nevertheless,
the rate estimated here is close to the averages listed for la-
goons, seagrass beds, mudflats, and coastal wetlands (21, 29,
71, and 94 pumol m % h™', respectively; Boynton and Kemp
2008). We conclude that denitrification can be a major nitro-
gen removal process (as N,) from Ria Formosa lagoon, of the
same order of magnitude as the export to the ocean.

Considering the P budget, and similarly to the N budget,
there might be relevant inputs of DOP in the form of probably
wastewater and agricultural runoff (McGuirk Flynn 2008;
Slomp 2011). Inputs from the ocean are only relevant in oli-
gotrophic zones as total concentrations are generally low
(Miyajima et al. 2007; Slomp 2011). To obtain better estimates
of the P budget, it is important to assess the DOP dynamics of
the system.

Concluding Remarks

On an annual basis, nutrient (C, N, and P) input in the Ria
Formosa is dominated by WWTP discharge and groundwater
outflow. In general, there is a continuous export of particulate
and dissolved organic (C) and inorganic (N and P) nutrients,
fertilizing the coastal ocean. Extreme stochastic events, such
as strong rainfall and oceanic upwelling, strongly disrupt the
general pattern. If the frequency of these events will increase,
as predicted under global climate change, this will have great
consequences on the annual nutrient budget and consequently
on the ecological functioning of Ria Formosa lagoon. This
study was initiated as part of a project on macroalgal blooms
growing both in the lagoon in winter and in spring/summer in
the adjacent coastal ocean in order to try to identify major
nutrient sources for these algae. Although nutrient concentra-
tions in the coastal zone are low, the continuous nutrient
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outflow displayed in this study may support these blooms.
Management policies should firstly be focused on the devel-
opment of more advanced wastewater treatment plants as a
first step to reduce the nutrient loads to Ria Formosa and to
the coastal ocean. Furthermore, changes in irrigation practices
will have to be critically considered as they strongly effect
groundwater flow and through that the nutrient budget of the
lagoon.

Acknowledgments The authors wish to thank Ana Alexandre, Susana
Cabago, Alexandra Cunha, Pedro Feijoo, Leonardo Mata, Inés Paixao,
Abraham Pastor, and Diogo Paulo for their invaluable assistance during
the 24-h sampling cycles. Monya Costa is acknowledged for carrying out
most of the nutrient analyses of the water samples. The Instituto de
Socorros a Naufragos at Farol Island kindly offered us their hospitality
and space for setting up a field lab during the 24-h samplings. The present
study was performed in the scope of the research projects POCI/MAR/
58427/2004 and PPCDT/MAR/58427/2004 funded by the Portuguese
Science and Technology Foundation (FCT). EM acknowledges a post-
doctoral fellowship grant from the Portuguese Science and Technology
Foundation (FCT).

References

Aluwihare, L., and T. Meador. 2008. Chemical composition of marine
dissolved organic nitrogen. In Nitrogen in the Marine Environment
(Second Edition), ed. D.G. Capone, D.A. Bronk, M.R. Mulholland
and E.J. Carpenter, 95-140: Academic Press.

Andrade, C. 1990. O ambiente barreira da Ria Formosa, Algarve,
Portugal. Ph.D. Dissertation, Faculty of Sciences, University of
Lisbon, Portugal.

Andrade, C., M.C. Freitas, J. Moreno, and S.C. Craveiro. 2004.
Stratigraphical evidence of late Holocene barrier breaching and ex-
treme storms in lagoonal sediments of Ria Formosa, Algarve,
Portugal. Marine Geology 210: 339-362.

APHA. 2005. Standard methods for the examination of water &
wastewater, 21st edn. Washington DC: American Public Health
Association.

Artioli, Y., J. Friedrich, A.J. Gilbert, A. McQuatters-Gollop, L.D. Mee,
J.E. Vermaat, F. Wulff, C. Humborg, L. Palmeri, and F. Pollehne.
2008. Nutrient budgets for European seas: a measure of the effec-
tiveness of nutrient reduction policies. Marine Pollution Bulletin 56:
1609-1617.

Asmus, R.M., M. Sprung, and H. Asmus. 2000. Nutrient fluxes in inter-
tidal communities of a south European lagoon (Ria Formosa)—sim-
ilarities and differences with a northern Wadden Sea bay (Sylt-Reme
Bay). Hydrobiologia 436: 217-235.

Atkinson, M.J., and S.V. Smith. 1983. C:N:P ratios of benthic marine
plants. Limnology and Oceanography 28: 568-574.

Barbosa, A.B., R.B. Domingues, and H.M. Galvao. 2010. Environmental
forcing of phytoplankton in a Mediterranean estuary (Guadiana es-
tuary, south-western Iberia): a decadal study of anthropogenic and
climatic influences. Estuaries and Coasts 33: 324-341.

Bauer, J.E., and T.S. Bianchi. 2011. Dissolved organic carbon cycling and
transformation. In Treatise on estuarine and coastal science, eds. E.
Wolanski, and D.S. McLusky, 7-67. Waltham: Academic Press.

Beseres Pollack, J., D. Yoskowitz, H.C. Kim, and P.A. Montagna. 2013.
Role and value of nitrogen regulation provided by oysters
(Crassostrea virginica) in the Mission-Aransas Estuary, Texas,
USA. PLOS One 8.



Estuaries and Coasts (2017) 40:419-436

435

Boynton, W.R., J.H. Garber, R. Summers, and W.M. Kemp. 1995. Inputs,
transformations, and transport of nitrogen and phosphorus in
Chesapeake Bay and selected tributaries. Estuaries 18(1): 285.

Boynton, W.R., and W.M. Kemp. 2008. Estuaries. In Nitrogen in the Marine
Environment (Second Edition), ed. D.G. Capone, D.A. Bronk, M.R.
Mulholland and E.J. Carpenter, 809—866: Academic Press.

Brito, A.C., T. Quental, T.P. Coutinho, M.A.C. Branco, M. Falcao, A. Newton,
J. Icely, and T. Moita. 2012. Phytoplankton dynamics in southern
Portuguese coastal lagoons during a discontinuous period of 40 years:
an overview. Estuarine Coastal and Shelf Science 110: 147-156.

Brito, A.C., I. Benyoucef, B. Jesus, V. Brotas, P. Gernez, C.R. Mendes, P.
Launeau, M.P. Dias, and L. Barillé. 2013. Seasonality of
microphytobenthos revealed by remote-sensing in a south
European estuary. Continental Shelf Research 66: 83-91.

Burkholder, J.M., D.A. Dickey, C.A. Kinder, R.E. Reed, M.A. Mallin,
M.R. Mclver, L.B. Cahoon, G. Melia, C. Brownie, J. Smith, N.
Deamer, J. Springer, H.B. Glasgow, and D. Toms. 2006.
Comprehensive trend analysis of nutrients and related variables in
a large eutrophic estuary: a decadal study of anthropogenic and
climatic influences. Limnology and Oceanography 51: 463-487.

Cabago, S., R. Machas, V. Vieira, and R. Santos. 2008. Impacts of urban
wastewater discharge on seagrass meadows (Zostera noltii).
Estuarine Coastal and Shelf Science 78: 1-13.

Cerda, M., C.D. Nunes-Barboza, C.N. Scali-Carvalho, K. de Andrade-
Jandre, and A.N. Marques. 2013. Nutrient budgets in the
Piratininga-Itaipu lagoon system (southeastern Brazil): effects of
sea-exchange management. Latin American Journal of Aquatic
Research 41: 226-238.

R Core Team. 2014. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
http://www.R-project.org/. Accessed 26 June 2014.

Cravo, A., S. Cardeira, C. Pereira, M. Rosa, P. Alcantara, M. Madureira,
F. Rita, J. Luis, and J. Jacob. 2014. Exchanges of nutrients and
chlorophyll a through two inlets of Ria Formosa, south of
Portugal, during coastal upwelling events. Journal of Sea
Research 93: 63-74.

Dean, R.G., and R.A. Dalrymple. 2002. Coastal processes with engineer-
ing applications. Cambridge: Cambridge University Press.

Devol, A.H. 2008. Denitrification including anammox. In Nitrogen in the
Marine Environment (Second Edition), ed. D.G. Capone, D.A. Bronk,
M.R. Mulholland and E.J. Carpenter, 263-301: Academic Press.

Falcao, M., and C. Vale. 1990. Study of the Ria Formosa ecosystem—
benthic nutrient remineralization and tidal variability of nutrients in
the water. Hydrobiologia 207: 137-146.

Falco, S., L.F. Niencheski, M. Rodilla, I. Romero, J. Gonzalez del Rio,
J.P. Sierra, and C. Mdsso. 2010. Nutrient flux and budget in the Ebro
estuary. Estuarine Coastal and Shelf Science 87: 92—102.

Flindt, M.R., C.B. Pedersen, C.L. Amos, A. Levy, A. Bergamasco, and
P.L. Friend. 2007. Transport, sloughing and settling rates of estua-
rine macrophytes: mechanisms and ecological implications.
Continental Shelf Research 27: 1096-1103.

Gastineau, G., and B.J. Soden. 2009. Model projected changes of extreme
wind events in response to global warming. Geophysical Research
Letters: 36.

Giordani, G., M. Austoni, J.M. Zaldivar, D.P. Swaney, and P. Viaroli.
2008. Modelling ecosystem functions and properties at different
time and spatial scales in shallow coastal lagoons: an application
of the LOICZ biogeochemical model. Estuarine Coastal and Shelf
Science 77: 264-2717.

Giorgi, F., and P. Lionello. 2008. Climate change projections for the
Mediterranean region. Global and Planetary Change 63: 90—-104.

Goiii, M.A., and L.R. Gardner. 2003. Seasonal dynamics in dissolved
organic carbon concentrations in a coastal water-table aquifer at
the forest-marsh interface. Aquatic Geochemistry 9: 209-232.

Gordon, D.C. Jr.,, P. Boudreau, K.H. Mann, J.-E. Ong, W. Silvert, S.V.
Smith, G. Wattayakorn, F. Wulff, and T. Yanagi. 1996. LOICZ

Biogeochemical Modelling Guidelines, 96. LOICZ: Den Burg-
Texel.

Griffioen, J. 2007. Extent of immobilisation of phosphate during aeration
of nutrient-rich, anoxic groundwater. Journal of Hydrology 320:
359-369.

Guimaraes, H.M., A.H. Cunha, L.R. Nzinga, and J.F. Marques. 2012. The
distribution of seagrass (Zostera noltii) in the Ria Formosa lagoon
system and the implications of clam farming on its conservation.
Journal for Nature Conservation 20: 30—40.

Hayn, M., R. Howarth, R. Marino, N. Ganju, P. Berg, K.H. Foreman,
A.E. Giblin, and K. McGlathery. 2014. Exchange of nitrogen and
phosphorus between a shallow lagoon and coastal waters. Estuaries
and Coasts 37: S63—S73.

Herbert, R.A. 1999. Nitrogen cycling in coastal marine ecosystems.
FEMS Microbiology Reviews 23: 563-590.

Kjerfve, B. 1994. Chapter 1. Coastal lagoons. In Coastal lagoon
processes, ed. B. Kjerfve, 1-8. Amsterdam: Elsevier Science
Publishers.

Kogak, M., N. Mihalopoulos, and N. N. Kubilay. 2007. Chemical com-
position of the fine and coarse fraction of aerosols in the northeastern
Mediterranean. Atmospheric Environment 41: 7351-7368.

Komsta, L. 2011. Outliers: tests for outliers. R package version 0.14.
http://CRAN.R-project.org/package=outliers. Accessed 26
June 2014.

Krasakopoulou, E., and K. Pagou. 2011. Seasonal steady-state budgets of
nutrients and stoichiometric calculations in an eastern
Mediterranean lagoon (papas lagoon-Greece). Mediterranean
Marine Science 12: 21-41.

Leote, C., J.S. Ibanhez, and C. Rocha. 2008. Submarine groundwater
discharge as a nitrogen source to the Ria Formosa studied with
seepage meters. Biogeochemistry 88: 185—194.

Lipizer, M., C. De Vittor, C. Falconi, C. Comici, F. Tamberlich, and M.
Giani. 2012. Effects of intense physical and biological forcing fac-
tors on CNP pools in coastal waters (gulf of Trieste, northern
Adriatic Sea). Estuarine Coastal and Shelf Science 115: 40-50.

Lorenzen, C.J. 1967. Determination of chlorophyll and pheo-pigments—
spectrophotometric equations. Limnology and Oceanography 12:
343.

Loureiro, S., A. Newton, and J. Icely. 2005. Effects of nutrient enrich-
ments on primary production in the Ria Formosa coastal lagoon
(southern Portugal). Hydrobiologia 550: 29-45.

Ludwig, W., M. Meybeck, and F. Abousamra. 2003. Stream transport of
water, sediments, and pollutants to the Mediterranean Sea. UNEP
MAP Technical report Series 141. Athens: UNEP/MAP.

Ludwig, W., E. Dumont, M. Meybeck, and S. Heussner. 2009. River
discharges of water and nutrients to the Mediterranean and Black
Sea: major drivers for ecosystem changes during past and future
decades? Progress in Oceanography 80: 199-217.

Machas, R., R. Santos, and B. Peterson. 2003. Tracing the flow of organic
matter from primary producers to filter feeders in Ria Formosa
lagoon, southern Portugal. Estuaries 26: 846-856.

Maher, D.T., LR. Santos, L. Golsby-Smith, J. Gleeson, and B.D. Eyre.
2013. Groundwater-derived dissolved inorganic and organic carbon
exports from a mangrove tidal creek: the missing mangrove carbon
sink? Limnology and Oceanography 58: 475-488.

Makings, U., LR. Santos, D.T. Maher, L. Golsby-Smith, and B.D. Eyre.
2014. Importance of budgets for estimating the input of
groundwater-derived nutrients to an eutrophic tidal river and estuary.
Estuarine Coastal and Shelf Science 143: 65-76.

Malta, E.-j, D. Tavares, and R. Santos. 2007. Ulva blooms along the
Algarve beaches: inferring bloom potential from photosynthetic pro-
duction. European Journal of Phycology 42(supl): 60.

McGlathery, K.J. 2008. Seagrass habitats. In Nitrogen in the Marine
Environment (Second Edition), ed. E.J. Carpenter, D.A. Bronk,
M.R. Mulholland and E.J. Carpenter, 1037-1071: Academic Press.

@ Springer


http://www.r-project.org
http://cran.r-project.org/package=outliers

436

Estuaries and Coasts (2017) 40:419-436

McGuirk Flynn, A. 2008. Organic matter and nutrient cycling in a coastal
plain estuary: carbon, nitrogen, and phosphorus distributions, bud-
gets, and fluxes. Journal of Coastal Research: 76-94.

Miyajima, T., H. Hata, Y. Umezawa, H. Kayanne, and 1. Koike. 2007.
Distribution and partitioning of nitrogen and phosphorus in a fring-
ing reef lagoon of Ishigaki Island, northwestern Pacific. Marine
Ecology Progress Series 341: 45-57.

NADP. 2000. National Atmospheric Deposition Program/National
Trends Network. http:/nadp.sws.uiuc.edu/lib/program/apr2000.pdf

Neal, C., and J.W. Kirchner. 2000. Sodium and chloride levels in rainfall,
mist, streamwater and groundwater at the Plynlimon catchments,
mid-Wales: inferences on hydrological and chemical controls.
Hydrology and Earth System Sciences 4: 295-310.

Newton, A., J. Icely, S. Cristina, A. Brito, A.C. Cardoso, F. Colijn, S.D.
Riva, F. Gertz, J.W. Hansen, M. Holmer, K. Ivanova, E. Leppékoski,
D.M. Canu, C. Mocenni, S. Mudge, N. Murray, M. Pejrup, A.
Razinkovas, S. Reizopoulou, A. Pérez-Ruzafa, G. Schermewski, H.
Schubert, L. Carr, C. Solidoro, P. Viaroli, and J.M. Zaldivar. 2014.
An overview of ecological status, vulnerability and future perspec-
tives of European large shallow, semi-enclosed coastal systems, la-
goons and transitional waters. Estuarine Coastal and Shelf Science
140: 95-122.

Nicolau, R. 2002. Modelling and mapping of spatial distribution of pre-
cipitation—an application to continental Portugal (In Portuguese).
Ph.D. thesis, Universidade Nova de Lisboa, Portugal. 356 pp.

Nieblas, A.E., B.M. Sloyan, A.J. Hobday, R. Coleman, and A.J.
Richardson. 2009. Variability of biological production in low
wind-forced regional upwelling systems: a case study off southeast-
ern Australia. Limnology and Oceanography 54: 1548—1558.

Niencheski, L., H. Felipe, H.L. Windom, W.S. Moore, and R.A. Jahnke.
2007. Submarine groundwater discharge of nutrients to the ocean
along a coastal lagoon barrier, southern Brazil. Marine Chemistry
106: 546-561.

Nobre, A.M., J.G. Ferreira, T. Simas, A. Newton, J.D. Icely, and R.
Neves. 2005. Management of coastal eutrophication: integration of
field data, ecosystem-scale simulations and screening models.
Journal of Marine Systems 56: 375-390.

Pacheco, A., O. Ferreira, J.J. Williams, E. Garel, A. Vila-Concejo, and
J.A. Dias. 2010. Hydrodynamics and equilibrium of a multiple-inlet
system. Marine Geology 274: 32-42.

Relvas, P., and E.D. Barton. 2005. A separated jet and coastal counterflow
during upwelling relaxation off Cape Sdo Vicente (Iberian peninsula).
Continental Shelf Research 25: 29-49.

Rockel, B., and K. Woth. 2007. Extremes of near-surface wind speed over
Europe and their future changes as estimated from an ensemble of
RCM simulations. Climatic Change 81: 267-280.

Rorabacher, D.B. 1991. Statistical treatment for rejection of deviant
values: critical values of Dixon’s Q parameter and related subrange
rations at the 95-percent confidence level. Analytical Chemistry 63:
139-146.

Sanchez, E., C. Gallardo, M.A. Gaertner, A. Arribas, and M. Castro.
2004. Future climate extreme events in the Mediterranean simulated
by a regional climate model: a first approach. Global and Planetary
Change 44: 163—180.

Santos, R., J. Silva, A. Alexandre, N. Navarro, C. Barron, and C.M.
Duarte. 2004. Ecosystem metabolism and carbon fluxes of a
tidally-dominated coastal lagoon. Estuaries 27: 977-985.

Santos, I.R., PL.M. Cook, L. Rogers, J. de Weys, and B.D. Eyre. 2012.
The “salt wedge pump”: convection-driven pore-water exchange as
a source of dissolved organic and inorganic carbon and nitrogen to
an estuary. Limnology and Oceanography 57: 1415-1426.

Seabergh, W.C. 2006. Hydrodynamics of tidal inlets. In Coastal engi-
neering manual, part II, coastal hydrodynamics, chapter 11-6, engi-
neer manual 1110-2-1100, ed. Z. Demirbilek. Washington, DC:
U.S. Army Corps of Engineers.

@ Springer

Serpa, D., M. Falco, P. Duarte, L.C. da Fonseca, and C. Vale. 2007.
Evaluation of ammonium and phosphate release from intertidal
and subtidal sediments of a shallow coastal lagoon (Ria Formosa-
Portugal): a modelling approach. Biogeochemistry 82: 291-304.

Sfriso, A., A. Marcomini, and B. Pavoni. 1994. Annual nutrient ex-
changes between the central lagoon of Venice and the northern
Adriatic Sea. Science of the Total Environment 156: 77-92.

Short, F.T., and D.M. Burdick. 1996. Quantifying eelgrass habitat loss in
relation to housing development and nitrogen loading in Waquoit
Bay, Massachusetts. Estuaries 19: 730-739.

Slomp, C.P. 2011. Phosphorus cycling in the estuarine and coastal zones:
sources, sinks, and transformations. In Treatise on estuarine and
coastal science, eds. E. Wolanski, and D.S. McLusky, 201-229.
Waltham: Academic Press.

Smaal, A.C., and A.P.M.A. Vonck. 1997. Seasonal variation in C, N and
P budgets and tissue composition of the mussel Mytilus edulis.
Marine Ecology Progress Series 153: 167-179.

Smith, S.V., J.I. Marshall Crossland, and C.J. Crossland. 1999. Mexican
and central American coastal lagoon systems: carbon, nitrogen and
phosphorus fluxes (regional workshop II). In In LOICZ reports &
studies, 115. Texel, The Netherlands: LOICZ.

Sommer, L.E., and D.W. Nelson. 1972. Determination of total phospho-
rus in soils: a rapid perchloric acid digestion procedure. Soil Science
Society of America Proceedings 29: 902-904.

Stigter, T., A. Carvalho Dill, E.-j. Malta, and R.O.P. Santos (2006a).
Quantificacao da descarga de nutrientes de az oto e fosforo para a
Ria Formosa por escoamento superficial. V Congresso Ibérico sobre
Gestdo e Planeamento da Agua, Faro, 4-8 December, 2006, 12 pp
(full paper in CD-ROM).

Stigter, T.Y., L. Ribeiro, and A.M.M. Carvalho Dill. 2006b. Evaluation of
an intrinsic and a specific vulnerability assessment method in com-
parison with groundwater salinisation and nitrate contamination
levels in two agricultural regions in the south of Portugal.
Hydrogeology Journal 14: 79-99.

Stigter, T.Y., J.P. Monteiro, L.M. Nunes, J. Vieira, M.C. Cunha, L.
Ribeiro, J. Nascimento, and H. Lucas. 2009. Screening of sustain-
able groundwater sources for integration into a regional drought-
prone water supply system. Hydrology and Earth System Sciences
13: 1185-1199.

Stigter, T.Y., A. Carvalho Dill, E.-j. Malta, and R.O.P. Santos. 2013.
Nutrient sources for green macroalgae in the Ria Formosa la-
goon—assessing the role of groundwater. In Selected papers on
Hydrogeology—Groundwater and Ecosystems, ed. L. Ribeiro, T.Y.
Stigter, A. Chambel, M. T. Condesso de Melo, J. Monteiro and A.
Medeiros, 153—167 Leiden, the Netherlands: Taylor & Francis.

Stigter, T.Y., J.P. Nunes, B. Pisani, Y. Fakir, R. Hugman, Y. Li, S. Tom¢,
L. Ribeiro, J. Samper, R. Oliveira, J.P. Monteiro, A. Silva, P.C.F.
Tavares, M. Shapouri, L. Cancela da Fonseca, M. Yacoubi-Khebiza,
and H. El Himer. 2014. Comparative assessment of climate change
and its impacts on three coastal aquifers in the Mediterranean.
Regional Environmental Change 14(S1): 41-56.

Valiela, 1., and M.L. Cole. 2002. Comparative evidence that salt marshes
and mangroves may protect seagrass meadows from land-derived
nitrogen loads. Ecosystems 5: 92—102.

Valiela, 1., J. McClelland, J. Hauxwell, P.J. Behr, D. Hersh, and K.
Foreman. 1997. Macroalgal blooms in shallow estuaries: controls
and ecophysiological and ecosystem consequences. Limnology and
Oceanography 42: 1105-1118.

Vania, B., H. Ullah, C.M. Teixeira, P. Range, K. Erzini, and F. Leitao.
2014. Influence of environmental variables and fishing pressure on
bivalve fisheries in an inshore lagoon and adjacent nearshore coastal
area. Estuaries and Coasts 37: 191-205.

Wetz, M.S., and D.W. Yoskowitz. 2013. An 'extreme' future for estuaries?
Effects of extreme climatic events on estuarine water quality and
ecology. Marine Pollution Bulletin 69: 7—18.


http://nadp.sws.uiuc.edu/lib/program/apr2000.pdf

	Effects of External Nutrient Sources and Extreme Weather Events on the Nutrient Budget of a Southern European Coastal Lagoon
	Abstract
	Introduction
	Materials and Methods
	Study Site
	Inputs to the Lagoon
	Rain Input
	Riverine Input, WWTP, and Groundwater Discharge

	Lagoon-Ocean Exchange
	Analytical Procedures
	Data Analysis and Budget Calculation

	Results
	Freshwater Nutrient Inputs
	Exchanges with Ocean
	Net Exchange Budgets

	Discussion
	Freshwater Nutrient Inputs
	Ocean Exchange: Seasonal Dynamics and Effects of Stochastic Events
	Budget

	Concluding Remarks
	References


