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Abstract: Estuaries are biogeochemical reactors able to modulate the transfer of energy and matter
from the watershed to the coastal zones and to retain or remove large amounts of terrestrially gener-
ated nutrients. However, they may switch from nutrient sink to source depending upon interannual
variability of the nutrient supply and internal processes driving whole system metabolism (e.g., net
autotrophic or heterotrophic). We tested this hypothesis in the Curonian Lagoon, a hypertrophic estu-
ary located in the south east Baltic Sea, following the budget approach developed in the Land-Ocean
Interactions in the Coastal Zone (LOICZ) project. Annual budgets for nitrogen (N), phosphorus (P),
and silica (Si) were calculated for the 2013-2015 period. The lagoon was divided in a flushed, nutrient
loaded area, and in a confined, less loaded area. The lagoon was always a sink for dissolved inorganic
Si and P whereas it was a N sink in the confined area, dominated by denitrification, and a N source in
the flushed area, due to dinitrogen (N;) fixation. The net ecosystem metabolism (NEM) indicated
that the Curonian Lagoon was mainly autotrophic because of high primary production rates. In this
turbid system, low N:P ratio, high summer temperatures, and calm weather conditions support high
production of Nj-fixing cyanobacteria, suppressing the estuarine N-sink role.

Keywords: LOICZ/FEC; nutrients; sink—-source role; net ecosystem metabolism; retention

1. Introduction

Estuaries are highly productive transitional areas between land and the open ocean,
contributing with other coastal systems to 30-40% of the global oceanic production [1,2].
Their productivity depends on nutrient inputs from upstream catchments and specific
hydrometeorological conditions, which in turn regulate nutrient loads to the sea [3-7].
Estuaries are also frequently considered as important areas for nutrient loads attenuation
due to intense productivity, high rates of biogeochemical activity, and elevated water
residence time [8-10]. Nutrient attenuation is governed by incorporation of dissolved
forms into biomass of primary producers and their settling (burial in sediments) or re-
moval by filter-feeders, and loss to the atmosphere [11-15]. Physical processes are also
important in nutrient retention as inorganic nitrogen (N), silica (5i), and phosphorus (P)
can be immobilized in insoluble salts and complexes, adsorbed on particle surfaces and
settled for burial [16,17]. However, the equilibrium between nutrient retention and release
can vary at different temporal scales spanning from diel (e.g., light-dependent uptake),
seasonal (e.g., primary producers growth and decay), or interannual (e.g., net autotrophic
or heterotrophic macro-periods) [4,18]. Other factors such as eutrophication, unbalanced
nutrient stoichiometry or altered timing in nutrient transport (e.g., large floods or drought
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events) may adversely impact estuarine functioning, resulting in sudden shift from sink to
source, with cascade effects for the coastal zone [19,20]. These aspects were questioned for
Narragansett Bay and Chesapeake Bay by Nixon et al. [21] and Nixon [22]. They supported
the idea that nutrient retention in estuaries can affect only a small percentage of the annual
nutrient load whereas under specific circumstances exports may exceed inputs [6,7,23].
Net export from estuaries to coastal areas may occur due to intensive remineralization of
labile deposited organic material [24], under extreme events such as blooms of dinitrogen
(N3) fixing microorganisms [6] or prolonged hypoxia, affecting the capacity of ferric iron to
retain P [16,23].

Since estuaries are spatially and temporally heterogeneous systems hosting multiple
processes, the application of models can be useful to conceptualize, integrate, and gener-
alize the current state of knowledges. Nutrient budget models are simple mass balance
calculations of specific compounds within the systems, useful to investigate nutrient cy-
cles [25,26]. The methodology used in this study is based on the approach developed in
the framework of the Land-Ocean Interactions in the Coastal Zone (LOICZ) project (now
Future Earth Coasts), a core project of the International Geosphere-Biosphere Project [27,28].
The important advantage of using such black-box budgeting approach is its simplicity in
application, its robustness, and the simple evaluation of the results [29]. It is based on
accurate inventories of inputs and outputs, allowing to produce robust annual budgets
and infer about dominant metabolic pathways. When the sum of all the outputs is greater
than the sum of all the inputs, the system acts as a nutrient source whereas when it is
lower, the system is a sink. Budgets estimations, repeated for several years, can provide
insights into how the system responds to climate or anthropogenic pressure changes, affect-
ing interannual variations of riverine and other loads. Effective management of human
activities in the river catchment (e.g., reduction of fertilizer application, waste disposal)
can limit the nutrient inputs to the estuarine systems but does not ensure a rapid and
linear recover of eutrophication and a transition to oligotrophication [30-33]. In fact, large
temporal lags between external nutrient load reduction and significant changes in estuarine
functioning can be often observed due to high internal recycling and slow recovery of local
biological communities.

In this study, we applied the budget approach to a large, hypereutrophic coastal
lagoon with frequent cyanobacteria blooms (the Curonian Lagoon, Republic of Lithuania
and Russian Federation) to better understand if the whole system and its distinctive
macroareas are nutrient sinks or sources, and how this depends upon riverine inputs. This
aspect is particularly interesting as metabolism and nutrient cycling can largely differ
between macroareas and affect the whole transport of nutrients from the river basin to the
Baltic Sea [7,23]. Ongoing socio-economic changes, including the development of intensive
agricultural practices, affects soil element budgets and losses of excess nutrients to the
lagoon [34]. The timing and ecological stoichiometry of delivered nutrients is a main driver
of N,-fixing cyanobacteria blooms [23]. The latter in turn impacts the functioning of large
lagoon areas, depending on stagnation, water stratification, and oxygen shortage [20].
Petkuviene et al. [23] and Vybernaite-Lubiene et al. [6] have applied a simplified black-box
budgeting exercise to the Curonian Lagoon. However, they did not take into account
hydrology-driven zonation and lagoon-Baltic Sea water exchange.

The main aim of this study was to calculate annual budgets for the three key nutrients
N, Si, and P, and estimate their net retention/release in the Curonian Lagoon during
their path to the Baltic Sea. We hypothesize that (1) areas characterized by different
water residence time display different metabolism and nutrient cycling, (2) Np-fixing
cyanobacteria blooms may offset nutrient retention or release.

2. Materials and Methods
2.1. Study Site

The Curonian Lagoon is a large (~1600 km?) and shallow estuarine system (mean
depth 3.8 m) connected to the Baltic Sea through a narrow strait (Figure 1). The lagoon
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occasionally receives inputs from the sea during periods of wind-driven tidal forcing [35].
Under such circumstances, the salinity can rise up to 5-6 PSU, but only in the northern part

of the lagoon.
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Figure 1. Map of the Curonian Lagoon reporting the sampling stations (black triangles) and the two
boxes in which the system was divided for budget calculations.

The Nemunas River is the main tributary of the Curonian Lagoon accounting for 96%
of the total freshwater input (annual discharge 21.8 km3; [36]). Its catchment has a total
area of 97,864 km?, of which cultivated lands cover nearly 60% and forested areas account
for most of the rest [37]. Riverine inputs to the Curonian Lagoon exhibit strong seasonal
patterns, peaking during snowmelt in March and April [34]. The Nemunas River enters the
lagoon in its central-eastern border and its flow divides the system in a northern, flushed
half which exports freshwater directly to the sea (Box 1) and in a southern, confined half
with longer water residence time (Box 2) (Figure 1) [38]. Only during peaks of riverine flow,
the southern part can be temporally flushed by freshwater. Other inputs are from sewage
treatment plants located along the lagoon perimeter. The largest is the one of the city of
Klaipeda, which treats effluents from nearly 200,000 inhabitants and discharges directly
into the Klaipeda Strait.

In general, the lagoon is considered hypereutrophic with concentrations of chlorophyll-
a (Chl-a) up to 400 pg L~ [20]. The succession of phytoplankton community from diatom
dominated in spring to Np-fixing cyanobacteria dominated in summer is driven by physical
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conditions and unbalanced nutrient availability [7,39]. The establishment of cyanobacterial
blooms strongly alters N and P cycling, creating self-sustaining positive feedbacks [20,23].

2.2. Water Sampling and Nutrient Analysis

Monthly water samples were collected at two sites: the closing section of the Nemunas
River (freshwater inflow) and the Klaipeda Strait (lagoon outflow) from January 2013 to
December 2015 (Figure 1). Sampling frequency at the inflow was intensified (1-2 week
intervals) during periods of high discharge (January—April). In 2015, samples were collected
from small tributaries around the Curonian Lagoon (Dane, Dreverna, Minija, éyéa, Vilhel-
mas Channel, and Smeltalé) and from the Klaipeda wastewater treatment plant (WWTP),
all representing additional freshwater inputs. Water samples were also collected at two sites
inside the lagoon (a northern station representing the river flushed area, and a southern
station representing the confined area), and at a coastal site of the Baltic Sea (55°55'13.1” N,
21°02/39.4" E) from January 2013 to December 2015.

During each sampling event, salinity was measured in situ with an YSI ProPlus multi-
probe. Water samples integrated along the water column (1 L, n = 3) were collected with a
Ruttner bottle and transported to the laboratory for further treatments. Here, particulate
[particulate nitrogen— (PN), biogenic silica (BSi), and total particulate phosphorus (TPP)]
and dissolved inorganic nutrients [dissolved inorganic nitrogen (DIN = NH4* + NO, ™ +
NO3 ™), dissolved inorganic phosphorus (DIP), and dissolved silica (DSi)], total dissolved
nitrogen (TDN) and total dissolved phosphorus (TDP) were analyzed. Total nitrogen,
(TN), total phosphorus (TP), and total silica (TSi) were calculated as sum of dissolved and
particulate forms. Analytical details can be found in Vybernaite-Lubiene et al. [6].

2.3. Discharge Data and Nutrient Input Calculation

In order to calculate water and nutrient budgets, all riverine inputs, precipitation,
evaporation, marine intrusions, exchange between areas of the lagoon, and outflows to
the Baltic Sea were quantified or estimated. Riverine inputs to the Curonian Lagoon were
estimated from the daily average values of river discharge provided by the Lithuanian
Hydro-meteorological Service. Nemunas River discharge was calculated by summing the
discharge of Nemunas at the gauging station Smalininkai and its tributaries contributing
down from Smalininkai: Se$upé, Jara, and Minija. Since Deima River is located in the
Russian Federation, real discharge data are not accessible, however daily discharges were
calculated from daily discharges of the Segupé River using the empirical equation proposed
by Jakimavi¢ius [40]. Water discharge data for the WWTP were provided by the sewage
treatment laboratory of “Klaipédos Vanduo”.

Nutrient balances for each box were calculated by multiplying mean monthly concen-
tration by mean inflowing and outflowing fluxes (see Section 2.4 for details). Since water
residence time (Tw) exceeds two months [38], only annual water and nutrient balances
were calculated.

2.4. Nutrient Balance and Metabolism Calculations

The water and nutrient exchange between the Curonian Lagoon and the Baltic Sea
was calculated according to Gordon et al. [27], Swaney and Giordani [29]. Briefly, this
approach is based on a black-box mass balance, considering all possible inputs and exports
of a target nutrient for different time scales (month, season or year). To this purpose, steady
state conditions were assumed, together with additional assumptions for P and N cycles,
later discussed.

The budgets were calculated for the period 2013-2015 in two separate lagoon com-
partments, Box 1 (404.4 km?) and Box 2 (1176.3 km?) (Figure 1). Previous studies have
demonstrated distinct hydrodynamics in the two boxes, driving different biogeochemical
processes [6,7]. The LOICZ water budgets and the calculation of saline water intrusion
are generally based on end members with large salinity differences, a condition that is not
verified in the Curonian Lagoon due to generally low salinities (<1) [27]. Therefore, data of
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marine intrusion and outflow from the lagoon were calculated using the hydrodynamic
finite element modelling system SHYFEM (http://www.ismar.cnr.it/shyfem) (accessed on
13 December 2021) adapted to the Curonian Lagoon and the coastal area of the Baltic Sea
by Zemlys et al. [35]. The same tool was used to estimate the surface area of the northern
(404 km?) and southern (1180 km?) macroareas defined in the Curonian Lagoon and to
calculate water volume exchange between them (Figure 1). These areas partly overlap those
defined by Zilius et al. [7,20]. Precipitation and water evaporation for the Curonian Lagoon
were accounted in the model for all fluxes calculations done by SHYFEM using climate data
obtained from ECMWF climate model as model inputs. Thus, all the relevant water fluxes
between boxes, rivers, and the sea were estimated as well as the residence time of water
and materials within the system. The latter is a critical variable of biogeochemical processes
in coastal sites, as it depends on the discharge but also on morphological features [29]. The
hydraulic residence time (tw, days) was calculated by dividing the system volume (m?)
by the hydraulic discharge (m® s~1) through the system. In steady state conditions, water
outflows equal water inflows and it can be accurately estimated by measuring the output
through the Klaipeda Strait.

Estimated water budget was followed by nutrient mass balance calculations, which
consist of the inventory of all the relevant nutrient inputs and outputs in the system. Unlike
water, nutrients are characterized by internal transformations as they are actively produced
and consumed by biogeochemical processes. These internal processes are generally identi-
fied as AY, where Y is a nutrient form. If we assume that the system is at steady state, a
nutrient mass balance can be used to estimate AY using the following equation [27]:

AY = —(Zoutputs + Einputs)

AY is negative, suggesting retention, when the sum of the inputs (with positive sign)
exceeds the sum of the outputs (with negative sign). On the contrary, AY is positive
when internal processes as mineralization, desorption or dissolution determine outputs
exceeding inputs.

Water and nutrient budgets allow calculation of ecosystem functions, that according
to the LOICZ approach are the net ecosystem metabolism (NEM) and the net difference
between N, —fixation and denitrification (nfix-denit). NEM is the net difference between
whole system production and respiration (p-r). Positive and negative NEM values suggest
net autotrophy (indicating nutrient sink role) or net heterotrophy (indicating nutrient
source) [29,41]. The NEM calculations in the LOICZ are based on dissolved inorganic
phosphorus (DIP) rather than on carbon (C). The use of P data, for both rivers and coastal
marine waters, is due to their availability, higher analytical quality than those of C and
N, and to the absence of gaseous phases for P [29]. Assuming that C and P are taken up
and released at a fixed ratio and non-biological P transformations are negligible over long
periods (e.g., one year), NEM can be estimated from ADIP and C:P ratio by NEM = —ADIP
(C:P). The last assumption is not valid in systems subjected to bottom anoxia, where iron-
dependent DIP release from sediment can be relevant [27]. However, despite recorded
hypoxia, such events in the Curonian Lagoon are confined to extreme hydrological and
climatic condition, that occur over short (days) time spans and not every year [23]. The
ratio of C:P measured in the primary producer tissues corresponds to the proportion at
which these organisms can uptake C and P from the water mass as well as to the ratio at
which these elements are released during mineralization processes. The Redfield ratio can
be used in systems dominated by phytoplankton when direct measurements are missing.

The concentration of dissolved inorganic nitrogen (DIN) can be altered either by
production and respiration or by the microbial reactions of denitrification and Np-fixation.
ADINexpected = ADIP (N:P) is an estimation of DIN changes associated to the ecosystem
metabolism based on ADIP fluxes and N:P ratio in the primary producers. The (nfix-
denit) can be estimated from the difference between ADINpserved, Obtained from DIN
mass budget, and ADINeypected- Positive values indicate that Np-fixation dominates over
denitrification whereas negative values have opposite meaning. The large differences often
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observed in many coastal systems are indicative of the relative importance of these two
pathways for non-conservative N fluxes [29].

3. Results
3.1. Water Balance

In the 2013-2015 period, the daily average discharge of Nemunas River was 43.4 X
10° m® d~! (Table 1, Figure 2). Discharge displayed seasonal and interannual variability
with the highest mean value in 2013, sustained by the peak discharge observed during the
spring snowmelt of April and May (119.0 and 71.3 X 10°m3dt, respectively). The Minija
River is another tributary directly discharging in Box 1; it generally accounts for 5-8% of
the Nemunas River flow, with peaks up to 10-13% in the winter months. Box 2 receives
riverine loads mainly from the Deima River which annual mean discharge ranges from 1.8
t0 3.7 x 10 m® d ! (4-9% of Nemunas flow) with peaks in the first four months of the year.

Table 1. Annual average river discharge and net outflow to the Baltic Sea, water volume exchange
between Box 1 and the Baltic Sea (Box 1-Sea) and between Box 1 and Box 2 (Box 1-Box 2), and
hydraulic residence time (tTw).

River Discharge Net Outflow Exchange Flow
Macro Area Year (106 m3 d-1) (10 m? d-1) (105 m? d-1) Tw (Days)
2013 57.8 61.9 46.3 (Box 1-Sea) 4
Box 1 2014 41.5 43.8 40.2 (Box 1-Sea) 4
2015 39.2 41.7 49.7 (Box 1-Sea) 4
2013 4.0 41 85.6 (Box 1-Box 2) 57
Box 2 2014 2.3 22 76.8 (Box 1-Box 2) 65
2015 2.3 2.3 90.5 (Box 1-Box 2) 55

Our calculations show that direct precipitation is offset by evaporation fluxes, and
therefore has minor influence on annual water budgets. Even if evaporation dominates in
summer and precipitation in spring, the fluxes have minor effects also on seasonal water
budgets because they account for less than 5% of Nemunas River flow (both fluxes are in
the range 2-3 x 10° m® d—!). Water discharge from the WWTP was <0.1 x 10° m3 d~!in
the whole period. As result of the water budgets, the net annual average residual outflow
to the Baltic Sea was 49.1 x 10® m® d~!, with a monthly maximum observed in April 2013
(129.5 x 10° m® d~1). The water volume exchange between Box 1 and the Baltic Sea and
between the two boxes is reported in Table 1. These volumes are of the same order of
magnitude of total riverine discharge to Box 1 and 20 times higher than other inputs to Box
2. Due to these different fluxes, hidraulic residence time (tw values) is in the order of a few
days in Box 1 and of about two months in Box 2.

3.2. Nutrient Balances

In the study period, nutrient inputs to the Curonian Lagoon were dominated by
the Nemunas River that delivered ~90% of the TN, TP, and TSi loads. The nutrient loads
showed both seasonal and interannual variations with peaks in winter and spring (Figure 2).
The highest loads of all nutrient forms coincided with the extreme flooding event of April
2013. Although the highest nutrient concentrations were observed at the WWTP outflow
(up to 45 uM of TP and 850 pM of TN), the low water discharge resulted in negligible loads,
representing <1% of the total. All the other external sources of nutrients (i.e., small rivers
and precipitation) were minor contributors to the lagoon nutrient budgets (Figures 3-5).
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DIP balance (a) TP balance (b)
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Figure 3. Dissolved inorganic (DIP) (a) and total phosphorus (TP) (b) budget for the Curonian Lagoon
in 2013-2015. “P” is precipitation, “Rivers” includes Nemunas and Minija rivers plus Klaipeda WWTP
that discharge in Box 1 and “River” is the Deima River that discharges in the southern area. Negative
values in the internal transformations (round arrows within the grey areas) indicate retention (sinks)
while positive values indicate production (sources). Units are 103 mol d .
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Figure 4. Dissolved inorganic (DIN) (a) and total nitrogen (TN) (b) balance for the Curonian Lagoon
in 2013-2015. Legends are the same of Figure 3. Units are 10° mol d .
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Figure 5. Dissolved inorganic (DSi) (a) and total silica (TSi) (b) budget for the Curonian Lagoon in
2013-2015. Legends are the same of Figure 3. Units are 10° mol d 1.

The Nemunas River always represented the main DIP input to Box 1, where DIP was
retained or exported to Box 2 or to the Baltic Sea (Figure 3). Box 1 represented the main
DIP input to Box 2 during 2014 and 2015, largely exceeding Deima River inputs, whereas
during 2013 Box 2 received comparable DIP inputs from Box 1 and the Deima River. Area
normalized mean annual DIP inputs differed by a factor of 10 in the two boxes (~200 versus
20 pmol m~2 d~! in Box 1 and Box 2, respectively). Regardless the different inputs, on an
annual basis, the two boxes were always functioning as a DIP sink, with different rates in
the different areas. At Box 1, DIP retention was in the range 23-30 x 10°> mol d~! whereas
at Box 2 it ranged from 6 to 13 X 103 mol d1. Considering the large surface of Box 2, the
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areal removal rates resulted even more different with 60-70 and 5-10 umol DIP m—2 d !
removed in Box 1 and 2, respectively (Table 2). The whole lagoon retained on average
37 x 10% mol DIP d ! in the study period, corresponding to 20-30 wmol m—2 d 1.

Table 2. Annual net internal transformations of dissolved inorganic and total phosphorus, nitrogen,
and silica forms in the Curonian Lagoon. Positive values indicate net production (source) whereas
negative values indicate net retention (sink). Net fluxes in Box 1 and Box 2 and at the whole lagoon
scale are expressed in 10° mol d 1 (DIP, TP) and in 10° mol d—! (DIN, TN and DSi and TSi); areal
fluxes are reported in brackets and are all expressed in mmol m~2 d 1.

Nutrient Nutrient Form Year Box 1 Box 2 Whole Lagoon
2013 ~29.5(—0.073) —6.2 (~0.005) —35.7 (—0.023)
DIP 2014 ~23.2(—0.057) ~12.8(~0.011) ~36.0 (—0.023)
Phosphorus 2015 —27.7 (—0.069) ~12.3 (~0.010) —40.0 (—0.025)
2013 —47.9 (—0.118) +39.4 (+0.033) 8.5 (—0.005)
TP 2014 ~69.6 (—0.172) +65.3 (+0.056) —4.3 (0.003)
2015 ~91.2 (—0.226) +85.0 (+0.072) —6.2 (0.004)
2013 1163 (+4.031) ~16.1 (~1.369) +0.2 (+0.013)
DIN 2014 +7.8 (+1.929) 9.4 (—0.799) 1.6 (—0.101)
Nitzogen 2015 +14.7 (+3.635) ~23.8(—2.023) ~9.1(~0.576)
2013 1514 (+12.711) 202 (~1.717) 1312 (+1.974)
™™ 2014 +0.4 (+0.099) +15.7 (+1.335) 1161 (+1.019)
2015 +38.5 (+9.521) —65 (—0.553) 1320 (+2.024)
2013 133.7 (+8,334) 319 (~2.712) +1.8 (+0.114)
DSi 2014 5.9 (—1.459) 153 (~1.301) ~21.2(~1.341)
- 2015 —38.3(—9.472) +14.9 (+1.267) —23.4 (—1.480)
Silica 2013 1+30.8 (+7.617) 22,9 (~1.947) +7.9 (+0.500)
TSi 2014 ~16.7 (—4.130) 15.5 (+0.468) “11.1 (~0.702)
2015 493 (~12.192) +41.3 (+3.511) ~8.0 (—0.506)

Total P budgets displayed consistent differences between the two boxes in the study
period. Box 2 was a TP source during the whole period and exported TP to Box 1. The
net TP production and subsequent export varied by a factor of ~2 over the 3-year period
(Table 2, Figure 3). At the opposite, Box 1 was always a TP sink with retention rates varying
between 47.9 (2013) and 91.2 x 103 mol d~! (2015). Mass budget calculations showed that
the Curonian Lagoon, besides being a DIP net sink, retained also TP (6.3 x 103 mol d 1)
(Table 2)

DIN inputs to Box 1 were mainly sustained by rivers, and exceeded inputs to Box 2
by a factor of nearly 20 (Figure 4). The contribution of precipitation was negligible in both
boxes. As for DIP, the exchange flow between the two boxes represented the main DIN
input to Box 2, largely exceeding inputs from the Deima River. Box 2 was always a net DIN
sink whereas Box 1 was always a DIN source, producing on average 12.9 x 10°> mol d !
(Table 2). The DIN budget of the whole lagoon reflected the contrasting DIN sink/source
role of the two boxes and the variable interannual magnitude of processes. As a result,
during the study period the whole lagoon acted both as net DIN sink (2014 and 2015) or
slight source (2013). The net DIN internal fluxes ranged from —0.8 to —2.0 mmol m~2d~!
and from 1.9 to 4.0 mmol m 2 d~! in Box 1 and 2, respectively (Table 2).

The Nemunas River inputs represented the main TN source to the lagoon, with 40%
higher loads in 2013 than in 2014 and 2015. Box 1 was always a TN source, with variable
fluxes among years, peaking in 2013. Box 2 was functioning either as a TN sink (2013 and
2015) or source (2014). Aggregated fluxes indicated that the whole lagoon was always a TN
source, with a mean TN production of 26.4 x 10° mol d~! (Table 2).

The riverine DSi and TSi inputs to Box 1 displayed some variability among the three
years, and always exceeded by a factor >20 silica inputs to Box 2 (Figure 5). Inputs via
precipitation were considered negligible and not estimated. The sink or source role for the
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DSi varied between the two boxes over the study period often with contrasting patterns
(Table 2). DSi and TSi export from the lagoon to the Baltic Sea peaked in 2013, with fluxes
2-3 times higher than those of 2014 and 2015. The whole lagoon was a net silica source in
2013 and a silica sink for both the subsequent years (Table 2).

3.3. Ecosystems Functions

Calculated NEM values for the Curonian Lagoon were positive in both boxes for the
whole study period, with average C production exceeding respiration by nearly 2.5 mmol C
m~2 d~! (Table 3). The NEM rates were much higher in Box 1, likely due to higher nutrient
availability or better nutrient stoichiometry with respect to uptake by phytoplankton (algae
and cyanobacteria) and bacteria.

Table 3. Total and areal (in brackets) annual rates of Net Ecosystem Metabolism (NEM) and net
difference between Nj-fixation and denitrification (nfix-denit) calculated in Box 1 and 2 and in the
whole Curonian Lagoon. Positive values indicate the dominance of net production over respiration
for NEM and Nj-fixation over denitrification for nfix-denit; negative values have opposite meaning.

Metabolism Year Box 1 Box 2 Whole Lagoon
2013 31.3 (7.73) 6.5 (0.56) 37.8 (2.39)
NEM 10° mol d~1 (mmol Cm~2d-1) 2014 24.6 (6.08) 13.5 (1.15) 38.1(2.41)
2015 29.3 (7.26) 13.0 (1.11) 42 4 (2.68)
2013 21.0 (5.20) —15.1 (—1.29) 5.9 (0.37)
(nfix-denit) 10° mol d~! (mmol N m—2 d 1) 2014 11.5 (2.85) —7.4(—0.63) 4.2 (0.26)
2015 19.1 (4.72) —21.8 (—1.85) —2.7 (—0.17)

Our calculations suggest that, on an annual basis, the equilibrium between the two
microbial processes of Nj-fixation and denitrification differed between boxes (Table 3). In
Box 1, Nr-fixation exceeded denitrification and contributed as net DIN source whereas in
Box 2 denitrification exceeded Nj-fixation and contributed as N sink. These calculations
also suggest that the equilibrium between these opposite processes varies among years,
along with their variability in the two boxes. During 2013 and 2014, N,-fixation exceeded
denitrification in the whole lagoon whereas the opposite was true in 2015.

4. Discussion
4.1. Water Balance

The inflow of the Nemunas River divides the Curonian lagoon into a northern and a
southern area, characterized by different water residence time and dominating biological
and biogeochemical processes [7,42]. Different studies targeting the hydrology or the
ecological functioning of this estuarine system have analysed separately the two macroar-
eas [7,20,23,42]. The two-box approach allows a better understanding of the spatial patterns
of nutrient fluxes and the effect that algal blooms produce on nutrient transformations
in flushed and stagnant sectors of the estuary. Our results, based on mass budget analy-
sis, reveal large spatial and temporal variability of the two boxes’ sink/source functions.
Water exchanges between the well flushed northern and the confined southern area are
more dependent on wind directions and intensity than on Nemunas River discharges [38].
Wind also affects the brackish water intrusion from the Baltic Sea to the northern part of
the lagoon.

Discharge of the principal tributary followed the expected seasonal patterns for tem-
perate latitudes, with a spring peak and a summer minimum [34]. However, the inter-
annual differences in snowpack accumulation, temperature, and precipitation resulted
in pronounced seasonal differences of discharge across years. In comparison to previous
measurements, the Nemunas River discharges measured in the present study period was
~28% lower than the average of the 1961-1990 period (~60 x 10° m® d~!) [43]. Long-term
analysis of the water balance of the Curonian Lagoon suggests decreasing trend for the Ne-
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munas discharge and consequently for the frequency and magnitude of spring floods [36].
The reasons for ongoing changes are the milder and drier winters, the reduction of snow
deposition, and thinner snow cover. This trend is also observed in our water budget
since the river discharge tended to decrease over the three-year period. Large interannual
variability of temperatures and climate, affecting precipitation and discharge, advocates
the need of multi-year analysis of estuarine ecosystem functioning and suggests cautious
conclusions or generalizations in studies limited to one year investigations. Discharge is in
fact a driver of estuarine functioning and variable discharge leads to variable dominant
processes within estuaries.

Previous studies considered water inflow from the Baltic Sea to the Curonian Lagoon
as negligible [6], mainly due to low and constant salinities. In the present study, seawater
fluxes to the lagoon were based on a hydrodynamical model that proved earlier assump-
tions to be wrong. The model revealed how the annual seawater inflow to the lagoon
was similar or even higher than the Nemunas discharge; it was consistent over the 3—year
period, and it contributed 42-54% of the water balance. The main driving mechanism
was identified in the sea—lagoon water level differences induced by wind coupled with
low summer discharge of the Nemunas River that results in high seawater inflow to the
lagoon [38]. In the 27 samplings carried out at Box 1 during 2013-2015, salinities >1 were
measured only on four occasions, suggesting episodic and short-term seawater inflows to
the lagoon. Zemlys et al. [35] reported that seawater intrusion is restricted to a small and
limited area in the northern part of the lagoon, which covers ~3% of the lagoon surface.
One of the assumptions of the black-box approach is that the two identified areas within the
lagoon are homogeneous. However, this is quite difficult to assess due to their large surface
and the evident environmental gradient established from the river to the sea mouth. A
visual estimation of spatial heterogeneity of the Curonian Lagoon is reported in a study by
Bresciani et al. [44], which indicates that meteorological, as well as hydrological conditions,
can strongly affect the seasonal distribution of phytoplankton blooms. For this reason,
annual more than seasonal mass budgets approach a steady state.

4.2. Nutrient Balances

The estimated budgets show that nutrient inputs to the Curonian Lagoon were mainly
delivered by the Nemunas River. Such inputs displayed large seasonality, depending on
river discharge, crops, and vegetation activity in the river catchment [34,45]. A major
fraction of N and P delivered from Nemunas catchment has anthropogenic origin [46,47]
whereas DSi transport depends on the intensity of natural bedrock weathering and ground-
water transport, that can be amplified by agriculture [48]. The ecological stoichiometry of
delivered nutrients suggests strong N and Si summer limitation that favors dominance of
cyanobacteria [6].

A major objective of this study was to understand whether watershed-generated
nutrient loads were attenuated or increased during their path to the Baltic Sea through
the Curonian Lagoon. We found that both dissolved inorganic and total P and Si, and
dissolved inorganic N were net retained within the estuary. The lagoon acted as an efficient
filter, in particular for DIP (74% of load), and less for DIN and DSi (10% and 25% of load,
respectively). These findings show that DIP retention in the Curonian Lagoon is >30%
higher in comparison to other estuarine systems [10,49-51], but similar to that reported for
the Swedish coast [52]. DIN retention in the Curonian Lagoon was comparatively lower,
and aligned with recent evaluation of nutrient retention, more effective for P than for N,
in other coastal zones of the Baltic Sea [10,52]. Unfortunately, we cannot compare the
estuarine filter efficiency for DSi due to the lack of data from other estuarine systems based
on our used LOICZ approach. Prior studies [53-55], using different experimental methods,
had previously documented the effective DSi retention and transformation along the river-
estuarine continuum. Dissolved nutrient can be attenuated by uptake and incorporation
into biomass of primary producers (microphytobenthos and phytoplankton), sedimentation,
and burial or loss to the atmosphere via denitrification or anammox [12-15].



Water 2022, 14, 164

14 0f 18

The loads of TN increased within the estuarine system whereas terrestrial TP and TSi
loads decreased. However, the TP and TSi net retention in the Curonian Lagoon was less
than 5% of external loads. This percentage is considerably lower than those reported in
other estuarine systems where TP and TN retention may correspond to 16-52% and 20-87%
of riverine loads, respectively [26,50,51,56]. Our results suggest that in shallow lagoons
with Nj-fixing cyanobacterial blooms, the elevated production of labile organic matter may
partly (TP) or entirely (TN) offset annual retention. These patterns can be found in other
freshwater lagoons along the coasts of the Baltic Sea (e.g., Oder Lagoon, [56]).

Another major objective of this study was to highlight spatial and temporal differences
in nutrient transformation within the two considered boxes. Box 2 received inputs of
inorganic nutrients from Box 1, generally exceeding inputs from the Deima River and
from precipitation. Due to the large surface of Box 2, such inputs were about 10 times
lower for unit area in comparison with the areal loads of Box 1. Our results show that
Box 2 functioned as a net sink for DIN and DIP and that combining annual net internal
transformations with (nfix-denit) values (Tables 2 and 3), it is possible to distinguish the
contribution of phytoplankton assimilation and denitrification to DIN retention. Results
show that in Box 2, nearly 88% of DIN was lost thought denitrification whereas a minor
fraction was retained due to phytoplankton uptake. In Box 1, on the contrary, assimilative
processes were dominated over losses via denitrification.

In Box 2, the inefficient DIP retention resulted in a lower DIN:DIP molar ratio. In a
scenario of increasing temperatures, lower discharge and higher water renewal time, such
an unbalanced nutrient availability, may further promote blooms of N;-fixing cyanobac-
teria [57]. The latter might also be supported by short-term anoxia events, inducing
DIP redox-dependent release from sediments [20,23]. In Box 1, efficient DIP retention
maintained a more balanced DIN:DIP molar ratio, likely preventing undesired cyanobacte-
rial blooms.

4.3. Ecosystem Functions

The estimated ecosystem functions NEM and (nfix-denit) (2.50 and 0.15 mmol m~2d !,
respectively) are consistent with values obtained during budget calculations performed in
more than 200 systems over the world conducted in the framework of LOICZ [58]. Positive
values indicate a dominance of organic matter production over respiration and Nj-fixation
over denitrification. Rates of carbon fixation exceeding those or system respiration suggest
also the dominance of dissolved inorganic N, P, and Si net retention in the Curonian
Lagoon [6,7]. The reliability of these estimates can be tested via comparison with direct
measurements of pelagic Np-fixation, net N, flux at the sediment-water interface and
NEM by open water techniques carried out in 2015 (7, Steehr et al. in prep.). Estimates of
(nfix-denit) are in agreement with the results obtained by laboratory incubations of intact
sediment cores and water (—0.34 mmol m~2 d~! [7]). Assuming that in 2015, DIN retention
was 0.58 mmol m~2 d~! and (nfix-denit) was —0.17 mmol m~2 d~!, we speculate that
30% of DIN was denitrified whereas the rest was retained through assimilative uptake
by primary producers. However, the balance between denitrification and N,-fixation in
the Curonian Lagoon varies seasonally and spatially [7]. Differences in organic matter
content, N availability, microphytobenthos activity, and water residence time may stimulate
one process over the other. Considering the low rates of N, fluxes measured in the water
column, benthic processes are likely more important to define (nfix-denit) function in the
Curonian Lagoon [7]. We conclude that the high rates of benthic N,-fixation in the northern
sector can offset N loss via denitrification occurring in the southern sector and set the whole
lagoon as net N source to the Baltic Sea (Table 3).

NEM estimations with budgets indicate that the Curonian Lagoon was a net source
of organic material with uptake rates of dissolved inorganic nutrients by phytoplankton
and their conversion into particulate forms exceeding rates of mineralization. Surprisingly,
such estimations largely differ from the results obtained with open water technique, which
stated a large dominance of respiration processes in this estuary (—36.9 mmol m~2d !,
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Steehr et al. in prep.). A number of assumptions could account for this disparity and it is
worth understanding them. Besides spatial and temporal heterogeneities of the system
and consequent upscaling errors, NEM was calculated from DIP budgets. The latter, for
example, might be affected by the suspended particles that are abundant in the transitional
area and can adsorb DIP and induce some overestimation of NEM.

5. Conclusions

Results from this study support the hypothesis that the Curonian Lagoon function-
ing, which results from the combined biogeochemical processes occurring in this estuary,
display large spatial and temporal (i.e., annual) variability. This means that interannual
climatic differences, resulting in different discharge, temperature regimes, and nutrient
loads can suppress or reverse the estuarine filter role. The application of the LOICZ budget
approach represents a unique opportunity to analyze the whole system functioning of
large estuaries [28,29]. It is unique as it can simultaneously provide different and reliable
estimates of ecosystem functions (e.g., net autotrophy and nutrient retention or net het-
erotrophy and nutrient regeneration) and does not require sophisticated modeling tools
and very skillful expertise but rather good experimental data and use of basic equations.
The use of this approach peaked in Europe in the 1990s, coinciding with a large effort
promoted and supported by the European Commission aiming at better understanding
the consequences of eutrophication on estuaries [25]. We believe that the analysis of a
large number of estuarine systems with the same method is important as it makes these
systems comparable. Under scenarios of changing climate and socio—economic activities
and in the framework of oligotrophication pathways for many European watersheds, the
application of this budgeting appears useful also now, with the same comparative aims.
The general impression that emerges from the analysis of the literature is that calculations
of whole system functioning (e.g., NEM) were limited in time (e.g., a single application
over a single annual dataset) and sometimes with heterogeneous datasets (e.g., collected
in different years and from different projects). With this respect, data, calculations, and
results reported in the present study seem very robust: budgets were calculated over three
consecutive years on accurate datasets collected on purpose. Furthermore, the Curonian
Lagoon biogeochemistry has been and is still intensively studied and recent investigation
of pelagic and benthic processes carried out in stations from both the flushed and confined
area, supports the results of this study [7].

We believe that the synthetic outcome of the LOICZ approach should become part of
a new monitoring strategy, not limited to static parameters such as chlorophyll a or nitrate
concentrations but targeting processes. This is the only way to analyze trajectories over
time, from pristine to eutrophic, but also from eutrophic to oligotrophic and their feedback
on whole system functioning. Following the ongoing Baltic Sea Action Plan (BSAP, [33])
Lithuania promised a large reduction of N and P loads to the Baltic Sea. Target reduction
for P loads were achieved while reduction of N loads is still in progress [34]. Unfortunately,
we cannot analyze how nutrient reduction affects the Curonian Lagoon functioning (e.g., its
metabolism and nutrient retention). This is due to the fact that we simply do not know the
baseline metabolism of most of our estuaries and have no references on how it might vary
from year to year. We believe it is important to create long-term databases in order to follow
trajectories in the functioning of ecosystems, along loads or other environmental gradients,
including those associated to climate change as timing and amount of precipitation and
average temperatures.
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