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Abstract We combined a mass balance approach

with measurements of air–water and sediment–water

nitrogen (N) exchange to better understand the mech-

anisms attenuating N throughputs in a eutrophic

coastal lagoon. We were particularly interested in

how seasonal shifts in external versus internal N fluxes

and the transition from diatom- to cyanobacteria-

dominated phytoplankton communities influence N

storage and loss to the atmosphere. We found that on

an annual basis almost all of the N removed by the

lagoon was due to sediment storage following the

spring diatom bloom. This period was characterized

by high riverine inputs of dissolved inorganic nitro-

gen, high rates of assimilatory conversion to particu-

late nitrogen (PN), and net accrual of N in sediments.

By contrast, the larger summer bloom was associated

with low sediment N storage, which we attribute in

part to the presence of positively-buoyant cyanobac-

teria. Low settling rates during cyanobacteria blooms

favored export of PN to the Baltic Sea over sediment

accrual in the lagoon. In addition, summer dinitrogen

(N2) fixation by cyanobacteria largely offset annual N2

losses via denitrification. These findings show that

cyanobacteria blooms diminish N attenuation within

the lagoon by altering the balance of N exchange with

the atmosphere and by promoting export of particulate

N over sediment burial.

Keywords Nitrogen � Mass balance � Algal blooms �
Cyanobacteria � Baltic Sea � Coastal lagoons

Introduction

Understanding the processes regulating nitrogen

(N) fluxes at the landscape scale is critical to

management efforts aimed at reducing anthropogenic

impacts on inland and coastal waters. Along the flow-

path from mountains to the sea, water passes through

various hydrologic features (groundwater, streams,

wetlands, lakes, estuaries) that differ in their capacity

to attenuate throughputs of N (Howarth et al. 1996;
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Valiela et al. 1997; Vitousek et al. 1997; Boyer et al.

2002; Seitzinger et al. 2002). Their collective effects

determine the proportion of N delivered to coastal

waters (Seitzinger et al. 2006). The attenuation of N

throughputs, commonly referred to as ‘retention’, is

typically derived by mass balance from the difference

between hydrologic inputs and outputs. The term

‘retention’ is somewhat of a misnomer as it includes

both N retained within the system (e.g., via sediment

accrual) as well as N lost from the system via

atmospheric exchange. To avoid confusion, we use

‘storage’ when referring to accrual within the system,

and ‘attenuation’ to describe the overall reduction in N

throughputs (i.e., the combined effects of storage and

atmospheric losses). Elucidating the fate of N inputs,

whether stored in the system or lost to the atmosphere,

is important to understanding N attenuation and for

forecasting recovery from eutrophication.

Estuaries, being situated at the interface between

freshwater and marine environments, are potentially

important sites for N attenuation due to high input

loads and high rates of biogeochemical activity (Nixon

et al. 1996; Boyer and Howarth 2008; Asmala et al.

2017). Numerous studies have investigated estuarine

N cycling, often using a mass balance approach to

compare inputs and export, and to estimate attenuation

by difference (Dettmann 2001; Robson et al. 2008;

Bukaveckas et al. 2017a; Vybernaite-Lubiene et al.

2017). Attenuation is governed in part by the rate of

assimilation of dissolved inorganic and organic N by

primary producers and bacteria. After incorporation

into biomass, settling of particulate matter enhances N

storage (burial in sediments), and loss to the atmo-

sphere (via denitrification; Nedwell et al. 1999;

Sundbäck et al. 2004; Brion et al. 2008; Deek et al.

2013; Eyre et al. 2016). The proportion of the

incoming N load that is attenuated is constrained by

water residence time and temperature, which in turn

regulate autotrophic and heterotrophic assimilation

(Voss et al. 2010; Vybernaite-Lubiene et al. 2017). As

a result, N attenuation varies seasonally and among

estuaries that differ in their hydrogeomorphic settings

and trophic state (Sundbäck et al. 2004; Eyre et al.

2013; Loken et al. 2016). Nitrogen cycling in estuaries

has received considerable attention, but few studies

have quantified the relevant processes (N fixation,

denitrification, etc.) in a systematic way such that they

can be scaled to the ecosystem level, and evaluated in

the context of input and output fluxes (e.g., Brion et al.

2008).

Cyanobacteria often dominate phytoplankton com-

munities in eutrophic waters during summer (Smith

et al. 1999; Smith 2006; O’Neil et al. 2012; Paerl and

Otten 2013). Their role in the N cycle of lentic waters

has received considerable attention, but less is known

regarding their presence in fresh-brackish estuaries

and coastal lagoons (Howarth et al. 1988a, b; Bianchi

et al. 2000; Murrell and Lores 2004). Their ability to

form dense blooms, regulate buoyancy and, in some

cases, fix N2, has important implications for the N

balance of the ecosystem. Bloom events affect redox

conditions in the water column due to oxygen

demands associated with decomposition of algal

biomass, as well as respiration by algae themselves.

Our prior work in the Curonian Lagoon has docu-

mented the widespread occurrence of transient night-

time hypoxia due to high rates of respiration in the

water column during cyanobacteria blooms (Zilius

et al. 2014). Anoxia may enhance conditions for

denitrification fueled by water column nitrates,

thereby resulting in greater N loss (Hietanen and

Lukkari 2007). N2 fixation by cyanobacteria may

partially or fully offset losses via denitrification, and

may be particularly important to supporting blooms

when external inputs are low (e.g., during low river

discharge). In addition to their importance in affecting

N2 fixation and denitrification, the ability of cyanobac-

teria to regulate their buoyancy may influence the fate

of algal biomass by altering the balance between

sedimentation and export (Walsby 1994; Chu et al.

2007). Positive buoyancy reduces sedimentation of

cyanobacteria-dominated communities, thereby

resulting in smaller fluxes of phytodetritus to sedi-

ments, and potentially greater loss through advective

washout. Our prior work has shown that export of

phytoplankton and phytodetritus during a cyanobac-

teria bloom transformed the Curonian Lagoon from an

annual sink to a net source of phosphorus (Petkuviene

et al. 2016; Vybernaite-Lubiene et al. 2017). The net

effect of cyanobacteria dominance on the attenuation

of N fluxes will depend on the extent to which they

alter the balance between sedimentation and export,

and the gain and loss of N via atmospheric exchange.

In this study, we combine a mass balance approach

with process-specific measurements of N exchange at

the air–water and water–sediment interface to better

understand the mechanisms regulating N attenuation
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in a shallow coastal lagoon. Lagoons are important

components of coastal ecosystems. In the Baltic

region, they represent 4% of coastal area but account

for 40% of total denitrification (Asmala et al. 2017).

The Curonian Lagoon is characterized by eutrophic

conditions with a succession of algal blooms transi-

tioning from diatoms and green algae in the spring, to

cyanobacteria in the summer (Pilkaityte and Razinko-

vas 2007; Zilius et al. 2014). Our prior work has used

mass balance approaches to characterize N and P

inputs, export and attenuation (Petkuviene et al. 2016;

Vybernaite-Lubiene et al. 2017) and stable isotope

analysis to assess N fixation by cyanobacteria (Lesu-

tien _e et al. 2014). In this paper we expand on this work

by combining mass balance analysis with process-

specific measurements of air–water exchange (N2

fixation, denitrification). Our objective was to better

understand the processes affecting N attenuation

following seasonal transitions from periods of high

to low external loads and in conjunction with seasonal

changes in phytoplankton abundance and community

composition. In addition to characterizing the overall

total nitrogen (TN) budget for this system, we derived

separate mass balances for particulate and dissolved

fractions. These were used to compare predicted and

observed changes in water column concentrations and

test our ability to depict N transformations during

changing seasonal conditions.

Methods

Study site

The Curonian Lagoon is a large (1584 km2), shallow

(mean depth 3.8 m) waterbody located along the

southeast coast of the Baltic Sea (Fig. 1). The lagoon

discharges to the Baltic Sea through a narrow strait and

occasionally receives inputs from the Baltic during

periods of wind-driven tidal forcing (Zemlys et al.

2013). These events are typically of short duration and

result in small increases in salinity (typically by 1–2,

maximum = 7) in the northern portion of the lagoon.

The Nemunas River is the principal tributary (mean

annual discharge = 21.8 km3) accounting for 96% of

total inputs (Jakimavičius and Kriaučiūnien _e 2013).

The river has a catchment area of 97,864 km2, which

is comprised of 60% cultivated and 40% forested lands

(Vaitkuviene and Dagys 2008). The Nemunas is a

lowland river with seasonally variable discharge,

which is dependent in part on the timing of spring

snowmelt. The inflow of the Nemunas divides the

lagoon into northern and southern regions that differ in

water renewal time, depth and sediment composition

(Zilius et al. 2014; Umgiesser et al. 2016). The

northern half of the lagoon is characterized by

shallower depths (1.5–2 m), shorter water renewal

time (annual mean = 76 days; seasonal range =

50–100 days), and sandy sediments (Zilius et al.

2014; Umgiesser et al. 2016). The southern half of the

lagoon is deeper (mean = 3.5 m), has a longer water

renewal time (annual mean = 190 days; seasonal

range = 100–250 days) and organic–rich benthic

deposits (predominantly silty sediments). The lagoon

is vertically well mixed owing to the shallow depth

and weak salinity gradients.

Sampling design

Our sampling scheme was designed to prioritize effort

where fluxes were anticipated to be large and variable

(e.g., riverine loads during spring runoff, summer N

fixation). For the mass balance analysis, water samples

were collected at the inflow (Nemunas River) and

outflow (Klaipeda Strait) of the lagoon, and from an

off-shore site in the Baltic Sea (55�55013.100N and

21�02039.400E), to estimate riverine inputs, lagoon

export, and marine inputs, respectively (Fig. 1).

Samples were collected monthly at each of the sites

from December 2014 to November 2015, except at the

inflow site (Nemunas) where additional samples were

obtained (at 1–2 week intervals) during the period of

highest discharge (January–April). Our prior work

showed that there was greater variability in riverine

nutrient concentrations in comparison to lagoon and

Baltic Sea waters and therefore we allocated greater

effort toward determining riverine loads (Vybernaite-

Lubiene et al. 2017). To characterize internal pro-

cesses, we measured water column production, respi-

ration and N2 fixation, as well as sediment–water N

exchange. These processes were measured at two

sites: a northern site representing sandy substrates, and

a southern site dominated by silty sediments (Fig. 1).

Water samples and sediment cores were obtained

quarterly (February, April, August and November) to

represent Winter, Spring, Summer and Fall. Addi-

tional water samples were obtained monthly (and

twice per month during July and August) to
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characterize chlorophyll a (Chl-a), phytoplankton

biomass, N fractions and N2 fixation during peak

bloom conditions.

PN production and remineralization

Production and respiration were measured to derive

rates of assimilatory and dissimilatory N fluxes in the

water column (Kamarainen et al. 2009; Knoll et al.

2016; Wood et al. 2016). The premise of this approach

is that a stoichiometric quotient (e.g., Redfield ratio, or

seston C:N) can be used to infer the rate of conversion

of dissolved nitrogen (TDN) to particulate (PN)

(hereafter, assimilatory uptake) using oxygen- or

carbon- based estimates of production, and, that the

Fig. 1 Map of the Curonian Lagoon showing the distribution of sediment types and sampling locations
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corresponding dissimilatory process (i.e., conversion

of PN to TDN) can be estimated from respiration.

N uptake ¼ GPPðmmol C m�2day�1Þ � SestonN:C

N remineralization ¼ R ðmmol C m�2d�1Þ
� SestonN:C

where GPP is the sum of NPP and R, and SestonN:C

values are month- and site- specific measured values.

We measured NPP and R in the water column using

the light-dark bottle technique (e.g., Strickland 1960).

Three replicate 250 ml Winkler glass bottles were

filled from each depth layer and incubated in the

laboratory under artificial illumination at irradiances

representing the mid-point of the each layer (based on

PAR profiles). Incubation irradiance varied by site and

season (e.g., from 130 to 500 lE s-1 m-2 for 0–1 m

layer). Incubation temperatures corresponded to in situ

conditions at the time of sample collection. NPP and R

were calculated from the change in dissolved oxygen

concentrations in light and dark bottles during the

4–6 h incubation. Oxygen concentrations were mea-

sured using the Winkler microtitration method

(Grasshoff et al. 1983). Volumetric rates were con-

verted to areal rates using average depth and the

proportional contribution of each layer. Hourly rates

were converted to daily rates taking into account light

dosages during the incubation relative to daily in situ

values. The latter were determined from incident solar

radiation (as monthly average), light attenuation and

mean depth (Bukaveckas et al. 2011).

Nitrogen fixation

Rates of N2 fixation in the water column were

determined using the 15N2 tracer method. Measure-

ments were made monthly from June to November

2015 (excluding October) and twice per month in July

and August. N2 fixation was measured in three depth

layers (0–1 m, 1–2.5 m and 2.5–3.5 m) at the deeper,

southern station (silty site), and at the surface only at

the shallow northern station (sandy site). Measure-

ments of N2 fixation followed methods described in

Montoya et al. (1996). The samples were filled without

air bubbles into 500 ml transparent HDPE bottles.

Through a gas-tight septum, each sample received

0.5 ml 15N2 (98% 15N2, Sigma-Aldrich) injected by

syringe. The sample was carefully shaken to allow

isotopic equilibration of the N2 tracer. As the isotopic

equilibration takes up to several hours (Mohr et al.

2010) we incubated the samples for 24 h (Mulholland

et al. 2012). There has been some debate about using

the bubble method for N2 fixation measurements

(Mohr et al. 2010; Großkopf et al. 2012), but recent

work (Wannicke et al. 2018) demonstrated that

underestimation of rates is negligible (\ 1%) for

incubations lasting 12–24 h. Water samples were

incubated outdoors at ambient irradiance. Samples

from deeper layers (1–2.5 and 2.5–3.5 m) were

wrapped in aluminum foil as in situ irradiance was

below 1% of surface PAR at these depths. At each site,

three controls (without 15N2 additions) were incubated

in parallel to correct d15N for natural abundance. After

incubation, the samples were filtered through pre-

ashed (8 h at 450 �C) Whatman GF/F filters and stored

frozen until analysis with a continuous-flow isotope

ratio mass spectrometer (Thermo-Finnigan, Delta S,

Bremen) at the Leibniz Institute for Baltic Sea

Research Warnemünde (IOW). Volumetric rates of

N2 fixation was calculated according to Montoya et al.

(1996):

N2 fixation rate ðmmol l�1 day1Þ ¼ V

2
PN

� V

2
� ½PN�0 � ½PN�f

2

� �

where V (the specific rate of N2 uptake) is derived

from:

V ¼ 1

Dt
� APNf

� APN0
ð Þ

AN2
� APNð Þ

APN is the 15N atom % enrichment of the PN pool at

the beginning (t0) and end (tf) of an incubation, AN2
is

the 15N atom % enrichment of the dissolved N2 gas in

the incubated water, and PN is the concentration of PN

at the beginning (t0) and end (tf) of the incubation.

Daily volumetric N2 fixation rates were converted to

areal rates taking into account the depth of the water

column and the thickness of each layer (see above).

Sediment fluxes

Five large (i.d. 8 cm, 30 cm length) and 3 small (i.d.

4.6 cm, 25 cm length) intact sediment cores were

collected using a hand corer at each of the two sites.

Only undisturbed cores with visually clear overlaying

water were used for subsequent analysis. Small cores
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were used to measure sediment properties including

Chl-a, organic carbon (Corg), total N (TNsed), bulk

density (dry weight per unit volume) and grain size.

Large cores were used to measure net fluxes of NH4
?,

NOx
-, and DON in the dark (and light if in situ

irradiance at the sediment surface exceeded 1% of

surface PAR) based on changes in concentration in the

overlying water (Dalsgaard et al. 2000). The N2:Ar

technique was used to estimate net N2 fluxes at the

sediment–water interface (i.e., the balance between

denitrification and N2 fixation; Fulweiler and Nixon

2012). Cores were transported to the laboratory within

4 h where they were incubated in temperature-con-

trolled (± 0.5 �C) tanks with in situ water. An external

magnet rotating at 40 rpm ensured water mixing

within each core. After an overnight pre-incubation, a

gas-tight lid with optical O2 sensor spots (Pyro-

science�) was placed on each core. Incubations lasted

from 3 to 13 h in order to keep oxygen within 20% of

initial concentration. At the beginning and end of the

incubations a 20 ml aliquot was transferred to 12 ml

exetainers (Labco�) and fixed with 7 M ZnCl2 for

N2:Ar measurements. Thereafter, two more aliquots of

20 ml were immediately filtered (Whatman GF/F

filters) and transferred into PE tubes and glass vials for

inorganic and organic N analysis. Solute exchange

across the water–sediment interface was calculated

according to the general flux equation:

Fx ¼ Cf � Cið Þ � V

A � t

where Fx (lmol m-2 h-1) is flux of the x fraction, Ci

and Cf (lmol l-1) are the initial and final concentra-

tions, V (l) is volume of the overlying water, A (m2) is

the sediment surface area and t (h) is the incubation

time. Daily N fluxes (mmol m-2 day-1) across the

sediment–water interface were calculated according to

the equation:

daily Fx ¼ hourly dark flux � hDÞð
þ hourly light flux � hLÞð

where hD and hL are respectively the number of dark

and light hours corresponding to the date when the

core was collected.

Analytical procedures

Water temperature, salinity and dissolved oxygen

were measured in situ at the surface (0.5 m depth) and

bottom (0.5 m above the sediment) using a YSI 460

multiple probe. Vertical profiles of photosynthetically

active radiation (PAR) were measured with a LI-192

underwater quantum sensor (LI-COR�) on dates

corresponding to primary production and benthic flux

measurements. Water samples (2 l) from surface and

bottom layers were collected with a Ruttner bottle,

pooled to obtain a vertically-integrated sample, and

transported with ice packs. Chl-a concentrations were

determined in triplicate. Water samples for Chl-a were

filtered within 1–2 h of collection through Whatman

GF/F glass fiber filters (nominal pore size 0.7 lm).

Pigments were extracted with 90% acetone (24 h at

4 �C) and measured by spectrophotometry (Jeffrey

and Humphrey 1975; Parson et al. 1984). Phytoplank-

ton samples were preserved with acetic Lugol’s

solution and examined at magnifications of 2009

and 4009 using a LEICA DMI 3000 inverted micro-

scope (Utermöhl 1958). The abundance of phyto-

plankton and filamentous diazotrophic cyanobacteria

(thousand cells l-1) was calculated according to

HELCOM (2015). Phytoplankton biomass (mg l-1)

was calculated according methodology described in

Olenina et al. (2006).

Water samples were filtered within 1–2 h of

collection (GF/F filters), transferred into 10 ml PE

tubes for inorganic (NH4
?, NO2

-, NO3
-) analysis, or

25 ml glass vials for organic (DON) analysis, and

frozen immediately (- 20 �C). Dissolved inorganic N

concentrations (NO2
- and NOx

-) were measured with

a 4-channel continuous flow analyzer (San??, Skalar)

using standard colorimetric methods (Grasshoff et al.

1983). Nitrate (NO3
-) was calculated as the difference

between NOx
- and NO2

-. Dissolved ammonium

(NH4
?) was analyzed manually by means of the

salicylate-hypochlorite method, using nitroprussiate

as catalyst (Bower and Holm-Hansen 1980). Total

dissolved nitrogen (TDN) was analyzed by the high

temperature (680 �C) combustion, catalytic oxidation/

NDIR method using a Shimadzu TOC 5000 analyzer

with a TN module. Dissolved organic nitrogen (DON)

was calculated as difference between TDN and DIN

(NH4
? ? NO2

- ? NO3
-). Particulate matter was

collected on pre-ashed (4 h at 550 �C) Whatman GF/

F filters for organic carbon (POC) and nitrogen (PN)
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analysis. These filters were dried at 60 �C for 24 h and

stored at 4 �C until analysis. POC and PN were

analyzed with an Elementar Vario EL Cube (Elemen-

tar Analysen systeme GmbH). Sediment C and N

content were analyzed with a mass spectrometer

(Thermo Scientific Delta V) coupled with element

analyzer (FlashEA 1112, Thermo Electron Corpora-

tion) at the Center for Physical Sciences and Tech-

nology. Before measurements samples were acidified

with 1 N HCl in order to remove carbonates. Median

grain size (Md) was determined with laser particle size

analyzer (Analysette 22 MicroTec plus, Fritsch

GmbH). Dissolved gasses (N2 and Ar) were measured

by membrane inlet mass spectrometry (MIMS) at

Ferrara University (Bay Instruments; Kana et al. 1994)

and corrected for Ar concentration and solubility

based on temperature and salinity. N2-scavenging

effects of bubbles produced during light incubation

were avoided by running a dark incubation prior to the

light incubation (Eyre and Ferguson 2002). No

bubbles were visible during the incubations.

Lagoon inputs and outputs

Input and output fluxes of N were derived using

previously described methods for this site (Vyber-

naite-Lubiene et al. 2017). Riverine inputs were

calculated from monthly measurements of N concen-

trations and daily discharge of the Nemunas River.

Discharge data were provided by the Lithuanian

Hydro-meteorological Service. NH4
? and NO3

- con-

centrations were significantly correlated with river

discharge (r = 0.71 and r = 0.91, respectively,

p\ 0.05); these regressions were used to derive

concentrations when calculating monthly total loads.

N fluxes between the lagoon and the Baltic Sea were

derived using estimates of hydrologic exchange

obtained from a hydrodynamic model (SHYFEM;

http://www.ismar.cnr.it/shyfem) previously calibrated

for this site (Zemlys et al. 2013). The model simulates

changes in sea surface elevation in response to wind-

forcing events and derives estimates of water

exchange at 2 h time steps. Fluxes were derived based

on the volume of exchange between the lagoon and

Baltic Sea and measurements of N concentrations in

the outflow (Klaipeda Strait) and inflow (offshore

Baltic). For sampling dates when the lagoon outflow

sample (Klaipeda Strait) was mixed with seawater

(salinity[ 0.5), it was necessary to correct N

concentrations for dilution by seawater to estimate N

fluxes from the lagoon. We calculated N concentra-

tions in the lagoon (CLAGOON) based on simultaneous

measurements of salinity and N fractions at the off-

shore site and lagoon outlet (Grelowski et al. 2000):

CLAGOON ¼ COUT � CSEA � 1 � XRð Þ
XR

where COUT and CSEA is N concentration at the lagoon

outlet and off-shore Baltic Sea. XR was calculated

using the following equation:

XR ¼ SSEA � SOUT

SSEA � SRIVER

where SSEA, SOUT and SRIVER is salinity at coastal

zone of Baltic Sea, Lagoon outlet and Nemunas River,

respectively. Input and output fluxes were expressed

on an areal basis (mmol m-2 day-1) for comparison

to internal process rates.

Nitrogen balance

Nitrogen budgets were developed for winter, spring,

summer and fall based on measured input, output and

internal fluxes (Nixon et al. 1996; Dettmann 2001).

Daily average values of input and output fluxes were

derived for 3-month periods representative of each

season (Winter = December–February, Spring =

March–May, Summer = June–August, and

Fall = September–November). These were used in

conjunction with lagoon-average estimates of internal

fluxes, which were derived from the site-specific

measurements and the proportional area comprised of

sandy (45%) and silty (55%) sediments (Zilius et al.

2014). The gain or loss of N stored within the lagoon

was estimated from riverine inputs, net atmospheric

exchange (N2 fixation-denitrification), and net

exchange with the Baltic Sea (inputs–outputs).

DStorage lagoon ¼ Riverine inputs

� Net atmospheric exchange

� Marine exchange

Storage represents the average daily rate of TN

accumulation in the lagoon during each 3-month

budget period. We partitioned total (Lagoon) storage

into water column and sediment components. As the

change in water column concentrations was known,
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this allowed us to estimate N storage in sediments for

each (3-month) budget period:

DStorage ¼ DStoragewater column þ DStoragesediment

The change in sediment storage of N reflects the

balance between the quantity of N delivered via

sedimentation minus the portion lost through reminer-

alization and diffusion into the water column. By

estimating sediment storage (above), and accounting

for N losses via sediment–water exchange (from core

incubations), we obtained a measure of N delivery to

sediments:

Net sediment deposition ¼ DStoragesediment

� Net sediment fluxes

Quantifying N loss via sedimentation allowed us to

develop particulate and dissolved N balances for the

water column. The predicted rate of change in water

column PN was derived from estimates of PN inputs

from internal (production) and external (riverine and

marine) sources, and PN losses via export, sedimen-

tation and remineralization (respiration). A similar

model was constructed for total dissolved nitrogen

(TDN = DIN ? DON) taking into account inputs

from internal (remineralization) and external (riverine

and marine) sources, and losses via assimilatory

uptake and net sediment exchange.

DPNpredicted ¼ Production þ Riverine inputs

þ N fixation � Marine exchange

� Net sediment deposition

� Remineralization

DTDNpredicted ¼ Remineralization

þ Riverine inputs � Production

� Marine exchange

� Net sediment exchange

Predicted changes in PN and TDN were compared

against observed changes in the water column to test

our ability to reconcile the sources and fate of N in the

lagoon.

Statistical analysis

Linear regression analysis was used to examine the

relationships between nutrient concentration and dis-

charge, and between net rates of N2 fixation and the

abundance of heterocystous cyanobacteria. Data were

tested for normality and homogeneity of variances

using Shapiro–Wilk and Cochran’s tests, respectively.

If data did not meet these conditions, square root and

log transformations were applied. Statistical signifi-

cance was set at p\ 0.05.

Results

Phytoplankton seasonal and spatial patterns

Phytoplankton communities exhibited a transition

from diatom-dominated in spring to cyanobacteria-

dominated in summer at both sites. Diatoms accounted

for up to 76% (northern site) and 82% (southern site)

of total phytoplankton biomass during spring.

Cyanobacteria accounted for 60% (northern site) and

85% (southern site) of phytoplankton biomass during

summer. The shift in community composition

occurred in July when Aphanizomenon flos-aquae

became abundant (61% of the total biomass). Seasonal

patterns in Chl-a, phytoplankton community compo-

sition and production were similar at the northern and

southern sites with peak values occurring in late

summer (August–September; Fig. 2). Peak Chl-a con-

centrations were higher at the southern site

(* 250 lg l-1) relative to the northern site

(* 100 lg l-1). Heterocystous cyanobacteria com-

prised 70% (northern site) and 85% (southern site) of

cyanobacteria biomass during the bloom. Rates of N2

fixation were higher at the southern site

(30–150 lmol m-2 h-1) relative to the northern site

(\ 30 lmol m-2 h-1). Rates of N2 fixation were

strongly correlated with the abundance of heterocysts

(R2 = 0.82, p\ 0.001). DIN concentrations were in

the range from 1.8 to 3.5 lM during this period.

Highest GPP (30 lmol m-2 h-1) and R

(15 lmol m-2 h-1) were also observed at the southern

site in summer. In other months, GPP and R were less

than 20 and 10 lmol m-2 h-1, respectively, at both

sites.

Seasonal patterns in nitrogen loads

and concentrations

Riverine discharge followed expected seasonal pat-

terns with highest flows ([ 600 m3 s-1) occurring in

January–April, and lowest flows (\ 300 m3 s-1) in

July–October (Fig. 3a). Riverine N inputs to the

lagoon tracked seasonal patterns in discharge
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(Fig. 3b). The winter–spring period of elevated dis-

charge accounted for 80% of the annual N load. DIN

was the dominant fraction accounting for[ 80% of

TN in riverine inputs. PN was a minor component of

the TN load delivered to the lagoon. N concentrations

in the lagoon ranged from 100 to 250 lmol l-1 during

the period of study (Fig. 3c). Peak concentrations

observed in winter–spring were associated with ele-

vated DIN (up to 150 lmol l-1), whereas peak values

in late summer were associated with high concentra-

tions of PN (up to 240 lmol l-1). The September peak

in PN coincided with highest levels of Chl-a and

phytoplankton biomass. N concentrations at the Baltic

Sea inflow monitoring location (data not shown) were

low (\ 75 lmol l-1) in comparison to lagoon and

riverine concentrations. N concentrations at the lagoon

outflow site (Klaipeda Strait) followed seasonal pat-

terns observed in the lagoon with dominant fractions

shifting from DIN (winter–spring) to PN (summer–

fall).

Sediment–water fluxes

Differences in sediment properties between the north-

ern and southern stations followed expected patterns

based on substrate type. The southern site was

dominated by fine silty mud (Md range = 0.033–0.038

mm) with a high Corg (10–14%) and TNsed (1.5–2.0%)

content. The northern site was dominated by sandy

deposits (Md range = 0.148–0.207 mm) with low Corg

Fig. 2 Chlorophyll a (Chl-a), temperature, phytoplankton biomass, nitrogen fixation, gross primary production (GPP) and community

respiration (R) at northern and southern stations in the Curonian Lagoon during 2015 (error bars denote standard error)
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(\ 0.5%) and TNsed (\ 0.1%) content. Chl-a concen-

trations of the surface sediment layer were

66–218 mg m-2 at the northern site and

62–100 mg m-2 at the southern site.

Seasonal rates in lagoon-scale sediment–water N

exchange ranged from - 1.43 to 4.64 mmol m-2

day-1. Sediments were a net source of TDN to the

water column in spring and summer (0.79 and

4.64 mmol m-2 day-1, respectively) and a net sink

in fall (- 1.43 mmol m-2 day-1). High rates of

sediment N release in summer were due to the large

efflux of NH4
? at the southern (silty) site

(6.62 ± 1.47 mmol m-2 day-1; Fig. 4). In Spring,

lagoon-scale estimates of TDN release were lower as

high rates of DON efflux at the southern (silty) site

(7.55 ± 3.19 mmol m-2 day-1) were partially offset

by NOx
- loss at this site (- 4.22 ± 0.45 mmol m-2

day-1) and by DON loss at the northern site

(- 1.76 ± 0.72 mmol m-2 day-1). In winter,

NH4
?, NOx

-, and DON fluxes were all low

(\ 1 mmol m-2 day-1), and net exchange at the

sediment–water interface was nearly balanced

(0.8 mmol m-2 day-1). Seasonal rates of N2 fluxes

at the sediment–water interface ranged from - 1.69 to

2.91 mmol m-2 day-1. Positive fluxes, indicative of

net denitrification, were observed in winter and

summer (2.91 and 1.06 mmol m-2 day-1). Both sites

exhibited their highest fluxes in winter (2.61 ± 0.52

and 3.15 ± 0.77 mmol m-2 day-1; northern and

southern sites, respectively). Negative net N2 fluxes,

indicative of N2 fixation, were observed in spring and

fall at the northern site. In Fall, positive fluxes at the

southern site (2.94 ± 0.71 mmol m-2 day-1) were

offset by negative fluxes at the northern site

(- 7.36 ± 2.98 mmol m-2 day-1). Sediment–water

fluxes in the light were measured only in April at the

sandy site where in situ irradiance reached

168 lmol s-1 m-2, corresponding 10% of surface
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PAR. Significant differences between light and dark

fluxes of N2 showed that in the light there was a

prevalence of N2 fixation (negative N2 flux) over

denitrification.

Lagoon TN balance

On an annual basis, the Curonian Lagoon was a net

sink for TN retaining 28% of inputs (Fig. 5). Average

daily inputs from riverine (4 mmol m-2 day-1) and

marine (2 mmol m-2 day-1) sources exceeded mar-

ine export (4 mmol m-2 day-1) resulting in a net gain

of 2 mmol m-2 day-1. Net atmospheric exchange

was near zero on an annualized basis indicating that

losses from denitrification matched gains from N2

fixation. Thus, attenuation was due to storage within

the lagoon, not loss to the atmosphere. As there was no

increase in water column TN over the annual cycle,

storage was attributed to sediment accrual.

Riverine, marine and atmospheric fluxes were

seasonally variable and this resulted in seasonal

variation in the TN balance of the lagoon, and in the

relative importance of storage to attenuation. The

lagoon was a net sink for TN in winter and spring

(positive attenuation) and a net source in summer and

fall (negative attenuation). Highest attenuation, both

by mass and as a proportion of inputs occurred in the

spring when riverine inputs were large

(6.8 mmol m-2 day-1) and, in combination with

marine inputs (2.1 mmol m-2 day-1), exceeded mar-

ine export (3.4 mmol m-2 day-1) by 5.6 mmol m-2

day-1 (62% of inputs). Storage during the period was

6.0 mmol m-2 day-1 (66% of inputs); slightly larger

than attenuation owing to a small offset from the gain

of N via atmospheric exchange (0.4 mmol m-2

day-1). The lagoon was also a net sink for TN in

winter, but in contrast to the spring, this occurred

largely via loss to the atmosphere, not storage within

the lagoon. In winter, riverine inputs
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(8.0 mmol m-2 day-1) in combination with marine

inputs (2.0 mmol m-2 day-1), exceeded marine

export (7.0 mmol m-2 day-1) by 3.0 mmol m-2

day-1. The potential gain in N was offset by a net

loss to the atmosphere (2.9 mmol m-2 day-1) owing

to the predominance of denitrification over N2

fixation. As a result, the gain in N storage within the

lagoon was small (2% of inputs) in comparison to

attenuation (31% of inputs, inclusive of atmospheric

losses).

The lagoon was a net source of TN in summer as

marine export (3.8 mmol m-2 day-1) exceeded the

combined inputs from riverine and marine sources

(2.5 mmol m-2 day-1). Net atmospheric exchange

was near zero (\ 0.1 mmol m-2 day-1) and therefore

did not appreciably affect the overall N balance. The

lagoon was also a net source of TN in fall, despite a net

gain in storage. Marine export (3.0 mmol m-2 day-1)

exceeded the combined inputs from riverine and

marine sources (2.4 mmol m-2 day-1) resulting in a

net loss of 0.6 mmol m-2 day-1. However, factoring

in a positive balance from atmospheric exchange

(2.3 mmol m-2 day-1), this yielded a positive esti-

mate of N storage (1.8 mmol m-2 day-1), which was

equivalent to 72% of riverine and marine inputs.

Overall, these results show a high degree of seasonal

variability in the N balance of the lagoon with the

spring–summer transition marked by a shift from net

gain to net loss of N.

Nitrogen transformations within the lagoon

Production and remineralization were the dominant

fluxes accounting for the gain and loss of PN from the

water column (Fig. 6). Rates of PN production ranged

from 2 (Winter) to 41 (summer) mmol m-2 day-1;

corresponding values for remineralization ranged

from\ 1 to 26 mmol m-2 day-1 (respectively). Pro-

duction exceeded remineralization in all seasons

indicating that water column processes were a net

source of PN. On an annual basis, production within

the water column was almost twofold higher than

remineralization (16 and 9 mmol m-2 day-1, respec-

tively). PN inputs from riverine, marine and atmo-

spheric sources were small by comparison

(\ 1 mmol m-2 day-1) even during periods of ele-

vated river discharge (winter and spring). Inferred

rates of PN loss via sediment deposition were larger,

with highest rates in spring (8 mmol m-2 day-1).

During winter and spring, the combined losses due to

sediment deposition, marine export and remineraliza-

tion were comparable to rates of PN production and

other inputs, resulting in small predicted and observed

changes in water column PN (\ 2 mmol m-2 day-1).

In summer and fall, predicted gains in water column

PN exceeded observed gains in PN concentration by

11 and 4 mmol m-2 day-1 (respectively). In these

seasons, the large imbalance between production and

remineralization yielded high estimates of PN pro-

duction which exceeded the observed changes in water

column PN.

The TDN balance showed that uptake and reminer-

alization were the dominant fluxes, but unlike PN,

external inputs were also important in regulating water

column concentrations (Fig. 7). On an annualized

basis, losses of TDN due to assimilatory uptake and

marine export were 16 and 3 mmol m-2 day-1,

respectively. TDN sources included remineralization

(9 mmol m-2 day-1), riverine and marine inputs

(5 mmol m-2 day-1) and a small gain from sediment

exchange (1 mmol m-2 day-1). The annualized data

indicate that internal processes (water column rem-

ineralization and sediment exchange) could account

for 62% of assimilatory demand, with external inputs

contributing 31%. The relative importance of internal

and external sources of TDN varied seasonally. In

summer, when assimilatory demand was highest,

water column remineralization was equivalent to

60% of demand, and sediment exchange contributed

10%, whereas riverine and marine inputs were small

(2%). The mass balance indicated an excess of

assimilatory uptake relative to internal and external

supply of 12 mmol m-2 day-1, whereas the observed

decline in lagoon TDN was smaller (2 mmol m-2

day-1). A similar imbalance was observed in fall

(shortfall of TDN supply relative to demand), whereas

observed and predicted changes in TDN during winter

and spring were smaller (* 2 mmol m-2 day-1). In

fall and winter, the excess of assimilatory demand

over remineralization was offset by higher rates of

TDN supply from riverine inputs (6–8 mmol m-2

day-1).

Discussion

We combined a mass balance approach with process-

specific measurements (sediment fluxes, N2 fixation,
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etc.) to better understand the role of N storage and

atmospheric exchange in governing the attenuation of

N fluxes in a shallow eutrophic lagoon. On an

annualized basis, the Curonian Lagoon was a net sink

for TN as inputs from riverine, marine and atmo-

spheric sources exceeded export losses. Atmospheric

exchange via N2 fixation and denitrification was nearly

in balance over the annual cycle. Therefore, attenua-

tion of N fluxes can be attributed to storage, and, as

there was little change in water column TN over the

annual cycle, we conclude that sediment storage was

the dominant mechanism. The attenuation of TN

fluxes in the Curonian Lagoon (28%) was similar to

other lagoons in the Baltic region (12–29% in the Oder

Lagoon, Grelowski et al. 2000; 18% in the Vistula

Lagoon, Witek et al. 2003), but lower in comparison to

some large embayments (82% in Gulf of Riga,

Savchuk 2005; 22% in Gulf of Finland, Radtke et al.

2012; 65% in Stockholm Archipelago, Almroth-

Rosell et al. 2016).

Our findings show that there was a strong season-

ality, not only in rates, but in the dominant processes

attenuating N fluxes. Specifically, we distinguish

between periods when assimilatory and dissimilatory

processes in the water column were dominant (spring

and summer), versus when they were not (winter and

fall), and for the former, the influence of diatom-

versus cyanobacteria-dominated communities

(Fig. 8). N storage predominantly occurred during

the spring diatom bloom when assimilatory uptake and

riverine DIN inputs were high. As external PN inputs

were small, our findings indicate that storage, via

internal PN production and subsequent deposition of

phytodetritus, was the dominant mechanism of N

attenuation. The summer cyanobacteria bloom was

larger by comparison to the spring diatom bloom, but

resulted in negligible storage of N due to (1) a greater

proportion of PN being exported to the Baltic Sea, and

(2) high rates of sediment N remineralization (see

below). We speculate that lower settling velocities of

cyanobacteria relative to diatoms favors export of

Fig. 6 Sources and fate of particulate nitrogen (PN) in the

water column of the Curonian Lagoon. Positive fluxes are

production, marine inputs, riverine inputs and nitrogen fixation.

Negative fluxes are losses via remineralization and marine

export. Net sediment deposition reflects the balance between

sedimentation and N efflux from sediments. Predicted changes

in water column PN derived from the mass balance are shown in

comparison to observed changes in water column PN
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algal N over sedimentation and storage (Poister and

Armstrong 2004). Positive buoyancy may be advan-

tageous in microtidal systems where lentic conditions

allow cyanobacteria to gain more favorable light

conditions near the surface (Chu et al. 2007; Visser

et al. 2016). The development of surface scums

comprised of cyanobacteria is not uncommon, partic-

ularly in the southern portion of the lagoon during low-

wind conditions (Bresciani et al. 2014).

Cyanobacteria were present in measurable abun-

dance by mid-spring, but accounted for a small

proportion of the diatom-dominated community.

During this period, the dominant forms were non-

N2-fixing cyanobacteria such as Planktothrix agardhii

and Microcystis spp. Increasing temperature and

decreasing DIN were accompanied by the appearance

of N2 fixing cyanobacteria (e.g., A. flos-aquae) during

summer. Our prior work showed that the establish-

ment of these N2 fixing cyanobacteria resulted in a

large drop (* 5%) in the d15N values of PON,

indicating an important contribution from N2 fixation

(Lesutien _e et al. 2014). Areal rates of N2 fixation

reported here (* 1.1 mmol m-2 day-1 in summer)

were lower than those in the Baltic proper

(2.5 mmol m-2 day-1; Wasmund et al. 2001), but

larger than other coastal sites (e.g., Roskilde

fjord\ 0.1 mmol m-2 day-1; Bentzon-Tilia et al.

2015). Large colonies of filamentous A. flos-aquae

were likely the dominant N2 fixers in the Curonian

Lagoon though we cannot discount the importance of

unicellular cyanobacteria (\ 10 lm), which are the

main contributors to N2 fixation in the Baltic Sea

(Wasmund et al. 2001; Bentzon-Tilia et al. 2015).

Prior work in the Aphanizomenon-dominated Lake

227 showed that rates of N2 fixation could be reliably

predicted from the abundance of heterocysts (Findlay

et al. 1994). Our results scale appropriately, in that

mid-range values for Lake 227 (10,000,000 hetero-

cysts L-1 and 20 mg N2 m-3 day-1, respectively;

Higgins et al. 2017) were approximately fourfold
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higher than corresponding values for the lagoon

(2640,000 heterocysts L-1 and 3.8 mg N2

m-3 day-1).

With the increasing dominance of cyanobacteria in

eutrophic waters there is considerable interest in the

importance of N2 fixation to biogeochemical cycles

(Bentzon-Tilia et al. 2015; Adam et al. 2016; Bena-

vides et al. 2018) and for higher trophic levels

(Lesutiene et al. 2014; Motwani et al. 2018). There

is a need for further studies that depict spatial and

temporal variability in N2 fixation, and to

contextualize these within ecosystem N budgets. In

the lagoon, the spatial distribution of buoyant

cyanobacteria is affected by changes in wind speed

and direction (Pilkaityte and Razinkovas 2007; Bres-

ciani et al. 2014; Zilius et al. 2014). Changes in the

distribution of heterocystous cyanobacteria in turn

affects N2 fixation (Wasmund et al. 2001; Bertos-

Fortis et al. 2016). For example, during two consec-

utive samplings in July, rates of N2 fixation declined

by * 80% due to changing weather conditions, which

transported cyanobacteria downwind of our sampling

Fig. 8 Nitrogen fluxes

[total dissolved (TDN),

particulate (PN) and

dinitrogen (N2)] in the

Curonian Lagoon show the

seasonal transition from

dominance by external loads

and denitrification (winter)

to a dominance by internal

recycling during diatom

(Spring) and cyanobacteria

(Summer–Fall) blooms

(units are mmol m-2 day-1)
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location. The patchy and dynamic distribution of

cyanobacteria poses a significant challenge to reliably

extrapolating results from site-specific measurements

to the ecosystem scale. Further work at this site will

benefit from the use of continuous ship-board data to

map Chl-a and assess hot spots for N2 fixation.

Seasonal measurements revealed that sediment–

water N fluxes varied in both direction (switching

from sink to source) and in the dominant forms of N

exchange. During summer base flow conditions,

sediments were the main source of dissolved N to

the water column, with efflux of NH4
? being the

dominant form. NH4
? efflux from silty sediments

(southern site = 6.6 mmol m-2 day-1) was higher

than that reported for shallow coastal waters in the

Baltic region (e.g.; 2.1 mmol m-2 day-1, Bonaglia

et al. 2014) and for temperate river embayments

(5.0 mmol m-2 day-1, McCarthy et al. 2016), but

lower than in temperate river estuaries

(8.2 mmol m-2 day-1, Deek et al. 2013;

10.5 mmol m-2 day-1, Gao et al. 2014). NH4
?

release occurred following the cyanobacteria bloom,

which likely provided fresh organic matter to stimu-

late re-mineralization (Zilius et al. 2014; Gao et al.

2014; Song and Burgin 2017). NH4
? release at the

silty site corresponded to higher Chl-a content of

surficial sediments, indicative of greater phytodetritus

deposition (growth of microphytobenthos being unli-

kely to due to\ 1% PAR). We assume that organic

matter mineralization was the main source of NH4
?

because its production via dissimilative NO3
- reduc-

tion (DNRA) seems to be negligible (Zilius et al.

2016). Although NH4
? release dominated in summer,

DON accounted for[ 90% of sediment–water N

exchange in spring. High DON release from sediments

may represent an intermediate phase of N regeneration

as hydrolysis, fermentation and cell lysis liberate

DON, while conversion to NH4
? lags (Hansen and

Blackburn 1992; Enoksson 1993; Lomstein et al.

1998; Zilius et al. 2016). We do not have a causal

explanation as to why the diatom bloom was associ-

ated with greater DON release from sediments

(southern site only), whereas the cyanobacteria bloom

was followed by NH4
? release (both sites). The

springtime DON release was small (\ 1 mmol m-2

day-1), particularly in comparison to external inputs at

this time (riverine inputs = 6 mmol m-2 day-1),

whereas NH4
? release in summer was larger

(4 mmol m-2 day-1), and coincided with low

external inputs (riverine inputs = 0.6 mmol m-2

day-1). Nitrification rates have not been measured in

the Curonian Lagoon, but we hypothesize that in

summer, the shallow oxygen penetration depth

(\ 0.5 mm, Zilius et al. 2012) constrains nitrifiers to

a narrow sediment layer.

Net N2 fluxes at the sediment–water interface

ranged from - 7.4 to ?3.2 mmol m-2 day-1, indi-

cating that the sediments acted as both a source and

sink of atmospheric N. Our measured values fell

within the range reported for other estuarine systems

(- 18 to ?6 mmol m-2 day-1; Bruesewitz et al.

2013; Deek et al. 2013; Smyth et al. 2013). Assuming

negligible NO3
- uptake by microphytobenthos and

that 1 mmol N2 flux is equal to 2 mmol of denitrified

NO3
-, mean denitrification would be

1.14 mmol m-2 day-1. These rates are similar to

those previously measured with the isotope pairing

technique (1.2 mmol N m-2 day-1, Zilius 2011) and

are among the highest reported for shallow coastal

sites in the Baltic region (e.g. Silvennoinen et al. 2007;

Hietanen and Kuoparinen 2008; Bonaglia et al. 2014;

Asmala et al. 2017). Recent studies have shown that

benthic N2 fixation in estuarine environments is

mostly carried out by sulfate reducers, sulfur oxidizers

and denitrifiers (Fulweiler and Nixon 2012, Andersson

et al. 2014; Newell et al. 2016). Seasonality in rates of

denitrification has been reported for a number of

estuaries; with maximum rates typically occurring in

spring, summer or fall (Pina-Ochoa and Álvarez-

Cobelas 2006; Hietanen and Kuoparinen 2008; Zilius

2011). In the Curonian Lagoon, we observed highest

rates of N2 efflux from sediments in winter. Highest

rates of sediment N2 efflux corresponded to periods of

high input loads and water column concentrations of

NO3
-. This is consistent with recent work showing

that denitrification in freshwater systems is controlled

by NO3
- concentration and by temperature (Cavaliere

and Baulch 2018). Our data suggest that organic

matter availability is also an important constraint on

denitrification. Negative values, indicative of a pre-

dominance of N2 fixation over denitrification, were

observed only at the northern (sandy) site, whereas the

more organic- and N- rich (silty) site always exhibited

positive values (net denitrification). We cannot

exclude the possibility that microphytobenthos may

contribute to N2 fixation. However, light conditions at

the sediment–water interface are generally too low,

except during the brief (spring) clear-water phase.
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Comparisons of sediment–water nutrient fluxes

between the sandy and silty sites are complicated by

differences in sediment permeability (Huettel et al.

2014), and our limited ability to replicate in situ

hydrodynamics during core incubations. We used a

standard approach to provide gentle mixing for the

cores, but recognize the need to better link experi-

mental and in situ conditions for variables such as

benthic sheer stress and turbulence velocity (Porter

et al. 2018).

Assimilatory and dissimilatory processes domi-

nated N fluxes in the Curonian Lagoon as these

internal transformations were large relative to fluxes

associated with riverine inputs, marine exchange,

atmospheric exchange and sediment–water exchange.

The low rates of sediment–water exchange relative to

water column processes were somewhat surprising

given the shallow nature of the lagoon. This may be a

legacy of eutrophication which results in a shift from

benthic to pelagic production, and therefore favors

water column over sediment-based nutrient cycling.

Some studies in shallow eutrophic lakes have shown

that water column regeneration supports N demands

for primary production (Présing et al. 2008; Ferber

et al. 2004; McCarthy et al. 2013, 2016). In the

Curonian Lagoon, this was most apparent in summer

and Fall, which overlapped the period of highest

cyanobacteria abundance. By contrast, winter was a

period of high throughput of N due to high riverine

loads and marine export, and low assimilatory uptake.

These findings are in contrast to some estuarine

systems, where N attenuation is highest during peak N

loads in winter (Bukaveckas et al. 2017a). In systems

where PN is a large component of the N load, sediment

trapping results in high N storage, whereas in the

Curonian Lagoon, N inputs were predominantly in the

form of DIN. The main tributary to the lagoon

(Nemunas River) is a lowland river, which carries a

small sediment load (Daunys et al. 2006; Remekaite-

Nikiene et al. 2017). Low rates of assimilatory uptake

during cold periods, coupled with small PN loads,

resulted in low storage, though attenuation was

bolstered by high rates of denitrification in winter.

Our primary goal was to develop a TN mass balance

that would allow us to better understand the mecha-

nisms attenuating N throughputs in shallow eutrophic

waters. A secondary goal was to use the mass balance

and process-specific measurements to align the pro-

cesses regulating the transformation of N between

particulate and dissolved fractions. We found that we

were not able to adequately reconcile predicted and

observed changes in water column PN and TDN by

this approach. Assessments of uncertainty are difficult

where aggregate properties (e.g., changes in concen-

tration) are derived from many constituent processes

(internal and external inputs). Potential explanations

for this disparity include (1) a missing or underesti-

mated external loading component, and (2) overesti-

mation of assimilatory demand relative to supply via

remineralization. We think the first is unlikely because

(a) neglected components of our budget (point source

and groundwater inputs) have been shown to be

negligible for this system (Petkuviene et al. 2016;

Vybernaite-Lubiene et al. 2017), and (b) measured

components (riverine inputs, marine exchange, sedi-

ment–water exchange) would need to be an order of

magnitude higher than current estimates to balance

TDN supply and demand.

We note that the lack of agreement between

observed and predicted values was most apparent in

summer and fall when assimilatory and dissimilatory

fluxes dominated over all other internal and external

fluxes. We applied the common approach of estimat-

ing assimilatory and dissimilatory fluxes using mea-

surements of production and respiration converted to

N equivalents based on O2, C and N stoichiometry.

Seston C:N ratios are commonly used for this

conversion, which may be problematic if allochtho-

nous contributions of high C:N material are large. This

would lead to underestimation of assimilatory

demand, and potentially underestimate supply, if the

allochthonous fraction is re-mineralized at a lower rate

than the autochthonous component. However,

allochthonous inputs of particulate matter are low in

the Curonian Lagoon. Suspended matter is dominated

by phytoplankton and phytodetritus as indicated by the

low C:N ratios observed in this and prior studies

(Bukaveckas et al. 2017b; Remekaite-Nikiene et al.

2017). Furthermore, our findings were not appreciably

affected by substituting the Redfield ratio for seston

C:N values, which ranged from 15 to 20 (molar ratio)

in February, and from 5 to 10 in other months. Our

derivations benefitted from the fact that production

and respiration were measured directly, rather than

inferred from open water diel O2 changes (Knoll et al.

2016), but we recognize the limitation of having few

observations (1 per season).
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We used GPP, not NPP, to estimate gross TDN

demand via autotrophic and heterotrophic assimila-

tion, which resulted in an excess of demand over

supply. The shortfall in TDN supply was apparent

even when sediment remineralization (based on sed-

iment–water N fluxes) was taken into account, as the

combined TDN inputs (remineralization, riverine,

marine, etc.) accounted for only 73% of the estimated

assimilatory demand. A potential explanation for this

disparity is that recycling of N is enhanced by rapid

losses following assimilation. Our prior work in the

James River Estuary has shown that the proportion of

DIN uptake retained in the particulate fraction was low

(10–30%) indicating that 70–90% of DIN was trans-

ferred to the DON pool within 48 h (Wood and

Bukaveckas 2014). This finding is consistent with a

number of field and laboratory studies reporting that a

large fraction of DIN uptake was subsequently

released by exudation or due to virus attack (e.g.,

25–40% in Bronk et al. 1994; see also Ohlendieck

et al. 2007; Adam et al. 2016; Cairns et al. 2016).

Recent work in the Baltic region has shown that half of

the N fixed by cyanobacteria was released as NH4
?

and subsequently taken up by autotrophic and

heterotrophic microbes (Adam et al. 2016). Resolving

uncertainties regarding the recycling of N is an

important aspect of forecasting recovery in response

to external load reductions.

A number of assumptions inherent to estimating N

supply and demand could also account for the

observed disparity. For example, our estimation of

external N supply is based on DIN. We recognize that

DON may be re-mineralized, or assimilated directly

(McCarthy et al. 2013; Bruesewitz et al. 2015; Hampel

et al. 2018). However, external DON inputs are too

small (Fig. 3) to balance the disparity between supply

and demand. Our method of estimating N remineral-

ization also assumes that all respiration is conducted

with oxygen as the terminal electron acceptor. We feel

that this is appropriate for the lagoon because anoxic

conditions in the shallow water column are infrequent

and transient (night-time; Zilius et al. 2014). Anaer-

obic conditions predominate in the sediments, but our

estimates of N supply from the sediments were based

on measured fluxes, not inferred from sediment

respiration. We feel it is unlikely that these factors

could account for the apparent disparity between N

supply and demand.

Overall, our findings show that phytoplankton

assimilation of DIN during the spring diatom bloom

and subsequent sediment deposition was the most

important mechanism attenuating N fluxes through the

Curonian Lagoon. Efflux of N2 from sediments

indicates that denitrification was the dominant mech-

anism of attenuation in winter. These losses were

offset by N2 fixation in summer, resulting in a net

balance for atmospheric N2 exchange. In summer and

fall, the Curonian Lagoon functioned predominantly

as a transformer of N with high rates of TDN uptake

and PN production. During this period, pelagic N2

fixation was large (exceeding riverine and marine DIN

inputs), and the bulk of PN was re-mineralized or

exported to the Baltic, with little sediment storage. Our

findings suggest that cyanobacteria blooms in the

Curonian Lagoon influence the attenuation of N fluxes

in two ways: N2 fixation in summer offsets denitrifi-

cation in winter, thus negating atmospheric loss as a

mechanism of attenuation. Secondly, positive buoy-

ancy of cyanobacteria favors export of algal N to the

Baltic during bloom periods, which, in combination

with high sediment remineralization, results in min-

imal storage of N during peak phytoplankton produc-

tion in summer. These findings suggest that factors

favoring cyanobacteria dominance, alter the fate of

algal N and thereby reduce attenuation of N by

transitional waters while enhancing export to marine

coastal environments.
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(2014) Seasonal oxygen, nitrogen and phosphorus benthic

cycling along an impacted Baltic Sea estuary: regulation

and spatial patterns. Biogeochemistry 119(1–3):139–160.

https://doi.org/10.1007/s10533-014-9953-6

Bower CE, Holm-Hansen T (1980) A salicylate-hypochlorite

method for determining ammonia in seawater. Can J Fish

Aquat Sci 37(5):794–798

Boyer EW, Howarth RW (2008) Nitrogen fluxes from rivers to

the coastal oceans. In: Nitrogen in the marine environment,

2nd edn. Academic Press, San Diego, pp 1565–1587

Boyer EW, Goodale CL, Jaworski NA, Howarth RW (2002)

Effects of anthropogenic nitrogen loading on riverine

nitrogen export in the northeastern US. Biogeochemistry

57(58):137–169. https://doi.org/10.1023/A:1015709302

073

Bresciani M, Adamo M, De Carolis G, Matta E, Pasquariello G,
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Razinkovas-Baziukas A (2014) Tracing the isotopic signal

of a cyanobacteria bloom through the food web of a Baltic

Sea coastal lagoon. Estuar Coast Shelf Sci 138:47–56.

https://doi.org/10.1016/j.ecss.2013.12.017

Loken L, Small GE, Finlay JC, Sterner R, Stanley EH (2016)

Nitrogen cycling in a freshwater estuary. Biogeochemistry

127(2):1–18. https://doi.org/10.1007/s10533-015-0175-3

Lomstein BA, Jensen AGU, Hansen JW, Andreasen JB, Hansen

LS, Berntsen J, Kunzendorf H (1998) Budgets of sediment

123

Biogeochemistry (2018) 141:143–165 163

https://doi.org/10.1002/2013GB004631
https://doi.org/10.1002/2013GB004631
https://doi.org/10.1002/lno.10280
https://doi.org/10.1111/j.1365-2427.2004.01218.x
https://doi.org/10.1111/j.1365-2427.2004.01218.x
https://doi.org/10.1007/s10533-011-9660-5
https://doi.org/10.1007/s10533-011-9660-5
https://doi.org/10.4319/lo.2014.59.3.0959
https://doi.org/10.4319/lo.2014.59.3.0959
https://doi.org/10.1016/S0924-7963(00)00017-8
https://doi.org/10.1038/nature11338
https://doi.org/10.1038/nature11338
https://doi.org/10.1007/s10750-007-9058-5
https://doi.org/10.3354/ame01146
https://doi.org/10.1007/s10021-017-0204-2
https://doi.org/10.1007/s10021-017-0204-2
https://doi.org/10.1007/BF02179825
https://doi.org/10.1134/S0097807813020097
https://doi.org/10.1134/S0097807813020097
https://doi.org/10.1007/s00027-009-9165-7
https://doi.org/10.1021/ac00095a009
https://doi.org/10.1080/IW-6.4.86
https://doi.org/10.1080/IW-6.4.86
https://doi.org/10.1016/j.ecss.2013.12.017
https://doi.org/10.1007/s10533-015-0175-3


nitrogen and carbon cycling in the shallow water of Knebel

Vig, Denmark. Aquat Microb Ecol 14:69–80

McCarthy MJ, Gardner WS, Lehmann MF, Bird DF (2013)

Implications of water column ammonium uptake and

regeneration for the nitrogen budget in temperate,

eutrophic Missisquoi Bay, Lake Champlain (Canada/

USA). Hydrobiologia 718(1):173–188. https://doi.org/10.

1007/s10750-013-1614-6

McCarthy MJ, Gardner WS, Lehmann MF, Guindon A, Bird DF

(2016) Benthic nitrogen regeneration, fixation, and deni-

trification in a temperate, eutrophic lake: effects on the

nitrogen budget and cyanobacteria blooms. Limnol Ocea-

nogr 61:1406–1423. https://doi.org/10.1002/lno.10306

Mohr W, Großkopf T, Wallace DWR, LaRoche J (2010)

Methodological underestimation of oceanic nitrogen fixa-

tion rates. PLoS ONE 5(9):e12583. https://doi.org/10.

1371/journal.pone.0012583

Montoya PJ, Voss M, Kähler P, Capone DG (1996) A simple,

high-precision, high-sensitivity tracer assay for N2 fixation.

Appl Environ Microbiol 62(3):986–993

Motwani N, Duberg J, Sved JB, Gorokhova E (2018) Grazing on

cyanobacteria and transfer of diazotrophic nitrogen to

zooplankton in the Baltic Sea. Limnol Oceanogr

63:672–686. https://doi.org/10.1002/lno.10659

Mulholland MR, Bernhardt PW, Blanco-Garcia JL, Mannino A,

Hyde K, Mondragon E, Turk K, Moisander PH, Zehr JP

(2012) Rates of dinitrogen fixation and the abundance of

diazotrophs in North American coastal waters between

Cape Hatteras and Georges Bank. Limnol Oceanogr

57:1067–1083. https://doi.org/10.4319/lo.2012.57.4.1067

Murrell MC, Lores EM (2004) Phytoplankton and zooplankton

seasonal dynamics in a subtropical estuary: importance of

cyanobacteria. J Plankton Res 26:371–382. https://doi.org/

10.1093/plankt/fbh038

Nedwell DB, Jickells TD, Trimmer M, Sanders R (1999)

Nutrients in estuaries. Adv Ecol Res 29:43–92

Newell SE, McCarthy MJ, Gardner WS, Fulweiler RW (2016)

Sediment nitrogen fixation: a call for re-evaluating coastal

N budgets. Estuaries Coasts 39(6):1626–1638. https://doi.

org/10.1007/s12237-016-0116-y

Nixon SW, Ammerman JW, Atkinson LP, Berounsky VM,

Billen G, Boicourt WC, Boynton WR, Church TM, Ditoro

DM, Elmgren R, Garber JH, Giblin AE, Jahnke RA, Owens

PJ, Pilson MEQ, Seitzinger SP (1996) The fate of nitrogen

and phosphorus at the land-sea margin of the North

Atlantic Ocean. Biogeochemistry 35:141–180. https://doi.

org/10.1007/BF02179826

Ohlendieck U, Gundersen K, Meyerhöfer M, Fritsche P,
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