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Internal Nutrient Loading Controls
Macroalgal and Cyanobacterial
Succession in a Coastal Lagoon
Restored by Managed Realignment
of Agricultural Land

Sandra W. Thorsen, Marianne Holmer, Cintia O. Quintana, Thomas Valdemarsen and
Erik Kristensen *

Department of Biology, University of Southern Denmark, Odense, Denmark

Managed realignment (MR) has been increasingly applied as an adaptation strategy to
sea level rise in low-lying coastal areas, but the ecological consequences after ooding
agricultural land with seawater are not well known. The restored Gyldensteen Coastal
Lagoon represents one of the largest MR projects in Europe to date. The area served
as agricultural land for about 150 years before being deliberately ooded with seawater
in 2014. This study monitored for 5 years the succession of macroalgae and benthic
cyanobacteria driven by changing internal nutrient (DIN = Nf¥ C NO, C NOs ,
DON = dissolved organic nitrogen, and DIP = P@? ) loadings in the lagoon
after ooding. A massive bloom of opportunistic green macroalgae (dominated by
Cladophora spp.) occurred during the rst year as response to a substantial loading
of DIN and DIP from the newly ooded soils. The macroalgal cover was sparse the
following years and the species richness increased with lower loading of particularly
DIN. A cyanobacterial bloom controlled by declining DIN and steady DIP concentrations
in the water dominated the lagoon and covered all solid surfaces 4 years after ooding.
Highest macroalgal species richness with dominance of perennidtucus vesiculosus
and Agarophyton vermiculophyllawas recorded 5 years after ooding following a
temperature-induced stimulation of soil nitrogen transformation, leading to increased
water column DON concentrations and DIN:DIP ratios. The lagoon remains therefore at
an unstable tipping point where small and random changes in the DIN:DIP ratio control
the balance between blooms of benthic cyanobacteria and high macroalgal species
richness. Future MR projects involving agricultural land should prepare the soil to prevent
algal blooms driven by sustained internal nutrient loading. Particularly P loading should
be avoided to minimize the chances for recurrent blooms of benthic cyanobacteria.

Keywords: coastal restoration, managed realignment, agricultural soil, macroalgae, cyanobacteria, internal
loading, DIN:DIP ratio
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INTRODUCTION important for the ecological successionin N limited and P replete
marine environments$tal, 199Bartoli et al., 201)8 In contrast,
Sea level rise due to climate change is now apparent algmgrennial macroalgae grow slower and can store excess nutrients
coastlines and is expected to continue at an accelerating padeen available, enabling them to maintain growth during periods
in the decades to come\(cholls and Cazenave, 2Q1PCC, of low nutrient availability Pedersen and Borum, 199edersen
2019. This poses a ooding threat to low lying coastal areast al., 201pPedersen and Johnsen, 2n17
among which many are embanked and reclaimed agricultural Inventories of N and P nutrients in agricultural soils are
land (Nicholls and Cazenave, 20Q10Maintaining protective usually high due to many years of fertilizing crops and/or
defenses is expensive (elggsello et al., 203 Hinkel et al., livestock manure droppingRubzek et al., 201Sebilo et al.,
2019, and coastal retreat by natural processes or througtD13. Flooding by MR inevitable induces an initial rapid release
managed realignment (MR) is an alternative solution with thef the stored nutrients from the soils, when RO is desorbed
potential to restore otherwise lost coastal ecosystéinsiman following Fe(lll) reduction to Fe(ll) in the ooded anoxic soll
and Hazelden, 201 Carey, 2020 Since the long-term ecologicaland when NHC is desorbed by ion exchange with Ndrom
development after ooding agricultural land with seawater ishe incoming seawateSundby et al., 199Rysgaard et al., 1999
almost unknown, there is a need for new research corroboratirgistensen et al., 2020The internal nutrient loading and ratio
the development of best restoration practices and managemenbeftween particularly DIN (= N C NO, C NOs ) and
coastal areas threatened by sea level Gse\(ing et al., 2020 DIP (= POs3 ) concentration in the water column will most
Coastal restoration by MR is typically initiated by constructingertainly a ect ora succession after MR. High nutrient levels
new inland dikes before a specic area is deliberately oodeypically result in massive blooms of opportunists, such as green
by breaching the old seaward dikegs(eves, 20i4Varner macroalgae and benthic cyanobacteria (&gndback etal., 2003
et al., 2018 The newly ooded area not only acts asTeichberg et al., 201Thorsen et al., 20)9These large blooms
a buer to reduce physical forcing by, e.g., wave actionan potentially limit species diversity of the associated benthic
on the inland areas but also creates new coastal habitaisa and fauna communities by shading and asphyxiatiGié¢en
for colonization by marine organisms. However, the currentt al., 2014 Bittick et al., 2018 Valdemarsen et al., 20).8
knowledge is limited on how internal nutrient loading a ectsOpportunistic and short-lived species with low internal nutrient
ora succession when marine ecosystems are restored by oodistprage are often limited by N, but rarely by P in eutrophic
nutrient-enriched agricultural land Nordstrom et al., 201% waters {Vallentinus, 1984Pedersen and Borum, 1998edersen
The sequence of emerging benthic ora, including microalgadt al., 201} Accordingly, when nutrient pools are exhausted,
bio Ims, macroalgae, and plants, is particularly important for thehe opportunistic pioneers will diminish, and slower growing
long-term ecological quality of coastal lagoons restored by MRlate-successional species can colonize succesafallyl§, 1984
Ecological succession of benthic primary producers within Baven and Taylor, 2002lestra and Schiel, 20).4
newly ooded MR area is controlled by the prevailing physical, The biological interactions among macroalgae and
chemical, and biological factorsi(ghes et al., 200%ossman microphytobenthos (i.e., diatoms and cyanobacteria) are
et al., 2012Sullivan et al., 20t Gerwing et al., 2090Physical therefore primarily controlled by competition for nutrients,
factors include the availability of suitable attachment sites, afight, and surface spacg&i@l, 200;lSundbéack et al., 20pBolhuis
the proportion of soft and hard substrata is crucial for thest al., 2013Fong and Fong, 20)8In addition, grazing by
recruitment of ora communities Ra aelli and Hawkins, 1999 invertebrates (e.g., isopods and amphipods) and birds may a ect
Dale et al., 2009 Macroalgal settlement depends on hardhe outcome of the competitive interaction by hampering the
substrata such as stones and shells, whereas seagrasses remaverence of palatable opportunistic speci€agnon et al.,
soft sedimentilemminga and Duarte, 2000Water depth, light 2016 Schagerstrom and Kautsky, 2Q1darks et al., 2020
penetration, tidal exposure, wave stress, and sediment stability Bi@vever, the exact outcome of biological interactions involving
other physical factors impacting primary producer developmemhacro- and microbenthic primary producers under various
(Ra aelli and Hawkins, 1999Koch, 2001 Kraufvelin, 200). nutrient regimes and environmental settings in MR locations
However, nutrient availability is probably the most importantis unpredictable, and new knowledge can only be gained by
chemical factor that in combination with biological interactionsconducting detailed assays and monitoring of key parameters,
among species determines the successitiddelboe and Sand- such as nutrient loading and algal development.
Jensen, 20QRaven and Taylor, 2002 horsen et al., 2039 The aim of this study was to explore the ecological
Accordingly, the dominance among species will be controllesliccession of benthic primary producers (macroalgae and
by their speci ¢ nutrient a nities and growth rates ¢layton, benthic cyanobacteria) by detailed assays after the establishment
1992 Lotze et al., 20QITabak et al., 20)8as well as nutrient of Gyldensteen Coastal Lagoon in Denmark by MR of reclaimed
uptake rates, assimilation e ciencies, and storage capacitiesastal farmland. The development of primary producers was
(Wallentinus, 1984 Martinez et al., 20%2Kim et al., 201% monitored for 5 years after ooding, and the observed succession
Fast growing opportunistic macroalgae are typically short-livedas coupled to internal loading and dynamics of nutrients within
and may dominate when a constant high N and P nutrienthe lagoon. The newly restored Gyldensteen Coastal Lagoon
supply sustains maximum growtlPédersen and Borum, 1996 serves as a case study for understanding the wider ecological
Pedersen et al., 201Martinez et al., 2002 The N-xation e ect of MR on primary producer communities by elucidating
ability and rapid growth of mat forming benthic cyanobacteria ishe successional time frames and nutrient-driven tipping points.
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FIGURE 1 | Map of Gyldensteen Coastal Lagoon in Denmark (inserted map) with location of monitoring and sampling stations GIE, GIW, and GOE indicated.

Our hypotheses were as follows: (A) The macroalgal communigynd GIW are representative for the major bottom types and
is dominated by opportunistic species the rstyears after oodingvater depths covering about 70-80% of the lagdénsfensen
when internal nutrient loading is high; (B) The levels and relativet al., 202)) Station GIE was located in a stubble eld from
proportion of primarily DIN and DIP are the driver of changes inthe last grass crops in 2013, while station GIW represented bare
primary producer communities along the ecological successiosgil disturbed by the construction of the new inland dikes in
C) Cyanobacteria dominates when other primary producers ag913. The dikes near GIE are protected with large stones (15—
limited by N availability. 30 cm), whereas the dikes near GIW are covered with grass. A few
boulders (diameter 50-100 cm) are randomly spread throughout
the lagoon. Station GOE was located in sandy sediments with
MATERIALS AND METHODS gravel and scattered smaller stones at a water depth similar to the
. stations inside the lagoon.
Study Site

The restored Gyldensteen Coastal Lagoon is the rst large-
scale managed realignment (MR) project in Denmark. It idMonitoring, Sampling and Analysis
located along the north coast of the Island FylRigure 1). The ora succession was monitored by separating primary
The area was drained and diked by the Gyldensteen Estat®ducers into macroalgae and benthic cyanobacteria. The
in the 1870s and used for farmland services until Aage Vhacroalgae were further grouped into green, brown and red
Jensen Nature Foundation purchased 616 ha of the land &fhgae. The presence of each type of primary producer was
2011. An area of 214 ha was prepared with new inland dikdgtermined by a semi quantitative areal coverage approach with
before the old seaward dikes were deliberately breached we levels: 0 (not present), 1 (present with 1-25% coverage);
29 March 2014 to restore a marine lagoon with an avera@e(common with 26-50% coverage), 3 (abundant with 51-75%
water depth of about 1 m. The seaward openings allowoverage) and 4 (dominant with 76—100% coverage). The areal
tidal exchange with an average range of 20 cm, while coverage at each station was estimated from visual inspections of
occasionally wind-driven events may lead to changes in watE®—15 random plots of 25 fnselected within a pre-determined
level of more than 100 cm. Even mild wave disturbancel00 100 m area. The observed coverage within the plots was
results in resuspension of silt and clay from the soil of thpooled to provide a total estimate for the whole station per visit.
shallow lagoon. There is no freshwater discharge, except fine monitoring procedure was repeated by the same person two
1-2 annual winter over ows from a neighboring freshwatetimes every month in the main growing season from April to
wetland east of the lagoon. Salinity is therefore similar to th&@ctober and once every month from November to March for a
in the outside water body, Kattegat (20-25). The near-absqueriod of 5 years (2014-2018).
catchment area and low freshwater input make Gyldensteen Most macroalgae sampled from the selected plots were
Coastal Lagoon a perfect location for studying how internatlenti ed in the eld, and those that could not be identi ed
nutrient loading from the agricultural past a ects ecologicalvere brought back to the laboratory for closer examination.
succession in newly restored marine areas, where exteridénti cation was done to the lowest possible taxonomic level
nutrient sources are negligible. and all species were categorized into ecological functional groups.
We established two sampling stations inside the lagooSome closely related species with the same ecological function
Gyldensteen Inner Eastern (GIE) and Gyldensteen Innevere of practical reasons not separated during monitoring. These
Western (GIW), while one station outside the eastern entranceclude the two brown algal speciéstocarpusand Pilayella
Gyldensteen Outer Eastern (GOE), acted as an undisturbedth intertwined thalli. Similarly, Ulva intestinalisand Ulva
coastal control Figure 1). Mapping surveys proved that GIE prolifera(both previously assigned to the geniisteromorphi
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were not separated because of the almost complete dominapegennials T(able 1). Although Agarophyton vermiculophylla
of U. intestinalisafter year 0. Finally, benthic cyanobacteria wergreviously referred to asGracilaria vermiculophylla is
not identi ed to species-level, but were included as one group tisted as invasive and sometimes opportunistic, we consider
benthic primary producers because of their occasional massihés species a red perennial since it survives and grows
areal coverage in the lagoon. All dominating macroalgal speciesll during Danish winters Thomsen et al.,, 200)a
were sampled in the eld and stored in Ziploc bags aC4for Furthermore, we have included benthic cyanobacteria as a
later processing of tissues for elemental NP analysis. Benthiactional group, but excluded these from the calculation of
cyanobacteria were not analyzed for N and P because no samplescies richness.
clean of soil contamination could be obtained. Bimonthly and monthly macroalgal cover and species
The collected macroalgae (3—4 replicates from each samplinghness estimates were correlated (Pearson) with the
site and occasion) were rinsed for all visual debris and washeddarresponding water DIN, DIP, and DIN:DIP ratio as well
distilled water to remove salts from the surface. The tissues we® light to detect any interactions and seasonal e ects. Tissue
then dried at 60C for 24 h and ground into powder using a plantN:P of dominating macroalgaeU( intestinalis, Cladophora
mill (Retsch MM301). About 2 mg of dried tissue were transferresp., F. vesiculosus, Pilayellsp, A. vermicullophylla and
into tin capsules for N analysis on a Thermo Analytical element&leramium sp.) was correlated with water DIN:DIP ratio
analyzer, Flash EA 2000 Series. P content was determined afterboth stations. Year-to-year variations (factor a) and
combusting the dried tissues at 5ZDfor 6 h followed by boiling di erences between stations (factor b) were tested by 2-way
the ash at 120C in 1 M HCI for 1 h. The extract was analyzedANOVA using average species richness observed during
for DIP by colorimetric analysis according to the molybdate bluthe growth season from April to October. Furthermore,
method with ascorbic acid{orole , 1983). average values of group coverage, species richness, and soil
To supplement the visual monitoring of benthicChl a in the growth season were year to year correlated
cyanobacteria, we sampled four soil cores (i.d. of 5 cm) favith corresponding water DIN and DIP. The approach by
assessment of microphytobenthos biomass as Chlorophyll a (@tluding only growth season data was applied to determine

a) in surface soil during most monitoring occasions. The top
0-5 mm layer was sliced and stored frozen at €20Chl a was

extracted from 0.5 g SUbsampleS with 90% ethanol Ove.mig'mBLE 1] List of identi ed cyanobacterial and macroalgal species divided into
before absorbance was analyzed at 665 and 750 nm with agbrtunistic, annual, and perennial groups.

without addition of one drop of 2 M HCI Parsons et al., 1984 :
We converted soil Chl a to mg nf using wet densities (g cn¥) ~ "OuP species

of surface soil measured once per year. Cyanobacteria
Water samples were obtained manually at the three examined
stations and GF/F Itered for nutrient analyses once every
1-3 months from 2014 to summer 2016 and 3 times eVef}{)portunistic green algae
month after that. Samples for total dissolved nitrogen (TDN)
were analyzed on a Shimadzu TOC-L with TNM-L module
and DIN (NH;¢ C NO, C NOs ) was analyzed on a
Skalar SAKCC Analyzer System according to the manufacturers
guidelines. DON (dissolved organic nitrogen) was determined as
the di erence between TDN and DIN. DIP (P§3 ) was analyzed opportunistic brown algae
spectrophotometrically as described above. Water temperatwigual brown algae
was measured continuously with HOBO temperature loggers
during the rst 3 years (until 2016), but only manually 4
times each year after that. Sun hour data and air temperature
in the nearby town of Bogense was achieved from ttmrennial brown algae
Danish Meteorological Institute (DMI). Cumulated sun hoursopportunistic red algae
were calculated at monthly intervals from March 2014 to
December 2018 by summing the total time (resolution oOfnnual red algae
0.5 min) where the intensity of sun irradiance exceeded
120 Watt m 2.

Data Treatment and Statistics

The species list was divided into the following groups

according to the classication of opportunistic species

in the technical guidelines for macroalgal monitoringPerennial red algae
by DCE (Danish Center for Environment and Energy):

Anabaenasp.
Oscillatoriasp.
Merismopediasp.

Ulva prolifera

Ulva intestinalis

Ulva lactuca
Cladophorasp.
Monostroma sp.
Chaetomorpha linum
Pilayellasp./Ectocarpus sp.
Chorda lum

Petalonia fascia
Desmarestia viridis
Punctaria plantaginea
Fucus vesiculosus
Ceramiumsp.
Polysiphoniasp.
Callithamnion corymbosum
Dumontia contorta
Plumaria plumosa
Pterothamnion plumula
Ptilota gunneri

Rhodomela confervoides
Punctariasp.

Agarophyton vermiculophylla
Chondrus crispus

Green opportunlsts, brown opportunlsts, brown annuals@yanobacteria are included in the coverage but are not considered as a macroalgal

brown perennials, red opportunists, red annuals, and respecies inFigure 3.
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FIGURE 2 | (A) Cumulated sun hours in the nearby town of Bogense at
monthly intervals from March 2014 to December 2018 (from Danish

Meteorological Institute, DMI)(B) Monthly average water temperature in
Gyldensteen Coastal Lagoon obtained from HOBO temperature loggers from
June 2014 to August 2016 and manually 4 times each year after that. Dotted
line indicates air temperature in the nearby town of Bogense achieved from

FIGURE 3 | Species richness of macroalgae at station GIE and GIW in
Gyldensteen Coastal Lagoon from April 2014 to December 2018. The data
are given as cumulated red + brown + green macroalgal species at each date

as indicated by the corresponding color codes.

DMI. Lines and symbols in red represent station GIE and in black represent
station GIW.

Species Richness and Succession of

temporal and spatial changes when growth and speci¥&getation Cover
richness were highest. There was a total of 22 macroalgal genera with at least 24 species

registered at the two monitoring stations in Gyldensteen Coastal
lagoon during the rst 5 years after oodingTable 1), although

not all were present at the same time and location. Species
richness showed strong seasonality for green, brown and red
macroalgae in all the examined years with 1-5 species during
Temperature and Insolation winters and 4—10 species during the growth seas&igute 3.
Water temperature and light were high during the summefhe slightly higher species richness at GIE than GIW was not
of 2014, reaching a level of 25 and about 290 cumulated signi cant (p> 0.05). The average growth season species richness
sun hours in July Figure 2). The following three summers at both stations increased signi cantlg € 0.001) from2.8 1.4
(2015-2017) were colder and slightly less sunny, while tlspecies in 2014 to 6.7 1.2 species in 2015 and after a decline
sunny summer months of 2018 reached between 292 and 3675.7 1.7 species in 2016 and 4.6 1.5 species in 2017, it
cumulated sun hours. However, the highest water temperatuircreased again to 6.7 1.8 species in 201% (< 0.05). All
recorded this year only reached Z3 probably due to the macroalgal species present within the rst year; the green algae
lack of continuous temperature monitoring. Average daily ai€ladophorasp, U. intestinalisand U. proliferg the brown algae
temperature (at 15 m height) in July provided almost similaPilayellasp/Ectocarpusp.; and the red alg&eramiumsp., are
levels around 2CC in 2014 and 2018, which was 2-€higher classi ed as opportunistic species in Danish watéts{slund
thanin 2015, 2016, and 2017. et al.,, 201 Only U. intestindis (present from June 2014), the

RESULTS
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FIGURE 4 | Relative cover of cyanobacteria, green algae, brown algae, and red algae in Gyldensteen Coastal Lagoon from April 2014 to December 2018. The
relative cover index is given as 0 (not present), 1 (present with 1-25% coverage), 2 (common with 26-50% coverage), 3 (abundant with 51-75% coverage), and 4

(dominant with 76—100% coverage). The percentage cover by perennial species is shown by numbers in black (red indicate GIE and black GIW only when stations
differ) for brown and red algae. Lines and symbols given in red represent station GIE and in black represent station GIW.

brown algaF. vesiculosypresent from October 2014) andthered The massive bloom of opportunistic green macroalgae
algaA. vermiculophyllgpresent from May 2015) were observedFigure 4) in 2014 with 100% cover from July to October formed
at one or both station during almost every visit after their rstup to 30 cm thick mats at GIESupplementary Figure S)L
occurrence. The opportunists generally ourished in summer and@ihis bloom was dominated byJlva intestinalis(and partly
disappeared during winter. U. proliferg in July and shifted toCladophorasp. in August-
Succession of ora cover was initiated by a short-term bloor®ctober. The cover at GIW only reached up to 75% and the mats
of benthic cyanobacteria in May 2014 covering more than halfere thinner than at GIE. Partly degradé€ladophorasp. was
of every available surface in both east (GIE) and west (GIW) sfill present over the following winter, but the remaining thalli
the lagoon Figure 4). Cyanobacteria were in June 2014 quicklpbserved in the spring failed to bloom during summer 2015. In
replaced by a dense cover of green algae, particularly at Giliis and the following 2 years (2016—-2017), green macroalgae
The coverage of cyanobacteria remained low at both stationsanly covered< 25% but with the presence of scattered tube
2015 and 2016 until a small secondary benthic cyanobacterfiatming Ulva (U. intestinalisand U. proliferg and to less extent
burst appeared in September 2016 at GIW. This bloom continuéeaf-forming U. lactucaand Monostromasp. attached to large
in the summer of 2017 where it reached 100% cover at bosfiones and stubble remains from the agricultural past. In the
stations Supplementary Figure S After a decline during warm and sunny summer of 201&ladophorasp. coverage
winter, cyanobacteria returned in late summer of 2018, but onincreased again to 51-75%, but without reaching the rst-year
with 51-75% areal cover. In accordance with this pattern, Chteal extent and mat thickness.
a in surface soil was generally high in early summer of 2014 Brown algae were dominated by few species€ofocarpus
with levels ranging from 122 to 342 mg A at GIE and from sp/Pilayella sp. (denoted opportunistic brown) generally
118 to 211 mg m? at GIW (Figure 5). Subsequently, Chl a with < 25% coverage in 2014. Coverage of these opportunistic
decreased to more modest background values around 100 b@wn algae was higher at GIW than GIE during the summer
m 2 in 2015 and 2016 until a sudden peak to 482 mg4m although rarely reaching 26-50%igure 4). A few juvenile thalli
occurred at GIW in September 2016. Soil Chl a returned ifl—2 cm) of the perennial brown algaucus vesiculosugere in
2017 to the high 2014 levels before decreasing to levels aroctober 2014 discovered attached to stones along dikes. The
50 mg m 2 in early 2018, followed by peaks of 250-300 mg?m following 3 years (2015-2017), brown algal cover we&5%
during early fall this year. Soil surface Chl a content correlatg@igure 4) with few opportunistic species appearing in spring and
signi cantly with the cyanobacterial cover at both GllE£ 0.003, declining during autumn Figure 3). In contrast, the proportion
r? = 0.40) and GIW p = 0.016,r2 = 0.23) during the growth of F. vesiculosusoverage increased steadily at both stations
season (April-October) of all years. from 2015 to 2018Kigure 4), and the distinct increase in total
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FIGURE 5 | Chlorophyll a (Chl a) in the 0-5 mm surface soil at Gyldensteen
Coastal Lagoon from April 2014 to December 2018. Lines and symbols in red
represent station GIE and in black represent station GIW. Results are given as
average se (0= 3). /E\
=
o
brown algal cover to 26-50% in 2018 was solely due to growthQ

of this species.

A similar shift from opportunistic to perennial species
occurred for red algae during the 5-year study period. Th
opportunistsCeramiumsp. andPolysiphoniap. were generally
restricted to GIW with coverages f25% in 2014 and only more
than 25% in AugustKigure 4). The perennialA. vermiculophylla
was rst registered in May 2015 and expanded quickly in the
lagoon and became the dominating red algal species in 201’
and 2018. The coverage @f. vermiculophyllareached 51—
75% at GIE in summer 2018-igure 4), while other red algae
remained rare<€ 25%) despite the increasing species richness tf

year Figure 3).

[0}

=
tn

DIN:DIP ratio

Nutrient Relationships
Water column DIN showed strong temporal variations with
low concentrations during the growth season and high
concentrations in the dark winter month&igure 6). The winter
peaks reached concentrations of 52.4.5 (GIE) and 54.6 0.5 0.1 ‘ ‘
mM (GIW) in the rst winter (2014/2015), which was 3 times S W S W S W S W S
higher than at GOE outside (16.7 7.2 mM). Winter peak 2014 2015 2016 2017 2018
concentrations inside the lagoon steadily decreased the following

years and reached in 2017/2018 OnISZS% of the 2014/2015 FIGURE 6 | (A) DIN concentration, (B) DIP concentration, and(C) DIN:DIP
level. The growth season DIN concentrations were low in all yearsatio in the overlying water at station GIE, GIW, and GOE in Gyldensteen
and varied from 0.2 to 7.27M at GIE and 0.4 to 6.8nM at Coastal Lagoon from April 2014 to December 2018. Values are given as
GIW. DIN concentrations inside the lagoon reached levels bo haverage  se of trip_licates sampled once every 1-3 months from April 2014 to
summer @3 ITM) and winter (15—20ITN|) in 2017—2018 that June 2016 and triplicate monthly samples every month after that.
were similar to or even lower that outside (station GOE). The

seasonal variation in water column DON at GIE showed high

summer and low winter leveld={gure 7). DON rarely declined GOE (and GIW) than at GIE and followed the same overall
below 20mM during winter and reached levels exceedingi® temporal pattern, except for 30 mM di erence in summer
during the green algal blooms in the summer of 2014 and iR014 and winter/spring 2018. Water column DIP concentrations
the warm summer of 2018. The increasing DON concentrationsere always highest during late summer and lowest in early
in 2017 and 2018 occurred in associated with the bloom spring Figure 6). Summer (June-August) concentrations just
benthic cyanobacteria. DON was in general 5+ lower at after ooding in 2014 were 3 (GIE) and 5 (GIW) times higher

-

Frontiers in Marine Science | www.frontiersin.org 7 March 2021 | Volume 8 | Article 649360


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Thorsen et al. Algal Succession in Restored Coastal Lagoon

similarly at GIE and GIW for the perennidf. vesiculosuand

A. vermiculophylla(Figure 8). Low DIN and high DIP levels
during summer resulted in low tissue N:P ratios, while surplus of
DIN during winter generated high N:P ratios in the overwintering
perennials. Highest tissue NP 30 was generally observed in
April and lowest values of 10-20 occurred in August. Tissue
N:P values of. vesiculosusere consistently displaced about 10
units lower than those oA. vermuculophyllaN:P ratios in the
dominant green alga&Zladophorasp. andU. intestinalis were
similar at levels mostly ranging from 15 to 38igure 8). A weak
seasonal variation was evident for intestinalisat GIE with a
tendency for lower N:P ratios in summer than spring, except for
summer in 2018 where the N:P ratio increased drastically to more
than 40 Cladophorasp. tissue N:P ratios showed no clear seasonal
trend. The temporal variation of tissue N:P in these opportunistic
green algae was masked because they only were recovered during

the growth season.
FIGURE 7 | Seasonal DON variations in the overlying water at station GIE,
GIW, and GOE in Gyldensteen Coastal Lagoon from 2014 to 2018. Values are
given as average se of samples taken once every 1-3 months from 2014 to
spring 2016 ( = 3) and triplicate monthly samples every month after that DlSCUSSlON
nh=9).

This study demonstrates that the rst 5 years of macrophyte
succession in the restored Gyldensteen Coastal Lagoon after
inside the lagoon (GIE: 2.8 1.0mM and GIW: 4.9 1.5mM) MR of agricultural land were primarily controlled by nutrient
than outside (GOE: 1.0 0.1 mM). The summer maximum availability. The water column nutrient concentration was at
inside the lagoon decreased to about half the initial level trey time a balance between internal nutrient loading from the
following years (2015-2018), while the level outside remainegloded soil and loss by algal assimilation as well as rapid tidal
almost constant over time. water exchange (residence time of 2—3 days)sfensen et al.,
Water column DIN:DIP molar ratios largely followed the202(). Based on a stable isotope approachorsen et al. (2019)
seasonality of DIN and DIP Rijgure 6) with positive linear proved the importance of fertilizer-derived nutrients from the
correlation between DIN and DIN:DIP ratio (GIEp < 0.001, soil for macroalgal growth in the same lagoon. Since the N
r2=0.71and GIWp< 0.001r2=0.77) and negative logarithmic pools in the soil appeared labile and was rapidly exhausted,
correlation between DIP and DIN:DIP ratio (GIfa < 0.05, DIN concentrations in the water column inside Gyldensteen
r2 = 0.34 GIW:p < 0.05,r2 = 0.16). Summer (June-August)Coastal Lagoon decreased considerably during the 5 years to
DIN:DIP ratios were at both stations low and with few exceptiona level similar to or even lower than outside the lagoon.
almost similar around 2-3 from 2014 to 2016 but decreasd?lP concentrations, on the other hand, remained 2-3 times
below 1 in summer 2017 and 201Bigure 6). Highest winter higher than outside and only decreased slowly due to steady
(December—February) DIN:DIP ratios at GIE and GIW rangedupplies from large but relatively slow reacting P pools in
from about 30 to 60 throughout all years. DIN:DIP ratios outsid¢he ooded agricultural soil Kristensen et al., 2020 This
the lagoon (GOE) were similar to those for the stations insidelj erentiated temporal change in internal N and P supply
except for a somewhat higher level in summer 2015 and 203gadually shifted the algal dominance from opportunistic annual
and winter 2017/2018. species toward perennial species with intermediate bursts of
The growth season cover of both green algae and benthienthic cyanobacterial cover. Accordingly, the 5 year algal
cyanobacteria was positively correlated with DIP at GlBuccession in Gyldensteen Coastal Lagoon had the following four
(p < 0.05,r2 = 0.22 and 0.24, respectively), while browmajor phasesSupplementary Figure S}t (1) A massive green
algal cover was negatively related to DIN and both GIW andlgal bloom driven by excessive internal nutrient loading right
GIE (p < 0.05,r2 = 0.21 and 0.42, respectively). Accordinglyafter ooding (2014); (2) Reduced algal cover and increasing
cyanobacterial cover was negatively correlated with DIN:DIspecies diversity caused by gradually diminished DIN loading
ratio at GIW and GIE p< 0.05r2 = 0.23 and 0.35, respectively).(2015-2016); (3) Development of a benthic cyanobacterial bloom
However, green algal cover was only correlated with DIN:DIBtimulated by continued DIP loading when DIN limitation was
ratio at GIE p < 0.05,r2 = 0.23). No other relationships werestrongest (2017); and (4) Higher growth and diversity of all algal
evident between inorganic nutrients and macroalgal abundangeoups driven by stimulated mineralization and nutrient loading
or cover, indicating the importance of other seasonal factors (e.gn,a warm and sunny year (2018). It should be noted, though,
DON) for growth and species richness. that herbivores (e.g., amphipods and isopods) may in uence the
Tissue N:P molar ratios of the dominant algal speciesutcome of competition among marine macrophytes through
varied seasonally according to DIN and DIP availability. Thpreferential consumption of the most palatable speciésn(
seasonal pattern of tissue N:P was most pronounced and varigdtyne et al., 199%@lestra and Schiel, 201@agnon et al., 20)6
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FIGURE 8 | Tissue N:P molar ratio of the common macroalgaeCladophorasp., U. intestinalis F. vesiculosus and A. vermiculophylla in Gyldensteen Coastal
Lagoon. Lines and symbols in red represent station GIE and in black represent station GIW. Samples of all species were not available at every sampling date fron
April 2014 to December 2018 as indicated by the gaps in the data series. Values are given as averagese (0 = 3).

Grazing impact is not emphasized in the present study, but we dading may have triggered cyanobacterial growth in the DIP
con dent that nutrient availability is of primary importance for replete environment, allowing a brief bloom that colonized all
the outcome of competition in Gyldensteen Coastal Lagoon dseirfaces in May 2014.

to a general scarcity of herbivores (pers. obs.). The bloom of benthic cyanobacteria ceased in June 2014 and
was followed by a massive green algal blodtfigre 4). The

. . . opportunistic green algae responded quickly to the increased
Initial Phase _\Nlth Blooms of I_Be_nthlc (but delayed) loading of DIN from the soil during early summer
Cyanobacteria and Opportunistic Green and was augmented by optimal insolatiohhorsen et al., 2019
Algae Kristensen et al., 2030Green algae may under such conditions
The pioneer species that initiated the succession at Gyldenstéeach growth rates of 0.25-0.53H(Pedersen and Borum, 1997
Coastal Lagoon were supported by the excessive loading of DMich is far beyond cyanobacterial growth rates of 0.11-0.17 d
and DIP from the soil immediately after restoration. The briefMarino et al., 2003Stuart et al., 2096 Thus, Bjornsater and
bloom of N- xing benthic cyanobacteria that was observed iVheeler (1990yeported that tissue N:P ratios &f. intestinalis
May 2014 before the green algae proliferated indicates unstadfsl U. fenestratdetween 16 and 24 indicate ample supply of
conditions and higher DIP than DIN availability probably due toboth DIN and DIP, which is consistent with the ratios observed
fast release of DIP and “delayed” DIN release from the oodef®r Cladophorasp. (17-30) antl. intestinalig12-25) in summer

soil (Figure 4). POs3 is released instantly by desorption wher2014 at Gyldensteen Coastal Lagodiggre 8). The benthic

the soil turns anoxic and Fe(lll) is reduced to Fe(ll) right afteicyanobacteria were probably overgrown and shaded by the bloom
ooding (Matthiesen et al., 200Kraal et al., 201;3<ristensen Of rapid growing green macroalgae through competition for
et al., 202)) while NH,© is released by cation exchange ofight and nutrients Fong et al., 1993z blowarth and Marino,
particle surfaces when exces$Neom the saline water gradually 2009, as observed at station GIE, but less so at GIW due to a
di uses into the soil Gardner et al., 199Rysgaard et al., 19p9 more scattered green algal covEigure 4). Since cyanobacterial
The rst eld measurements of soil-water nutrient uxes in Junegrowth is controlled by a complex interaction of physical,
2014, 2-3 months after ooding, showed a substantial releaggemical, and biological factor®ifickney et al., 1995 hacker

of both DIN and DIP (ristensen et al., 20§0However, a and Paul, 2001Howarth and Marino, 200f other causes may
simultaneous laboratory study revealed that DIN (mostlyJ#)f  be involved in the simultaneous lagoon-wide summer decline in
eux rst peaked 20-30 days after ooding of Gyldensteenbenthic cyanobacteria. The less sheltered conditions at GIW and
soils with seawaterSjggaard et al., 20).8The delay in DIN faster water exchange with the outside may lead to stronger loss of
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cyanobacteria at this location due to lowered DIP concentratiorie annualChorda lum was abundant in 2015, but completely
and high physical stres$iacker and Paul, 20).IThe green algal absent in 2016. Sinc€horda lum cannot develop in the
bloom, that was potentially DIN limited during summer 2014 intertidal zone and prefers the low to upper subtid&o(th
may have been supplemented by high levels of DBNYre 7) and Burrows, 196)/ extended periods of low water levels during
delivered from the algal bloom itselfiyler et al., 200;IMaie the germination period in spring 2016 may have prevented its
et al., 2005 DON has the potential as a source to macroalgaestablishment. The perennigl vesiculosyghat is more tolerant
with 10 to 25% bioavailable N=uldberg et al., 20Qaie et al., to desiccation, gradually became more abundant in 2015 and
2009, either through direct uptake (e.g., urea and amino acids) @016. It is well adapted to low nutrient availability and can store
indirectly after fast remineralization to DINan Engeland et al., N and P to sustain growth during limiting period®édersen and
2013 Shpigel et al., 20)9 Borum, 1996, 199Pedersen et al., 20L0he invasive red algae
The presence of opportunistic brown and red algae was limitedl vermiculophyllgThomsen et al., 20073,&lso colonized the
the rst year in Gyldensteen Coastal Lagoon by competitiofagoon in 2015 and 2016. This perennial species survived well
for space and nutrients, especially at GIE where the total gredaring winter in the sheltered lagoon due to its tolerance toward
algal cover prevented any other colonizatidfigure 4). Brown extreme temperatures, desiccation and nutrient strésgérg
(Pilayella/Ectocarpyisand red Ceramiumsp.) opportunists are etal., 2009Nejrup et al., 201;3”edersen and Johnsen, 2D1The
relatively fast growing under high nutrient supply, but theircapacity ofA. vermiculophylldor fast growth, fast uptake and
propagules were probably inhibited by competition for nutrientsnternal storage of nutrients during spring and summer assured
and light from the massive green macroalgal covéid(lelboe its success in the lagooRédersen and Johnsen, 217
and Sand-Jensen, 2Q®rpinen et al., 200 Kraufvelin, 200Y.

Late Succession Phases With
The Intermediate Phase With Increasing Dominance of Benthic Cyanobacteria

Diversity and Macroalgae
The low coverage of all algal groups in 2015 and 2016 w@ganobacterial mats often dominate shallow marine systems
unexpected and partly invalidated our hypothesis that predictatliring summer, particularly when macroalgae are DIN limited
long lasting dominance of opportunistic alga€idure 4). The (Fong et al., 19930Littler et al., 2010 Carreiro-Silva et al.,
rapid decrease in algal cover was apparently coincident with2@12. Such conditions apparently prevailed in summer 2017
steep decline in internal nutrient loading from 2014 to 201Where a cyanobacterial bloom apparently was driven by high DIP
(Kristensen et al., 2090The high N availability in 2014 was and very low DIN levelsKigure 6. When the mats reached
only evident as signi cantly higher summer DON, but notmaximum cover (July—September), their benthic Iter e ect
DIN concentrations in the water compared with 2015 and 201probably prevented further DIN e ux from the soil, leading
(Figure 6) due to rapid and concurrent uptake of particularlyto even lower DIN loading to the overlying watetgdakis
DIN by the massive green algal bloorva(iela et al., 1997 et al., 2006Kristensen et al., 200Furthermore, it is known
Kraufvelin, 2007Thorsen et al., 20)9In contrast, summer DIP that over-consolidated (compacted or compressed) ooded
levels were in all years above the required concentrations fagricultural soils may promote the formation of cyanobacterial
the opportunistic species present in the lagooig(lentinus, mats and hinder ecosystem recoveri@efwing et al., 2090
1984 Pedersen and Borum, 1938edersen et al., 20LMuring  Accordingly, the massive cyanobacterial bloom in summer 2017
spring, tissue N:P ratios> 25 of green algae indicated acoincided with a decline in species richness of all macroalgal
potential P limitation before DIP concentrations increased igroups Figure 3). The cyanobacterial mats probably prevented
summer Eigure 8). The low algal coverage in 2015 and 2016ecruitment, settling, and succession of macroalgae by space
is therefore likely caused by DIP limitation in spring, DINcompetition and prolonged DIN limitation despite a potentially
limitation in summer combined with relatively low irradianceincreased N availability in the form of DON (e.gVjlliams et al.,
and temperature during the growth season of these yea?80Q Thacker and Paul, 20).1
(Figure 2. It was expected that the DIP replete summer The apparently ideal conditions for benthic cyanobacteria
conditions would promote benthic cyanobacterial blooms eveip 2018 with high DIP, relatively low DIN and an exceptional
year, but this was rst triggered by the very low DIN levelsvarm and sunny summer was probably obstructed by higher
(<2 mM) and high temperatures in the summer of 2017. Thud\ availability in the form of DON fed through degradation
the N supply in 2015 and 2016 may to some extent have beehthe cyanobacterial mats from 2017. All other macroalgal
supplemented by DON with higher bioavailability than in 2017. groups including green macroalgae unexpectedly ourished at
The increase in species richness at Gyldensteen Coast@l expense of cyanobacteri&idure 4). We propose that
Lagoon from 2014 to 2016F{gure 3 followed the basic cyanobacteria were hampered early in the growth season of
principles of succession where pioneering species are gradu2li8 by rapidly growing opportunistic macroalgae stimulated
replaced by a variety of later successional (e.g., perenniay)a relatively high internal DIN and DON loading. DIN levels
species when nutrients are diminishe&dusa, 1979aliela, actually were higher throughout 2018 than in 2017 with July—
1984 Kraufvelin et al., 2007 However, not all late arriving August concentrations of 1.3—-2@M in 2018 compared with
species with high nutrient a nity sustained stable population€.6—1.1mM in 2017, while DON reached the record high levels
despite ample space for expansion these years. For examplef4—66 mM in spring/summer 2018 Kigures § 7). This

Frontiers in Marine Science | www.frontiersin.org 10 March 2021 | Volume 8 | Article 649360



Thorsen et al. Algal Succession in Restored Coastal Lagoon

change was probably driven by faster microbial mineralization ¢Kraufvelin et al., 2007 The gradual change in macroalgal
cyanobacterial remains and DON/DIN release from the warmeommunity structure from opportunistic green algal toward
soils in 2018 Kristensen et al., 2020The very high tissue perennial brown and red algal dominance in Gyldensteen Coastal
N:P (> 40) of Cladophorasp. andU. intestinalisin late summer Lagoon during the 5-year study period was strongly controlled
and fall of 2018 Figure 8 substantiates the ample N supply by the declining internal nutrient loading, particularly DIN
Although coexistence of opportunistic macroalgae and benthavailability. Similar nutrient-dependent recovery of perennial
cyanobacteria has been recordéabiig and Zedler, 199%ong macroalgal communities has in recent years been observed in a
etal., 1993a;l6sarcia-Robledo and Corzo, 2Q1éompetition for variety of coastal environment®ihedo et al., 203Rasmussen
nutrients, space and light between these groups typically regulateal., 2015Le Fur et al., 20%9Derolez et al., 2090 The
their abundance, often leading to exclusion of one or the othenoderate DON-based recovery of opportunistic green algae in
(Fong et al., 19938,b early summer of 2018Fgure 4 was apparently not strong
We therefore suggest a nutrient dependent tippingnough to preclude substantial growth of the perennial brown
point in the balance between macroalgal and benthigd=. vesiculosyisand red algae A. vermiculophyllp Perennial
cyanobacterial dominance at Gyldensteen Coastal Lagoatgae with the ability to store nutrients were, in contrast to the
Benthic cyanobacteria with N- xing capability are favored whempportunistic green algae, una ected by declining DIN levels
DIN:DIP ratios in the overlying water are low (e.&, 1) and during late summerRedersen and Borum, 19%edersen et al.,
DIN concentrations are below 2nM (Figure 6). Thus, the 201G Pedersen and Johnsen, 2D1Accordingly, tissue N:P
higher internal DON/DIN loading in spring and summer 2018ratios of the perennial species re ected the seasonal DIN:DIP
was su cient to tip the balance in favor of the macroalgaerariations, but with about two months delalgigure 8).
despite the very low summer DIN:DIP ratidsong et al. (1993b)  Fucus vesiculosuwgas common on boulders and as drifting
similarly concluded that cyanobacteria mats are unable ®usters at Gyldensteen Coastal Lagoon in 2018, while
compete with macroalgae as long as N supply is su cienthA. vermiculophyllawas attached to small stones on the bare
high and only tend to dominate when competition fromsoil throughout the lagoon. Dominance &. vermiculophylla
macroalgae is decreasing late in summer — exactly as obsergadbare bottom is a common phenomenon in Danish coastal
at Gyldensteen Coastal Lagoon in 2018. The establishmeviters (Nejrup and Pedersen, 20) #vhileF. vesiculosugpically
of benthic cyanobacterial mats is not only controlled bylepends on hard substratum for attachmeritiglm et al.,
nutrient availability. Erosion by physical disturbance (wind2003. Drifting clusters of F. vesiculosukas been observed
and turbulence) may also regulate mat developmeritaCker frequently along Danish coastsvgldemarsen et al., 2010
and Paul, 2001Ladakis et al.,, 2006 Thus, formation of Canal-Vergés et al., 2014and the drifting form without
cyanobacterial mats thick enough to impact living conditionsioldfast and typical air vesicles at Gyldensteen Coastal Lagoon is
of other benthic organisms require extended calm periodsmilar to that reported from the Wadden Seallfrecht, 199%
as observed in fall of 2016 and summer of 20PAtérson Both F. vesiculosuand A. vermiculophylleare associated with
and Hagerthey, 20QRossi and De Philippis, 20).5Frequent nutrient poor environments \(Vikstrom et al., 201} while fast
turbulence and resuspension events at the study site (pers ogg)wing opportunistic green and brown species are indicative
may have suppressed cyanobacteria during periods of otherwigeeutrophic conditions [icGovern et al., 2099 The gradual
good growth conditions in 2015 and 2018 when there was loghift from opportunistic to perennial macroalgal species in
cover of opportunistic macroalgae. Gyldensteen Coastal Lagoon therefore conforms with recognized
ecological succession patterriso(isa, 1979%aliela, 198} and
The Balance Between Opportunistic and imp_lies that this nevyly ooded er_lvi_ronmen_t progresses toward
. .. an improved ecological status within a period of 5 yeak&(|s
Perennial Macroalgae Is Indicative of et al., 200y, This process can, however, be obstructed by benthic
Ecological Status cyanobacterial blooms if low DIN levels are not associated with a
Cladophorasp. has the capacity to outgrow most species abncurrent lowering of DIP loading from the ooded soil.
Ulva at high light and temperature conditions during summer
when the water DIN:DIP ratio is relatively lowldylor et al.,
20021 Gladyshev and Gubelit, 201L9This is probably the cause
for a shift to Cladophorasp. dominance in the eutrophic CONCLUSIONS
Gyldensteen Coastal Lagoon during summer 2014. Nevertheless,
U. intestinaliscould sustain a low and stable coverage undérhe restored Gyldensteen Coastal Lagoon is a rare example of MR
the less nutrient-rich conditions during the following yearswhere agricultural land is ooded with seawater. We show that
probably due to reduced competition for space w@tadophora opportunistic macroalgae respond rapidly to high initial nutrient
sp. and supply of N from DON. Opportunistic brown algaeloading to the water column from the newly ooded agricultural
rarely bloomed at Gyldensteen Coastal Lagoon despite thewils. We also provide evidence for the potential importance of
ability to respond fast to nutrient enrichments (e.d.ptze nutrient dynamics involving DON for the macroalgal succession.
and Schramm, 2000This opportunistic group was apparentlyMR in Gyldensteen Coastal Lagoon beneted from a rapid
present in the lagoon primarily during the cool spring periodsvater exchange and low external nutrient loading from the
and was outcompeted or nutrient limited in the warmer seasorsirrounding watershed and combined with rapidly decreasing
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internal loading, DIN concentrations reached a level withirparticipated in the planning of the work and commented on the
4-5 years similar to that in the outside ocean. The declirgraft manuscript. COQ and TV participated in the planning and
in DIN limited the growth of opportunistic species, whileexecution of eld work and commented on the draft manuscript.
sustained DON availability resulted in higher species richneEK participated in the planning and execution of eld work,
and dominance of perennial species, implying that Gyldensteenmmented on the early drafts of the manuscript, and nalized
Coastal Lagoon progresses toward an improved ecologitla writing process. All authors contributed to the article and
status. However, the persistently high internal loading of DIRpproved the submitted version.

maintains the lagoon at an unstable tipping point where small

variations in DIN levels, around 2mM, rapidly can shift

the balance between macroalgal and benthic cyanobacteiiellJNDlNG

dominance. It is therefore imperative for future MR projects

involving agricultural land to prepare the soil in advance thunding for this research was provided by the Aage V. Jensen
prevent sustained internal nutrient loading by, e.g., prohibitefja1,re Foundation.

fertilization several years before ooding. Particularly P

fertilization should be avoided to minimize the chances for

recurrent cyanobacterial blooms.
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