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Abstract

Eutrophication remains an environmental challenge in lagoons along the Southern Baltic Sea. Floating islands planted with
emergent macrophytes are an option to remove nutrients from eutrophicated waters. Furthermore, floating wetlands offer
other ecosystem services such as the provision of habitats. Numerous scientific studies have been conducted; however most
remain on the laboratory scale. This research explores the challenges associated with installations in coastal environments
and focuses on sustainability of the island design, the habitat function as well as nutrient removal. Most floating wetland
designs use polyethylene, polypropylene, polyurethane or polyvinyl alcohol foam to ensure the buoyancy. For this study an
artificial polymer free island design was developed and tested. The floating constructions in the Darss-Zingst-Bodden-Chain
were planted with native macrophytes which have the potential to act as ‘biodiversity-supplements’ to the adjacent coastal
wetlands: Bolboschoenus maritimus, Carex acutiformis, Iris pseudacorus, Juncus effesus, Lythrum salicaria, Schoenoplec-
tus lacustris, Typha latifolia. The chosen macrophytes survived fluctuating salinities. After three months the above-ground
biomass was harvested and analyzed for the nutrient concentrations. Phosphorus concentrations were highest in L. salicaria
and nitrogen in I. pseudacorus. Video monitoring and field observations were applied in order to observe animals. Birds did
not use the floating wetlands as breeding grounds, but the grey heron (Ardea cinerea) was a common visitor for foraging.
Especially surprising was the large amount of juvenile eels (Anguilla anguilla). A diverse and large root network below
the floating islands boosts not only nutrient removal but serves as a shelter and refuge for fish such as the endangered eel.
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Introduction

As a result of the last glacial period and subsequent post-
glacial processes the coast of the Baltic Sea is fragmented
with many shallow, semi-enclosed water bodies (Hupfer
2010). These lagoons are particularly prone to eutrophi-
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where emergent macrophytes grow on a buoyant platform
and adsorb nutrients such as phosphorus and nitrogen directly
from the water, has gained increasing attention in recent years
(Colares et al. 2020). Harvest of aboveground biomass can
remove assimilated nutrients directly from the system. In
addition, floating wetlands attenuate wave energy and water
flow and are consequently able to enhance particle settling and
nutrient burial (Pavlineri et al. 2017). Macrophyte root-asso-
ciated denitrification is another important nitrogen removal
pathway (Choudhury et al. 2019). Floating wetlands shade
the water and influence thereby the water temperature and
sunlight availability for algal growth (Borne 2013; Pavlineri
et al. 2017). Furthermore, floating wetlands offer other eco-
system services such as the provision of habitats or littoral
zone protection (Yeh et al. 2015). They serve as a refuge for
aquatic species (e.g. Nakamura et al. 1998; Huang et al. 2017)
or offer alternative nesting habitats for birds (e.g. Hancock
2000; Shealer et al. 2006; DeSorbo et al. 2008; Nummi et al.
2013; Overton et al. 2015).

Removal efficiencies of floating wetlands for nutrients
have been studied extensively, but most remain on a meso-
cosm-scale (e.g. Bu and Xu 2013; Chang et al. 2012; Cao
et al. 2016; Geng et al. 2017), only a few were conducted
in-situ (e.g. Wang et al. 2015; Olguin et al. 2017; Afzal
et al. 2019) and even fewer in saline environments (e.g.
Sanicola et al. 2019). Also Colares et al. (2020) conclude in
their comprehensive review and bibliometric analysis that
although floating wetlands have been employed all over the
world, most studies remain on laboratory or pilot scale. The
authors argue that the main challenge is to apply floating
wetlands on a more realistic setting and to monitor macro-
phyte and floating carrier behavior in the natural environ-
ment, which is more aggressive than laboratory conditions.
Much work has to be carried out prior to the practical instal-
lations of floating wetlands in coastal waters to understand
the legal permit process and to find suitable installation sites
(Karstens et al. 2018). In 2018, first floating wetlands in
brackish coastal waters were installed and led to the ques-
tion how the floating constructions and macrophytes per-
form under year-round conditions in real environments. The
objectives of this study were to (a) determine nutrient con-
centration in different plant species grown on floating wet-
lands; (b) identify year-round environmental conditions; and
(c) evaluate the utilization of floating islands has habitats.

Materials and methods
Installation site and macrophyte choices

Floating wetlands in brackish waters were installed in the
Darss-Zingst-Bodden-Chain in Germany in May 2018

@ Springer

(54°22'47.9”N 12°31'26.4"E). The Darss-Zingst-Bodden-
Chain is a shallow lagoon system with a mean water depth
of 2 m and only a narrow outlet to the Baltic Sea (Schumann
et al. 2006). Hence, water exchange between the open Baltic
Sea and the Bodden is low and induced meteorologically
with inflow situations under strong and persistent north-
easterly winds (Selig et al. 2007). The long water residence
time makes the lagoon particularly prone and vulnerable
to eutrophication. Furthermore, the Darss-Zingst-Bodden-
Chain faces various anthropogenic pressures including
inter alia agriculture and tourism. Although nutrient input
decreased, the Darss-Zingst-Bodden-Chain is still strongly
eutrophic (Selig et al. 2007; Berthold and Schumann 2020).
The installation site is within the national park ‘Vorpom-
mersche Boddenlandschaft’ (‘Western Pomerania Lagoon
Ared’).

Similar to most lagoons along the Southern Baltic Sea,
the coastal wetlands of the Darss-Zingst-Bodden-Chain are
dominated by Phragmites australis (Berthold et al. 2018;
Karstens et al. 2019). Reed tends to form near monocultures
and potentially limits biodiversity at the landscape scale
(Prach and Pysek 1994; Wanner 2009; Sweers et al. 2013).
For this study we chose wetland plants that were mapped
close to the installation site and offer a chance to act as bio-
diversity supplements to the reed wetlands (www.umwel
tkarten.mv-regierung.de). Following macrophyte species
were chosen: Bolboschoenus maritimus, Carex acutiformis,
Iris pseudacorus, Juncus effesus, Lythrum salicaria, Sch-
oenoplectus lacustris, Typha latifolia. All plants are native,
non-invasive species able to thrive in hydroponic environ-
ments. Besides the nutrient removal efficiency, we aimed
at local ecosystem integrity (see also Pavlineri et al. 2017).
Macrophyte species were pre-cultivated on coir mats and
planted on the islands in May 2018.

Floating construction design

Existing floating constructions for emergent macro-
phytes are manufactured mostly from artificial materi-
als, like polyethylene, polypropylene, polyurethane or
polyvinyl alcohol foam (Table 1). This is congruent to
findings by Wang et al. (2020): The authors reviewed the
main component elements of ecological floating beds
applied in scientific studies and none were without arti-
ficial polymers.

In order to avoid artificial polymers completely and to
offer a habitat made out of local natural materials, two float-
ing wetlands were developed specifically for this study by
Okon Vegetationstechnik GmbH. The islands consisted of
an enveloping stainless steel net filled with native dry reed
stems (P. australis). Each hexagon shaped island had a size
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Table 1 Selection of companies
offer floating wetlands - results
of web search (This overview
is not exhaustive - Keywords
such as ‘constructed floating
wetland’, ‘floating treatment
wetland’, ‘floating ecological
bed’, ‘Rohrichtinsel’ (German),
‘Schwimminsel’ (German),
‘radeaux végétalisés’ (French),
‘structures flottantes +
végétation’ (French), ‘humedal
flotante’ (Spanish) were used
for the web search)

Company Country ~ Material

AquaBiofilter Australia  Polyuethane foam (PU)

Aquaterra Solutions France Polyethylene (PE)

Beemats USA Polyvinyl alcohol foam (PVA)

BGS Ingenieurbiologie Vegetationstechnik Germany Polyethylene (PE), polypropylene (PP),
polyurethane foam (PU)

Biomatrix Scotland ~ Thermo fused high-density polyethylene (PE)

Blue Mater Portugal ~ Cork & polyurethane paste (PU)

Frog Environmental BioHaven USA/UK  Polyurethane foam (PU)

Marcanterra France Wood & cork

Okon-Vegetationstechnik Germany  Stainless steel & reed stemsThermowood

Rhizotech Germany  Polyurethane foam (PU)

Spel environmental integrated water solutions  Australia  Recycled polyethylenterephthalat (PET)

Terrapin Water Canada High density polyethylene (HDPE)

Veg Tec Sweden Polyethylenterephthalat (PET)

of 3.5 m? allowing modular enlargement. The reed stems
provided buoyancy, also served as rooting substrate for the
plants and settlement area for microorganisms (Fig. 1). The
installation was carried out in May 2018 from a floating jetty
and floating wetlands are located close to the shore.

Field work and laboratory analysis

Environmental conditions at the installation site were moni-
tored. Data on daily water level fluctuations and ice cover
were obtained from the national waterways and shipping
office. Prior to installations (April), during the vegetation
peak (June and July) and at the harvest time (September),
water pH, dissolved oxygen and water temperature were
measured at 10 cm depth in situ at two sampling sites
monthly with a multiparametric probe (Hach-Lange). For
dissolved nutrient analysis, water samples (n =3 per site)
were filtered. Dissolved nitrites (NO,™), combined nitrites
and nitrates (NO, ) and inorganic phosphorus (DIP) con-
centrations in filtered water samples were measured using

standard colorimetric methods with a 4-channel continu-
ous flow analyzer (San**, Skalar) (Grasshoff et al. 1983).
NO;™ concentrations was calculated as a difference between
NO,~ and NO,, Dissolved NH,* was determined using
nitroprussiate as a catalyst by the salicylate-hypochlorite
method (Bower and Holm-Hansen 1980). Total nitrogen
(TN) was determined applying high temperature (680 °C)
combustion catalytic oxidation/NDIR method using a Shi-
madzu TOC V-CPH analyzer equipped with a TN module.
Total phosphorus (TP) was quantified spectrophotometri-
cally with the molybdate method (Koroleff 1983) after
digestion and oxidation of the organic P forms with alkaline
peroxodisulphate acid (see also Vybernaite-Lubiene et al.
2017).

All aboveground biomass was cut on the 6th of Septem-
ber 2018 and directly transported to the laboratory for further
analyses. Plant material was dried for 24 h at 60 °C, milled and
homogenized. Three replicates per species were then analyzed
for phosphorus (ICP-OES) and nitrogen (Kjeldahl method) con-
centrations (for more information on methods see VDLUFA

Fig. 1 Installation of first floating wetlands. (A) Pre-cultivated coir mats with macrophytes were placed on the buoyant structure. (B) The carrier
consists of an enveloping stainless steel net filled with native dry reed stems. (C) Installation was carried out from a jetty
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[I4.1.1 and VDLUFA 1II 10.8.2). All data analyses were per-
formed and all figures were prepared using the open-source
statistical software R (version 3.6.3).

Monitoring habitat function

Continuous video monitoring was applied on one of the float-
ing wetlands with a HDR time-lapse camera (TLC200 Pro
BRINNO) in order to observe larger animals visiting. The
camera (sensor type 1/3” HDR, dynamic range 115db, 1.3
megapixels, AVI 1280 x 720 p) was set 2.5 m in front of the
floating wetland and could cover the whole area. Pictures of
the island were taken every ten minutes between the 31st of
May 2018 and the 6th of September 2018. Video analysis was
carried out manually for the whole daytime from sunrise to
sunset when camera system switched on and off automati-
cally during these three months with VLC media player (Vid-
eoLAN). Pictures where animals could be identified were
stored separately in order to distinguish the different species.
Insects could not be detected using the video material.

In addition to the camera monitoring, field observations
were carried out during the harvest of emergent macrophytes
when the islands were removed from the water. The harvest
took place on the 6th of September 2018 and islands were

taken out of the water. Eels inside and on the islands were
semi-quantitatively collected, counted and released. Rec-
ognizable macroorganisms like crustaceans, molluscs and
insects were determined after taking photos.

Results

Floating wetland performance and environmental
conditions

All chosen macrophytes grew well under brackish water con-
ditions and fluctuating salinities although C. acutiformis, I.
pseudacorus and J. effesus are not salt tolerant according
to Ellenberg and Leuschner (2010). Nutrient concentrations
differed significantly between plant species (Figs. 2 and 3).
Mean phosphorus concentrations ranged between 0.5 g kg™
dry mass in B. maritimus and up to 1 g kg™! dry mass in
L. salicaria. Mean nitrogen concentrations were between
1.3% of dry mass in S. lacustris and 2% of dry mass in L
pseudacorus.

Fluctuations of water level (Fig. 4) and salinity
(Table 2) at the installation site depend on in/out-
flow from the open Baltic Sea into the lagoon. Total
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Fig.2 Phosphorus [g kg™! dry mass] in aboveground plant biomass
in the seven different macrophytes species during harvest time in
September 2018. Letters above the boxplots represent the results of
post-hoc comparisons of group means with Tukey’s honest significant
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differences test (p <0.05) which were conducted between all plant
species (n =3 per species). L. salicaria (a) has significantly higher
phosphorus concentrations than all other plant species (letters b — ¢
—-d)
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Fig. 3 Nitrogen [% of dry mass] in aboveground plant biomass in the
seven different macrophytes species during harvest time in Septem-
ber 2018. Letters above the boxplots represent the results of post-hoc
comparisons of group means with Tukey’s honest significant differ-

ences test (p<0.05) which were conducted between all plant spe-
cies (n=3 per species). Although I. pseudacorus (a) has the highest
nitrogen concentrations, the difference is not significant compared to
nitrogen in C. acutiformis or L. salicaria (both also letter a)
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12°24'56.6"E), close to the installation site. Red points show days
with ice influence. Ice cover, side ice or ice drift occurred on 47 days
in 2018 (Data derived from the waterways and shipping office - Was-

sanstalt fiir Gewidsserkunde (BfG), https://www.pegelonline.wsv.de/
webservices/files/Wasserstand+Rohdaten/OSTSEE/ALTHAGEN)
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Table 2 Environmental conditions at the installation site: Tempera-
ture (°C), pH, oxygen saturation (%), salinity (PSU) as well as mean
values of ammonium, nitrite, nitrate, total nitrogen, dissolved inor-

ganic phosphorus and total phosphorus (all in pmol 171). First sam-
ples were taken before floating wetland installations and last samples
were taken on the harvest day

Date T pH 0, Salinity NH4+ NO2- NO3- TN DIP TP
24.04.2018 13.1 9.0 81.8 2.8 20.5 3.0 105.6 325.0 1.4 6.3
14.06.2018 18.3 9.1 91.7 24 6.5 0.3 26.8 205.9 1.1 4.6
06.07.2018 20.8 8.3 91.6 2.8 4.6 0.3 6.9 171.2 1.2 44
06.09.2018 19.6 7.5 96.7 3.7 0.8 0.3 433 227.6 0.6 4.5

phosphorus concentrations in the water ranged between
4.1-6.4 pmol 17! and total nitrogen concentrations
between 157 and 351 pmol 17!, Except for the dis-
solved inorganic phosphorus, nutrient concentrations
were significantly higher in April than June, July or
September (Fig. 5). Nitrate concentrations went up
to 107 pmol 17! in spring and down to a minimum of
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Fig.5 Nutrient concentrations in the water: Total nitrogen (TN), total
phosphorus (TP), dissolved inorganic phosphorus (DIP), ammonium
(NH4+), nitrite (NO,™) and nitrate (NO;7). Letters represent the
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5 umol 17! in July when biomass development peaks.
Environmental conditions at the installation site can
be harsh; however, ice cover or ice drift occurred only
prior to installations (Fig. 4). Nevertheless, the margins
of the floating wetlands started drowning at the End of
August 2018 and biomass development was influenced
thereby (Table 3).
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results of post-hoc comparisons of group means with Tukey’s honest
significant differences test (p <0.05) which were conducted between
all plant species (n =6 per sampling date)
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Table 3 Mean phosphorus (P) and nitrogen (N) concentration in har-
vested above-ground biomass. Biomass development was influenced
by the drowning of the island margins in late August 2018 and does

not represent optimal plant growth. Therefore biomass [kg m™2] and
nutrient stocks are displayed in grey

Biomass P concentrations P stocks N concentrations N stocks

[kg m?] [gP kgl [mg m”] [%] [mg m”]
Bolboschoenus maritimus 0.50 1.38
Carex acutiformis 0.80 1.89
Iris pseudacorus 0.60 2.03
Juncus effesus 0.83 1.33
Lythrum salicaria 1.00 1.81
Schoenoplectus lacustris 0.50 1.29
0.73 1.55

Typha latifolia

Utilization of floating wetlands as habitats

Birds visited the monitored floating wetland on 47 out of
99 monitored days (48%). While the grey heron (Ardea
cinerea) visited the island on 45 days, other bird species
were rarely seen. Twice gulls (Chroicocephalus ridibundus)
were observed on the island (3rd of July, 9:34 am, 15th of
August 2018, 9.03 am). Furthermore, each of the following
species were observed only once: blackbird (Turdus merula,
26th of June, 6:22 pm), mallard (Anas platyrhynchos, 14th
of July, 6:47 am) and sparrow (Passer indet., 23rd of July).
The island was not used as a breeding ground by any bird.
No grazing was observed. The mean resting time of the grey
herons on the island was 36 + 44 min (Fig. 6). Twice the
camera could capture a grey heron hunting directly from
the island into the water (8th of July, 5:07 am, 29th of July,
03:48 am), the other photos showed the bird foraging or

Fig.6 (A) Daytime of stay and A)
(B) length of stay of the grey
heron on the floating wetland

Sunrise 75%

resting (Fig. 7B). We divided the days into three categories:
“sunrise” (3:30-6:30 am), “sunset” (7-10 pm) and “other”.
In 75% the grey heron stayed during sunrise on the floating
wetland (Fig. 6). Besides birds, common water frog (Rana
esculenta) (e.g. 4th of August, 2:12 pm) and grass snake
(Natrix natrix) (e.g. 27th of July, 11:01 am) were detected.

In addition, we could observe fish, crustacean, mol-
luscs and insects when the islands were taken out of the
water for macrophyte harvesting (6th of September).
We were surprised by the large number of juvenile eels
(Anguilla anguilla) hidden inside and on the islands
(Fig. 7A). A total of 15 juvenile eels was counted, which
would be 2.1 eels per m%. Some eels may have already
escaped while the floating wetlands were taken out of the
water, thus the real number of eels inside the islands was
probably higher. Furthermore, following animals were
observed on the floating wetlands: Shrimps (Palaemon

B)
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Fig.7 (A) Juvenile eels used the floating wetlands and the dense root network as a refuge. (B) Grey herons visited frequently, mostly during sun-
rise. (C) Shrimp also used the floating wetlands as habitats and represent potential food for the grey heron

adspersus), water scorpions (Nepa sp.), crabs (Rhithro-
panopeus harrisii), snails (Gastropoda indet.) as well as
snail spawn. A list of observations can be found in the
Appendix Table 5. Table 4 shows the approximate flow-
ering time of the different macrophyte species and over-
lapping with potential oviposition and breeding times of
observed animals.

Discussion
Biodiversity and remediation of eutrophication

Common reed (P. australis) usually dominates the coastal
wetlands along the lagoons of the Southern Baltic Sea and
often inhibits development of other wetland vegetation
(Jeschke 1987). Mechanical control (Chambers et al. 1999)
or water buffalo grazing (Sweers et al. 2013) are options to

regulate reed expansion. However, once interventions stop,
reed beds quickly re-establish resulting in a loss of biodiver-
sity and habitats (Esselink et al. 2000; Rannap et al. 2004;
Burnside et al. 2007; Wanner 2009). Floating wetlands with a
variety of native macrophytes can offer additional habitats as
supplement to the adjacent wetlands. An advantage of floating
wetlands with a mixture of plants instead of monocultures is
that they are less susceptible to seasonal changes and dis-
turbances and offer more biodiverse microbial populations
(Zhang et al. 2010; Qiu et al. 2011; Hernandez-Crespo et al.
2016). I. pseudacorus was the only plant species protected
under the national law (BArtSchV). More endangered native
species such as Salicornia europaea, Centaurium littorale or
Aster tripolium could also potentially be used.

Total phosphorus and nitrogen as well as ammonium,
nitrite and nitrate concentrations in the water were high-
est in April prior to installations and decreased during
summer. However, measurements in the water column are

Table 4 Flowering time of the different macrophyte species (dark grey) and potential oviposition/breeding time of observed animals that could

use therefore the floating wetlands (light grey)

September

Bolboschoenus maritimus
Carex acutiformis

Iris pseudacorus

Juncus effesus

Lythrum salicaria

Schoenoplectus lacustris

Typha latifolia

Natrix natrix

Nepa spec.

Gastropoda indet.

Chroicocephalus ridibundus

Anas platyrhynchos
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only ‘snapshots’ and cannot portray any effect of float-
ing wetlands on the nutrient dynamics at the installation
site. In contrast, nutrients accumulated in the harvested
plant biomass can be regarded as a reliable data on the
removal of nitrogen and phosphorus. Nitrogen concentra-
tions were highest in I. pseudacorus, although the plant
flowers already between May—June and the island were
installed too late for the best possible development. At
the harvest time, translocation of nutrients into the rhi-
zome presumably already started. However, nitrogen and
phosphorus concentrations were still comparable to float-
ing wetland mesocosm experiments by Keizer-Vlek et al.
(2014): 0.6 vs 0.86 g P kg™! DM and 20 vs 14 g N kg~!
DM in the beginning of September in our study and at the
end of August in the mesocosm experiments. Wu et al.
(2011) compared nutrient uptake of I. pseudacorus with
other wetland plants and showed their high capacity for
nutrient removal. L. salicaria still flowered shortly before
harvest time and had the highest phosphorus concentra-
tions. Strategic harvest of macrophytes increases nutrient
removal efficiencies (Bi et al. 2019). Harvest before the
start of senescence and nutrient translocation into rhi-
zomes is highly recommended. The poales B. maritimus
and S. lacustris had the lowest nutrient concentrations.
While the salinity might have been too low at the instal-
lation site for B. maritimus to thrive, the early flowering
time in June—July of S. lacustris could be the reason for
the low nutrient concentrations. Harvest during vegeta-
tion peak would increase the nutrient removal efficiency
as phosphorus and nitrogen concentrations in the above-
ground plant tissue would be higher. However, summer
harvest contradicts with national nature protection laws
(BNatSchG §39) and special permits would be needed.
We therefore chose the beginning of September as a
compromise, where nutrient concentrations in the above-
ground biomass are still relatively high but the breeding
season is already over (see Table 4).

Similar floating wetlands in the Curonian Lagoon
(Lithuania) with also a mix of Carex acutiformes, Sch-
oenoplectus lacustris and Typha removed 10.3 g N m-?
and 0.5 g P m-2. (Lesutiené et al. 2021). However, it is
argued that the removal by biomass harvest could only be
a minor factor regarding overall nutrient removal and a
majority is linked to the root-associated microbial com-
munity (e.g. Wu et al. 2011; Zhu et al. 2011; Pavlineri
etal. 2017). It is a challenge to measure the efficiency of
floating wetlands directly as water quality measurements
are often only ‘snapshots’ and influenced by seasonality
and special events (e.g. phosphorus mobilization under
low-oxygen conditions). Time series of water transpar-
ency might be a more suitable indicator than the nutrient

status in the water as floating wetlands compete with
phytoplankton and should reduce algae blooms in long-
term. However, data on long-term water transparency pro-
gress around floating wetlands is currently lacking and
should be included in future evaluations. Besides direct
plant uptake, microbial transformation and sedimentation
contribute significantly to nutrient removal (Wang et al.
2020). Plant roots create favorable habitats for microor-
ganisms and this biofilm development boosts phosphorus
and nitrogen removal (Haberl et al. 2003; Stottmeister
et al. 2003; Wang et al. 2020). A larger root network
results in the increase of surface area for biofilm devel-
opment (Muench et al. 2007). Lai et al. (2012) showed
that fibrous-root plants such as L. salicaria have not only
higher photosynthesis rates and higher radial oxygen loss
but also higher removal rates of total nitrogen and total
phosphorus than thick-root plants. Generally, higher plant
diversity presumably results in the increase of the micro-
organism diversity in the roots and thus improves nutrient
removal efficiencies (Colares et al. 2020).

Kumwimba et al. (2020) presented different strength-
ening techniques how to enhance the purification perfor-
mance of floating wetlands in low-temperature regions.
Performance improvements can be reached inter alia by
adding organic fiber fillers or inorganic functional fillers,
submerged plants, external or solar-energy-driven aera-
tion (Kumwimba et al. 2020). The authors classified the
techniques into direct modifications (e.g. plant configura-
tion) and indirect modifications (e.g. fillers or aeriation).
One option that was not included but seems promising is
the combination of floating wetlands with mussel cultiva-
tion to boost nutrient removal (Karstens and Razinkovas-
Baziukas 2019). Another aspect that should be taken into
account when regarding both the habitat function and
nutrient removal efficiency is the substrate that is used
in constructed floating wetlands. Substrate that provides a
large surface area supports and enhances biofilm develop-
ment (Headley and Tanner 2006; Pavlineri et al. 2017; Bi
et al. 2019). Coir mats and reed stems used in this study
contribute positively to the nutrient removal efficiency.
Furthermore, the reed stems inside the islands provided
a refuge from predators for juvenile eels during the day
time. Floating wetlands can be both valuable ‘habitats’
and ‘nutrient buffers’ at the same time. However, it is
challenging to choose the best fitting native macrophyte
species, the right timing for their harvest and a construc-
tion with sufficient buoyancy addressing both the habitat
function and nutrient removal. Further research and test-
ing of floating wetland designs (size, shape and material
of floating construction as well as vegetation choices)
regarding the ecological function in coastal environments
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would be beneficial. In our experiment, the margins of the
most ecologically designed floating island were drowned.
A development of sustainable and long-lasting floating
constructions without artificial polymers ensuring suf-
ficient buoyancy is the key action for further spread of
these nature-based solutions.

Floating wetlands as habitats in coastal waters

The monitored floating wetland served as a resting and
hunting place for grey herons (A. cinerea), mostly during
sunrise hours. Besides fish, the grey heron also eats frogs,
snakes and insects. Potential food items for grey herons
as water frogs (R. esculenta), grass snakes (N. natrix),
shrimp (P. adspersus) and water scorpions (Nepa spec.)
all used the floating wetlands as habitats. Other bird
species were seldom spotted and the monitored floating
wetland was not used as a breeding ground by any bird
species. As the floating wetlands were located only 2 m
off the coast, disturbances during daytime were common.
Islands further offshore presumably would offer a more
attractive spot for resting and nesting. Tall and short veg-
etation in coastal wetlands represent different ornithologi-
cal values (Esselink et al. 2000; Wanner 2009). Coastal
wetlands along the Southern Baltic coast are often domi-
nated by tall-growing reed, which when forming continu-
ous belts along coastline reduces the habitat biodiver-
sity. Floating wetlands with alternate vegetation structure
could offer alternative habitats, e.g. ground-nesting birds
prefer short saltmarsh grasses (Esselink et al. 2000; Jutila
2001; Wanner 2009).

The floating wetlands served as refuge for numerous
juvenile eels, as well as shrimp, snails, frogs and water
insects. Due to the avoidance of predation as primarily
nocturnal animals, eels seek dark areas rich in structure
during the day or bury themselves in the sediment. This
could explain the numerous findings of juvenile eels with
a length of about 15 cm. Likewise, an increased food sup-
ply in or around the swimming islands could also attract
juvenile eels. The relatively high density of juvenile eels
(about 2.1 per m?) inside the floating wetlands is remark-
able given the general state of the eel stock in the South-
ern Baltic Sea and the coastal inlets. Current assumption
is that eel recruitment in the North and Baltic Seas is
less than 5% of that before 1980 (ICES 2018). However,
during the last years there has been a slight recovery
in recruitment (ICES 2018), which should also result
in the increase in the eel stock in the coastal waters of
the study area. Our observations are consistent with this
assumption. Bi et al. (2019) showed that floating wetlands
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improve ecosystem conditions and lead to more diverse
fish and invertebrate communities. They provide shelter
as well as food sources (Wang et al. 2015). Huang et al.
(2017) observed a three times greater nekton abundance
around artificial floating wetlands and Wang et al. (2015)
discovered that aquatic macroinvertebrates and tadpoles
inhibited floating mats. Phytoplankton and bacteria create
a biofilm on the macrophyte roots which does not only
contribute to denitrification, but also serve as food for
zooplankton and fish (Cazzanelli et al. 2008; Henninger
et al. 2009; Pang et al. 2016; Srivastava et al. 2017; Yan
et al. 2018).

Conclusions

Eutrophication remains an environmental challenge in
lagoons along the Southern Baltic Sea and floating islands
planted with emergent macrophytes are an option to remove
excess nutrients. Usually artificial polymers are used to con-
struct floating treatment wetlands. In this study a plastic free
floating construction made out of locally grown plant mate-
rial (dry reed stems) was tested revealing the need of tech-
nological improvement primarily related to the long-lasting
buoyancy. The chosen macrophyte species managed to cope
with the fluctuating salinities and showed the potential to
create ‘biodiversity-supplements’ as adjacent wetlands along
the Southern Baltic Sea are usually dominated by reed.. I.
pseudacorus, an endangered species, had the highest nitro-
gen concentrations, while L. salicaria, a fibrous-root plant,
had the highest phosphorus concentrations. Species diversity
and a large rhizome network enhance biofilm development
and thus nutrient removal capacity. A diverse root network
benefits not only nutrient removal capacity but serves also
as a shelter and retreat for aquatic fauna. The islands were
notably used by juvenile eels and shrimps as a refuge from
predators. The relatively high density of juvenile eels (about
2.1 per m?) is remarkable given the general state of the eel
stock in the Southern Baltic Sea and the coastal inlets. Fur-
thermore, the floating wetlands served as a resting and hunt-
ing place for grey herons (A. cinerea) and provided habi-
tats for other birds, amphibians, crustacean, molluscs and
insects. Floating wetlands in coastal environments can be
used as ‘biodiversity rich habitats’ as well as ‘nutrient buft-
ers’, however, decision-makers have to weigh inter alia the
island design, choice of construction material, macrophyte
species as well as harvest timing, depending on the local
management goals.
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Appendix

Table 5 Animal observations.
Continuous video monitoring
was applied between the 31st
of May 2018 and the 6th of
September 2018. In addition,
field observations were carried
out on the 6th of September
2018 (in grey)

Date Time Species (english) Species (latin)
26.06.2018 8:42-9:12 Gray Heron Ardea cinerea
26.06.2018 9:32 Gray Heron Ardea cinerea
26.06.2018 18:22 Blackbird Turdus merula
27.06.2018 3:58-5:38 Gray Heron Ardea cinerea
28.06.2018 4:49-4:59 Gray Heron Ardea cinerea
03.07.2018 3:46 Gray Heron Ardea cinerea
03.07.2018 9:34 Black-headed Gull Chroicocephalus ridibundus
04.07.2018 4:45 Gray Heron Ardea cinerea
05.07.2018 3:16-5:46 Gray Heron Ardea cinerea
05.07.2018 6:46 Gray Heron Ardea cinerea
05.07.2018 17:56-19:46 Gray Heron Ardea cinerea
06.07.2018 03:27-06:47 Gray Heron Ardea cinerea
07.07.2018 03:11 - 04:31 Gray Heron Ardea cinerea
08.07.2018 5:07 Gray Heron Ardea cinerea
08.07.2018 03:07-03:47 Gray Heron Ardea cinerea
08.07.2018 03:57-06:47 Gray Heron Ardea cinerea
09.07.2018 3:13-4:53 Gray Heron Ardea cinerea
09.07.2018 18:23-18:43 Gray Heron Ardea cinerea
10.07.2018 3:24 Gray Heron Ardea cinerea
10.07.2018 3:54-4:24 Gray Heron Ardea cinerea
10.07.2018 5:14 Gray Heron Ardea cinerea
11.07.2018 03:25-04:05 Gray Heron Ardea cinerea
12.07.2018 05:25-06:15 Gray Heron Ardea cinerea
12.07.2018 3:41-5:11 Gray Heron Ardea cinerea
13.07.2018 03:16-05:06 Gray Heron Ardea cinerea
14.07.2018 03:17-05:27 Gray Heron Ardea cinerea
14.07.2018 06:47-06:57 Mallard Anas platyrhynchos
15.07.2018 03:23-06:33 Gray Heron Ardea cinerea
15.07.2018 20:43-21:03 Gray Heron Ardea cinerea
17.07.2018 4:25 Gray Heron Ardea cinerea
17.07.2018 5:05-6:35 Gray Heron Ardea cinerea
18.07.2018 03:40-04:50 Gray Heron Ardea cinerea
19.07.2018 3:31-4:21 Gray Heron Ardea cinerea
22.07.2018 03:44-04:14 Gray Heron Ardea cinerea
22.07.2018 06:04-06:34 Gray Heron Ardea cinerea
23.07.2018 3:35-5:15 Gray Heron Ardea cinerea
23.07.2018 7:25 Sparrow Passer indet.
23.07.2018 10:45 Sparrow Passer indet.
24.07.2018 3:41 Gray Heron Ardea cinerea
25.07.2018 04:29-05:09 Gray Heron Ardea cinerea
26.07.2018 3:40-4:00 Gray Heron Ardea cinerea
27.07.2018 11:01 Grass snake Natrix natrix
27.07.2018 03:40-04:00 Gray Heron Ardea cinerea
28.07.2018 04:12-06:02 Gray Heron Ardea cinerea
29.07.2018 19:42-20:32 Gray Heron Ardea cinerea
29.07.2018 03:48-03:58 Gray Heron Ardea cinerea
29.07.2018 04:08-04:48 Gray Heron Ardea cinerea
29.07.2018 05:18-05:38 Gray Heron Ardea cinerea
29.07.2018 06:18-06:58 Gray Heron Ardea cinerea
29.07.2018 07:18-07:38 Gray Heron Ardea cinerea
29.07.2018 11:08-11:28 Gray Heron Ardea cinerea
30.07.2018 3:55 Gray Heron Ardea cinerea
30.07.2018 5:15-5:25 Gray Heron Ardea cinerea
31.07.2018 4:21-4:41 Gray Heron Ardea cinerea
02.08.2018 3:59-4:29 Gray Heron Ardea cinerea
02.08.2018 4:59-5:09 Gray Heron Ardea cinerea
03.08.2018 03:55-04:35 Gray Heron Ardea cinerea
04.08.2018 14:12-14:32 Water Frog Rana esculenta
06.08.2018 20:34 Gray Heron Ardea cinerea
10.08.2018 04:21-04:31 Gray Heron Ardea cinerea
10.08.2018 06:01-06:11 Gray Heron Ardea cinerea
15.08.2018 9:03 Black-headed Gull Chroicocephalus ridibundus
18.08.2018 06:22-07:52 Gray Heron Ardea cinerea
19.08.2018 4:24 Gray Heron Ardea cinerea
19.08.2018 4:54-5:24 Gray Heron Ardea cinerea
19.08.2018 7:44-7:54 Gray Heron Ardea cinerea
20.08.2018 5:05-5:15 Gray Heron Ardea cinerea
24.08.2018 4:39 Gray Heron Ardea cinerea
25.08.2018 13:11 Gray Heron Ardea cinerea
29.08.2018 5:02 Gray Heron Ardea cinerea
31.08.2018 4:56 Gray Heron Ardea cinerea
31.08.2018 6:56 Gray Heron Ardea cinerea
01.09.2018 7:59 Gray Heron Ardea cinerea
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