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Abstract  Constructed wetlands and constructed 
floating wetlands are widely used for nitrogen (N) 
removal from surface water to combat eutrophica-
tion in freshwaters. Two main N removal pathways 
in freshwaters are plant biomass N uptake and deni-
trification, i.e. transformation of nitrate (NO3-) to 
nitrous oxide (N2O) or nitrogen gas (N2) by different 
microbes possessing nirK, nirS, nosZI, and nosZII 
genes. In this study, we tested woodchips-based 
floating beds (WFBs) as a nature-based and envi-
ronment-friendly method to remove nitrate-nitrogen 
(NO3-N) from water. Moreover, we tested whether 
WFBs could support the growth of three selected 

plant species and the abundance of microbes on plant 
roots and woodchips as a proxy for WFBs’ denitrifi-
cation potential. We conducted a greenhouse experi-
ment for 90 days and measured NO3-N removal rates 
from water in WFBs mesocosms during five sam-
pling occasions. Plant biomass production, biomass N 
uptake, and plant morphology related to N uptake and 
abundance of denitrifying organisms were measured 
at the end of the experiment. NO3-N removal rates 
were 29.17 ± 11.07, 28.18 ± 12.62, 25.28 ± 9.90, and 
22.16 ± 7.79 mg L–1 d–1  m–2 (mean ± standard devia-
tion) in Glyceria maxima, Juncus effusus, Filipendula 
ulmaria, and unplanted WFBs treatments, respec-
tively for whole experimental period. N content in 
above- and belowground biomass of studied species 
ranged between 0.98 – 1.15 and 1.09 – 1.28 (% dry 
weight), respectively. Plant relative biomass produc-
tion was 215 ± 61, 67 ± 18, and 7 ± 17 (% dry weight) 
for G. maxima, J. effusus and F. ulmaria, respectively. 
Denitrifiers were detected both on plant roots and 
woodchips, indicating WFBs’ denitrification poten-
tial. Our study highlights that WFBs could be applied 
to enhance NO3-N removal from surface water 
through plant biomass uptake and denitrification pro-
cesses. Future studies should consider the long-term 
in situ application of WFBs for NO3-N removal from 
water.
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1  Introduction

Nitrogen (N) is one of the major elements causing 
loss of biodiversity in freshwater and other marine 
systems through eutrophication and has become a 
significant concern for human water security (Tickner 
et  al., 2020; Glibert, 2017; Vörösmarty et  al., 2010; 
Foley et  al., 2005). Semi-natural and constructed 
wetlands (CWs) vegetated with aquatic plants have 
been applied in many parts of the world for nutrient 
retention, especially nitrogen (N) and phosphorus (P), 
and pollution control in aquatic systems (reviewed by 
Vymazal, 2011; Vymazal, 2007; reviewed by Wang 
et  al., 2018). In recent years the concept of floating 
treatment wetlands has been developed and termed 
differently in literature such as constructed floating 
wetlands (Karstens et  al., 2021), artificial floating 
beds (Bai & Xuan, 2022), artificial floating islands 
(Kong et al., 2019) or ecological floating beds (Wang 
et al., 2020a, b). This method has been tested in dif-
ferent freshwater systems including artificial eco-
tanks, stormwater reservoirs, ponds, and lakes (Bi 
et  al., 2019; Choudhury et  al., 2019a; Shen et  al., 
2021). Previous studies applied floating beds for vari-
ous purposes, such as improving the quality of mine 
process water (Choudhury et al., 2019a), agricultural 
and farming runoff (Spangler et  al., 2019a), provid-
ing habitat for birds and aquatic organisms (Karstens 
et al., 2021) and, treating wastewater and sewage dis-
charges (Afzal et al., 2019). One of the major advan-
tages of floating bed treatment is that it can be applied 
in a land-based system for onsite treatment of highly 
nutrient-enriched water (e.g. up to 20 mg NO3-N L−1) 
for example, mine effluent (Choudhury et al., 2019a) 
and intensive recirculating aquaculture systems 
(Lindholm-Lehto et al., 2021) as well as in wetlands 
whose size are insufficient to remove a significant 
amount of nutrients.

Floating beds generally consist of a buoyant mat 
or structure, usually made of artificial plastic mate-
rials such as polyethylene, polypropylene, polyu-
rethane, or polyvinyl alcohol foam (Karstens et  al., 
2021; reviewed by Wang et  al., 2020a, b), floating 
in the water body and planted with emergent aquatic 
plants (Shen et al., 2021). Aquatic plants play a cen-
tral role in the functioning of floating beds since they 
develop root systems in the water column as well 
as photosynthetic biomass above the floating beds 
(Pavlineri et  al., 2017). The root systems developed 

beneath the floating beds take up nutrients from water 
and provide surface area for denitrifiers and could act 
as a hotspot for denitrification in the water column 
(Schwammberger et  al., 2019). The major pathways 
of N transformation in floating beds are i) N assimi-
lative uptake by aquatic plants (Keizer-Vlek et  al., 
2014; Schwammberger et al., 2019) and, ii) denitrifi-
cation, conversion of nitrate to gaseous nitrogen com-
pound performed by bacteria and archaea, that inhabit 
the plant root systems (Choudhury et  al., 2019a; 
Zhang et  al., 2024). The abundance of denitrifying 
genes (e.g. nirS, nirK, nosZI and nosZII) can be used 
as a proxy for the denitrification potential of different 
substrates such as plant roots and wetland sediment 
since a positive correlation between potential deni-
trification activities and the abundances of different 
denitrification genes have been shown by previous 
studies (Choudhury et  al., 2022; Hallin et  al., 2015; 
Ruiz-Rueda et al., 2009).

Artificial floating beds, however, have certain dis-
advantages, such as low nutrient removal efficiency 
and microbial habitat only fixed to plant roots that 
hinder the large-scale application of this method 
(Zhang et al., 2024). Another drawback of using float-
ing beds made of artificial materials such as plastic 
is that plastics get eroded or degraded which adds 
microplastics to aquatic habitats and creates other 
environmental issues such as bioaccumulation and 
transformation in the food chain as well as ecotoxi-
cological effects on aquatic organisms (Tang et  al., 
2021; Vo & Pham, 2021). This highlights the impor-
tance of developing innovative, cost-efficient and 
environmentally friendly variants of floating beds for 
long-term in  situ applications. Hence, modified ver-
sions of floating beds such as  hanging biofilm car-
riers below the floating beds (Messer et  al., 2022; 
Sun et al., 2019) and using dried reed stems (Phrag-
mites australis) instead of artificial plastics to support 
plant growth (Karstens et al., 2021) have been tested 
recently to increase the applicability of this method. 
In the current study, we propose the construction of 
floating beds with more environment-friendly materi-
als that can support aquatic plant growth and enhance 
denitrification activities thus enhancing the overall 
N removal potential of floating bed treatment. We 
tested a new variant of floating beds made of wood-
chips packed in jute bags that would minimize the 
use of artificial polymers for constructing the main 
component of floating beds. The advantages of using 
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woodchips are: i) they can be easily obtained from 
the local forest industry as a cheap forest by-product, 
ii) woodchips can be used as substrates for planting 
macrophytes in floating beds, iii) woodchips provide 
labile organic carbon and vast specific surface area 
for the growth of denitrifying bacteria (Goeller et al., 
2019). Woodchips obtained from birch, pine, willow, 
and composite of hardwoods are commonly used in 
land-based woodchips bioreactors treating nutrient-
rich water (Hellman et al., 2021; Jéglot et al., 2021; 
Kiani et al., 2022). However, to our knowledge, there 
is no available study directly investigating the suit-
ability of woodchips-based floating beds (WFBs) for 
nitrate-nitrogen (NO3-N) removal from surface water.

We conducted a batch mesocosm experiment to 
assess the NO3-N removal from water by WFBs 
either planted with monocultures of three selected 
plant species or without any plant species as well as 
controls without any WFBs and plants. The objec-
tives were to evaluate: i) WFBs’ effect on NO3-N 
removal, ii) species-specific performance on different 
parameters, i.e. plant establishment on WFBs, plant 
biomass production and biomass N accumulation, 
and abundance of denitrifying genes on roots and 
woodchips that was used as a proxy for denitrification 
potential of WFBs. We hypothesize that the addition 
of WFBs in mesocosms increases NO3-N removal 
from water compared to the mesocosms without 
WFBs. Our second hypothesis is that N removal from 
water, plant biomass production, N accumulation in 
plant biomass, and denitrifying gene abundances on 
plant roots differ among the studied plant species. 
Finally, we hypothesize that vegetated WFBs have 
higher N removal from water as well as higher abun-
dance of denitrifying genes on woodchips compared 
to unvegetated WFBs.

2 � Materials and Methods

2.1 � Macrophytes Collection

We studied three common wetland plant spe-
cies collected from wetlands near Kalmar, Swe-
den (56°40.110’N 16°17.745’E): Glyceria maxima 
(Hartm.) Holmb., Juncus effusus L. and Filipendula 
ulmaria (L.) Maxim. F. ulmaria is not a strictly 
aquatic plant but shows growth potential on float-
ing bed treatment used for N uptake from water 

(Choudhury et  al., 2019a). Specimens were col-
lected in June 2020 and cultivated hydroponically in a 
greenhouse in plastic containers filled with tap water 
prior to the start of the experiment.

2.2 � Construction of Woodchips Based Floating Beds 
(WFBs)

WFBs were made with woodchips, jute sheets and 
jute rope. Freshly produced woodchips (5 – 45  mm 
in size, without bark) from birch (Betula spp.) were 
collected from a local forestry industry. Jute bags 
were made with jute sheets and rope (Jula AB, Art. 
nr: 709017 & 388961) at a size of 50 × 30 × 10  cm 
(L × W × H) and then filled with 13 L (0.013m3) of 
fresh woodchips (ca. 4.5 kg) (see Fig. 1). The thick-
ness of floating beds (or, planting substrate) may 
vary between commercial prototypes and experimen-
tal variants made of available materials. Commer-
cial prototypes, for example, Beemats (New Smyrna 
Beach, FL, USA) has a thickness of 1 to 2  cm (Vo 
et  al., 2023) Biohaven®, (Floating Island Interna-
tional, Shepherd, MT) has a thickness of 15  cm 
(Schwammberger et al., 2019) while Veg Tech float-
ing island (Sweden) has a thickness 20  cm (Choud-
hury et al., 2019a). The bed thickness in experimen-
tal variants can be found in a range of 3 – 12  cm 
(reviewed by Arivukkarasu & Sathyanathan, 2023; 
Olguín et  al., 2017; Yadav et  al., 2023). Therefore, 
we expect that the woodchips thickness selected in 
this study should be sufficient to provide structural 
support and growth of plant roots. Before the main 
experiment, the WFBs were submerged in plastic 
containers filled with demineralized water for two 
weeks to make the woodchips softer to facilitate mac-
rophyte growth.

2.3 � NO3‑N Removal and Plant Growth Experiment

The batch mesocosm experiment was conducted for 
90  days in a greenhouse situated at Linnaeus Uni-
versity, Kalmar, Sweden. Prior to the experiment 
started, plastic container mesocosms (L × B × H: 
58 × 39 × 30  cm, volume: 44L) (Jula AB, Sweden, 
art. nr: 004039) were filled with demineralized water 
for one week to allow potential contaminants to leach 
from the plastic. The water was then discarded. At 
the beginning of the N removal experiment, each 
mesocosm was filled with 40 L of nutrient-amended 



	 Water Air Soil Pollut (2024) 235:493

1 3

493  Page 4 of 17

Vol:. (1234567890)

water free from N and P prepared with demineralized 
water according to Smart and Barko (1985). Subse-
quently, KNO3 and KH2PO4 were added to the water 
in each mesocosm to achieve the target concentra-
tions of 20 mg NO3-N L−1 and 0.07 mg PO4-P L−1, 
respectively. Such nitrate levels in water can be found 
in the recipient of mine effluent (Choudhury et  al., 
2019a) and intensive recirculating aquaculture sys-
tems (Pedersen et al., 2012). Moreover, previous stud-
ies showed no negative effect of such levels of nitrate 
in water on the growth of macrophytes (Choudhury 
et al., 2018, 2019a, 2022). To reduce the algae growth 
in mesocosms the outer section of the plastic walls 
was wrapped with black plastic sheets.

We applied five types of treatments in the meso-
cosms: 1) WFB planted with G. maxima; 2) WFB 
planted with J. effusus; 3) WFB planted with F. ulma-
ria; 4) WFB without any plant species and, 5) meso-
cosms without any WFB and plant species (i.e. only 
40 L nutrient amended water). Each treatment was 
replicated four times resulting in a total of 20 indi-
vidual mesocosms (see Table S1, supporting informa-
tion) and the mesocosms were randomly distributed 
in the greenhouse. The greenhouse was well equipped 
with plant growth lights and the day-night regime 
was set to 16:8 h. It is assumed that each mesocosm 
received equal amount of light during the experiment. 
In treatments 1 to 4, one WFB was installed in each 
mesocosm and WFB was submerged just below the 
water surface. Due to morphological differences, dif-
ferent planting approaches were adopted for different 
species. For example, in the case of G. maxima, six 

individual plants were planted in each WFB, while 
for J. effusus and F. ulmaria, six individual clumps 
were planted, respectively.

The initial total fresh weight of macrophyte bio-
mass in each planted mesocosm was recorded. The 
dry weight of initial plant biomass was calculated 
based on the fresh weight – dry weight relationship 
measured for separate plant specimens for each spe-
cies (Table S2, supporting information).

Our preliminary study showed that all NO3-N 
added in the planted and unplanted WFB mesocosms, 
except treatment no. 5, were completely removed 
from the water within 10  days after the addition. 
Therefore, we added nutrients from the stock solu-
tion in the mesocosms every second week to obtain 
a concentration of 20  mg NO3-N L−1 and 0.07  mg 
PO4-P L−1 as described above. Nutrient addition was 
made on a total of five occasions during the experi-
ment (Table S3, supporting information). It should be 
noted the water in the mesocosms was not emptied 
during the experiment to avoid any kind of stress on 
plant growth. Nutrient addition, water sampling date, 
and treatment days on different occasions are given 
in Table  S3 (supporting information). Before water 
sampling for NO3-N analysis, each mesocosm was 
filled with demineralized water to maintain a constant 
water volume of 40 L and to avoid the effects of water 
evaporation on water NO3-N concentration. NO3-N 
analysis was performed in the accredited laboratory 
ALS Scandinavia AB Luleå, Sweden according to the 
method CZ_SOP_D06_ 02_019 by discrete spectro-
photometry with a detection limit of 0.06 mg NO3-N 

WoodchipsJute sheetPlant roots

Woodchips packed in jute bag

Plant species
planted on floating wetland

A) B)

Fig. 1   Schematic diagram of woodchip-based floating beds (WFBs) with (A) or without (B) aquatic plants
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L–1. The water sample volume (50 mL) taken for the 
analyzing NO3-N was very small compared to the 
total volume of water (40L) in the mesocosm. There-
fore, it is considered that the impact of sampling on 
the changes of the concentration of nitrate in the 
mesocosms was negligible. The NO3-N removal rate 
for each sampling occasion was calculated as (initial 
NO3-N concentration – end NO3-N concentration) / 
treatment days and expressed per unit area of WFB 
(mg NO3-N L–1 d–1  m–2). For treatment no. 5, the 
removal rate was expressed per unit surface area of 
the mesocosm instead of WFB.

At the end of the experiment, macrophytes bio-
mass was harvested from each WFB, separated into 
aerial shoot biomass (termed as aboveground bio-
mass, used throughout) and root plus biomass inside 
the WFBs (termed as belowground biomass, used 
throughout), cleaned with tap water to get rid of wood 
particles and other dead materials and dried at 60 °C 
for 7 days for dry weight measurement.

2.3.1 � Nitrogen Content in Plant Biomass

Total-Nitrogen (total-N) content in harvested plant 
biomass was measured for each species on each WFB. 
The dried above- and belowground biomass samples 
were ground to a homogenous powder and weighed 
in tin capsules using a calibrated Satorius analytical 
balance (with an accuracy of four digit balance). A 
Thermo Scientific FlashEA 1112 Elemental Analyzer 
was used to analyze total-N. We calculated net plant 
N accumulation (g N m–2 of WFB) as defined as the 
standing stock (Richardson & Vymazal, 2001) of N 
content in above- and belowground biomass of each 
species per unit area (m2) of the WFB at the end of 
90 days experimental growth.

2.3.2 � Plant Morphological Study

We measured total (combined above- and below-
ground biomass) relative biomass production (%), 
final aboveground biomass (g – dry weight), final 
belowground biomass (g – dry weight), maximum 
root length (cm), and specific root surface area (cm2 
g–1 dry weight– root) for each species at the end of 
the experiment.

The total relative biomass production (%) for each 
species in each mesocosm was calculated as:

W1	� initial total dry weight,

W2	� end total dry weight

We randomly selected three individual plants for 
each species at the end of the experiment to meas-
ure root surface area. Root specimens were collected 
from all representative parts of the plant root system. 
The root biomass was gently cleaned with deminer-
alized water and the washed root samples were then 
photographed with a Canon digital camera (model: 
EOS1300D). The images were analyzed for the meas-
urement of root surface area with image analysis soft-
ware called ImageJ (freely available at https://​imagej.​
nih.​gov/​ij/ download.html). After photographing, the 
root samples were dried at 60 ℃ for 7 days to measure 
dry weight.

The biomass production provides information 
regarding the N uptake potential of a species (Cor-
nelissen et al., 2003), while root information will pro-
vide indication of both denitrification and N uptake 
potential of a species in the water column (Cornelis-
sen et  al., 2003; Farrar et  al., 2003; Hodge et  al., 
2009). For example, higher root biomass indicates 
a high surface area for denitrification bacteria to be 
colonized on, which in turn should increase the deni-
trification potential of macrophytes in WFBs. On 
the other hand, higher root biomass indicates higher 
nutrient absorption area thus higher nutrient uptake 
potential of a plant species.

2.4 � DNA Extraction and Quantification of 
Denitrifying Genes

At the end of the experiment, subsamples of fresh 
woodchips and plant roots for each species from each 
WFB were collected to quantify denitrifying gene 
abundances. For each plant species, representative 
subsamples were collected from the whole root sys-
tem. Roots were then gently washed with tap water to 
get rid of woodchip particles, gently dried in a paper 
towel to get rid of excess water, and cut into small 
pieces, according to Hallin et al. (2015). Woodchips 
in each WFB were properly mixed, and a subsample 

(W2 −W1)

W1
× 100

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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was taken and gently dried with a paper towel to get 
rid of excess water. Both roots and woodchip sam-
ples were stored at –80 ℃ until the DNA extraction. 
DNA was extracted from 0.5 and 1 mg fresh roots and 
woodchip materials, respectively by using DNeasy® 
PowerWater® Kit (QIAGEN) according to the manu-
facturer’s instructions. The extracted DNA was fro-
zen and stored at − 80 °C until further analyses. The 
quantity and quality of the extracted DNA were deter-
mined using the spectrophotometer Infinite M200 
(Tecan AG).

Real-time quantitative polymerase chain reaction 
(qPCR) assays were performed using a RotorGene® 
Q equipment (QIAGEN). The qPCR reactions were 
carried out in 10 μL reaction solutions containing 
5 μL Maxima SYBR Green Master Mix (Thermo 
Fisher Scientific Inc.), with an optimized concentra-
tion of forward and reverse primers, 1 μL of template 
DNA, and sterile distilled water. The gene-specific 
primer sets, optimized primer concentrations, and 
thermal cycling conditions for each target gene are 
shown in Table S2 of Supporting information. Stand-
ard curves for each target gene were prepared from 
serially diluted stock solutions of target sequences 
(Eurofins MWG Operon). All qPCR measurements 
were performed in triplicate and the absence of con-
taminations was verified against negative controls.

The quantification data were analyzed with Rotor-
Gene Series Software v. 2.0.2 (QIAGEN) and Lin-
RegPCR program v. 2020.0 (Ruijter et al., 2009). The 
gene abundances were calculated as a mean of fold 
differences between a sample and each tenfold stand-
ard dilution in respective standard as recommended 
by Ruijter et al. (2009). The abundance of each target 
gene was presented as gene copy numbers per gram 
of dry weight (copies g-DW−1) roots or woodchips. 
The qPCR was used to quantify the denitrifying genes 
nirS and nirK, coding for the two nitrite reductases, 
and nosZI and nosZII, coding for the nitrous oxide 
reductase from clade I and II, respectively (Table S4 
of Supporting information).

3 � Statistical Analyses

We analyzed the NO3-N removal rates at two stages. 
First, we compared removal rates during five sam-
pling occasions between the treatments “mesocosms 
with unplanted WFBs” and “mesocosms without 

any WFBs” to assess whether woodchips have any 
effect on NO3-N removal. Secondly, we compared the 
mesocosms with monocultures of three selected plant 
species and unplanted WFBs to assess the species-
specific difference in NO3-N removal rates. In both 
stages, we used mixed model analysis where species 
treatment and sampling occasions (see Table S3, sup-
porting information for treatment details) were fit-
ted as fixed factors, and individual mesocosms were 
fitted as a random factor. In addition, we re-run the 
analyses with treatment days as a covariate to test the 
potential influence of variation in treatment days on 
overall NO3-N removal rates. Tukey’s HSD was used 
for post-hoc pairwise comparison of N removal rates 
in each sampling occasion between different species 
treatments.

A multifactorial ANOVA was performed to deter-
mine the general trend in net total–N uptake in the 
above- and belowground biomass of the different 
species in the WFBs at the end of the experiment. 
One-way ANOVA was performed to investigate the 
difference among studied species on relative biomass 
production, final above- and belowground biomass, 
maximum root length, and specific root surface area. 
Two-way ANOVA was performed to test the effect 
of plant species and substrates, i.e. plant roots and 
woodchips, on the abundances of denitrifying genes 
nirS, nirK, nosZI, and nosZII. Tukey’s HSD was used 
for post-hoc pairwise comparison of different species. 
Independent sample t-tests were done to compare 
denitrifying gene abundance on woodchips in planted 
and unplanted WFBs.

In the case of NO3-N removal rates, specific root 
surface area, and denitrifying genes (i.e. nirK, nirS, 
nosZI, and nosZII), data were log-transformed while 
square root transformation was made for relative bio-
mass production to meet the assumptions of para-
metric tests. The analyses were performed using the 
software IBM SPSS Statistics for Macintosh, Version 
26.0.

4 � Results and Discussion

4.1 � N Removal Rates from Water

In support of our first hypothesis, we observed that 
adding WFBs in mesocosms significantly increased 
the NO3-N removal rates (Table  S5, supporting 
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information) and rates were consistently higher in the 
treatment “mesocosms with unplanted WFBs” com-
pared to that of “mesocosms without any WFBs” dur-
ing all five sampling occasions (Table S3, supporting 
information). Similarly, a bioreactor system filled 
with birch (Betula pendula) woodchips treating aqua-
culture effluent showed higher N removal rates com-
pared to the control bioreactor without woodchips 
(Lindholm-Lehto et al., 2021). At initial stage, wood-
chips might release small amount of nitrate in meso-
cosms but the rate of nitrate release should diminish 
rapidly. For example, Homyak (2006) reported nitrate 
release of 0.02 mg N kg−1 woodchips d−1 after 7 days, 
and 0.008 mg N kg−1 woodchips day−1 after 29 days 
of incubation. In contrast, several studies reported 
that NO3-N could be immobilized by woodchips 
accounting for 1.0 – 6.9% removal of added NO3-N 
in the system (Greenan et al., 2009; Moorman et al., 
2010).

The macrophyte species-specific performance on 
NO3-N removal rates, when grown on WFBs, dur-
ing five sampling occasion is shown in Fig. 2. Our 
mixed model analysis showed a significant indi-
vidual effect of sampling occasions and interac-
tion effect of sampling occasion and plant species 
treatments on NO3-N removal rates in WFBs meso-
cosms (Table  1). Neither plant species treatment 
nor the covariate treatment-days had any significant 

individual effect on overall NO3-N removal rates. 
Irrespective of species treatment, NO3-N removal 
rates on sampling occasions 7 August and 19 
August were significantly higher than sampling 
occasions on 7 September, 21 September and, 5 
October. Temporal variations in N removal rates in 
freshwaters, e.g. wetlands and rivers dominated by 
macrophytes, were also observed in previous stud-
ies and found to be highest in August and lowest in 
October (Choudhury et al., 2018; Riis et al., 2020). 
In our experiment, unplanted WFBs showed sig-
nificantly lower NO3-N removal rates compared to 
other species treatments on the sampling occasions 
on 7 August and 7 September (Fig.  2, Support-
ing information S3) (Tukey’s pairwise comparison 
p < 0.05). F. ulmaria showed significantly higher N 
removal rates compared to G. maxima on the sam-
pling occasion on 21 September (Fig.  2, Support-
ing information S3). However, we did not observe 
any difference between the species treatments on 
the sampling occasions on August 19 and 5 October 
(Fig. 2, Supporting information S3). Temporal dif-
ferences in N removal rates were also observed for 
wetland macrophytes in previous studies (Manolaki 
et  al., 2020; Wang & Sample, 2014). In floating 
bed treatments, N uptake was higher for Pontederia 
cordata in August while J. effusus showed higher 
uptake in September (Chance et  al., 2019). Wang 
and Sample (2014) reported that P. cordata planted 
in floating bed treatments showed higher N removal 
rates compared to Schoenoplectus tabernaemontani 
in July while S. tabernaemontani showed higher 
removal rates in September and October. No dif-
ference was observed between the two species in 
August. These temporal differences in nitrogen 
removal by different macrophyte species highlight 
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Fig. 2   Nitrate-nitrogen (NO3-N) removal rates (mg N L –1 
d–1 m–2) (mean ± SE) in the water in five water sampling occa-
sions (i.e. 7 August, 19 August, 7 September, 21 September 
and 5 October) in mesocosms installed with woodchips-based 
floating beds (WFBs) either planted with F. ulmaria, G. max-
ima, J. effusus or without any plant species

Table 1   Mixed-model ANOVA testing the fixed effects of 
macrophyte species treatments (Species) and five sampling 
occasions (Time) on nitrogen (N) removal rate from the water 
(see Table  S3, supporting information for species treatment 
details)

Source of variation N removal rate (mg N L–1 D–1 m–2)

df numerator df denn-
minator

F p

Species 3 12 2.63 0.098
Time 4 48 49.30 0.000
Species × Time 12 48 3.14 0.002
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the importance of maintaining species diversity in 
WFBs (Moi et  al., 2021; Wang et  al., 2020a, b) to 
optimize the nutrient removal function of wetlands.

In contrast to our second hypothesis, the overall 
NO3-N removal rates for the whole experiment did 
not differ between the three selected plant species 
(Table 1). The mean NO3-N removal rates in differ-
ent species treatments during the experiment at meso-
cosms level were 1.16 ± 0.44, 1.12 ± 0.50, 1.00 ± 0.39, 
and 0.88 ± 0.31 (mean ± standard deviation) g d–1 m–2 
for G. maxima, J. effusus, F. ulmaria and unplanted 
WFBs, respectively. Chance et  al. (2019) found 
higher N removal rates for P. cordata (2.93 g m–2 day 
–1) compared to J. effusus (0.59 g N m–2 day –1) for 
the whole experiment. In another floating bed treat-
ment experiment, N removal rates for Thalia dealbata 
were significantly higher than Lythrum salicaria dur-
ing 36  weeks of the experimental period (Ge et  al., 
2016).

The difference in NO3-N removal rates between 
planted and unplanted WFBs was insignificant as 
opposed to our third hypothesis. However, mean 
removal rates in all three plant species in our experi-
ment had increased NO3-N removal rates compared 
to that of unplanted WFBs. The enhanced NO3-N 
removal in planted WFBs might be due to the plant 
N uptake and root-associated denitrification in the 
water column (Keizer-Vlek et  al., 2014; Shen et  al., 
2021). Kiani et  al. (2022) showed that a woodchips 
bioreactor vegetated with floating hook-moss (Warn-
storfia fluitans) had higher NO3-N removal rates 
compared to woodchips bioreactor without moss. 
The N removal rates in the treatment of G. maxima 
and J. effusus in our experiment were higher than 
the mixture of Canna flaccida and J. effusus (0.128 
to 0.214  g d–1  m–2) (White & Cousins, 2013) and 
Iris pseudacorus (0.277  g d–1  m–2) (Keizer-Vlek 
et  al., 2014) grown in WFBs. Moreover, J. effusus 
in our experiment showed two times higher removal 
rates compared to the value reported for this spe-
cies by Chance et  al. (2019). The relatively higher 
N removal rates in our study compared to the above 
mentioned studies could partially be attributed to 
the type of substrate used for constructing floating 
beds. These studies used artificial materials such as 
PVC pipes, chicken wire, Styrofoam mats, solid-core 
foam mats and, plastic cups that do not support the 
denitrification process. On the other hand, woodchips 
enhance the denitrification process by providing a 

large surface area and labile carbon for denitrifying 
bacterial growth (Hellman et  al., 2021), which in 
turn increase the overall NO3-N removal rates in our 
WFB mesocosms. Moreover, NO3-N removal rates in 
unplanted WFBs in our study are comparable to the 
removal rates found in woodchips-based bioreactors 
treating mine effluent (Kiani et al., 2022).

4.2 � Plant Establishment and Net Nitrogen 
Accumulation by Plant Biomass in WFBs

All three macrophyte species planted in WFBs sur-
vived during the 90-day experimental period indi-
cating that our experimental period was sufficient 
for plant establishment. A previous study found that 
11  weeks were sufficient for the root growth and 
adaptation of two macrophyte species, Typha domin-
gensis and Schoenoplectus californicus, in a float-
ing structure (Rigotti et  al., 2021). Several macro-
phyte species tend to establish in WFBs within 4 to 
6 weeks after planting (Chance et al., 2019; Spangler 
et al., 2019b). Moreover, a 10 cm thickness of wood-
chip bed was sufficient to support plant growth as 
we observed both roots and shoot developments in 
all planted WFBs. A previous study including eight 
wetland macrophyte species showed that biomass of 
fibrous- and rhizomatic-roots was highest in shal-
low sediment layers (e.g. between 0 to 15 cm depths) 
(Cheng et al., 2009). More than half of the fine roots 
(root diameter < 2 mm) biomass, providing structural 
support and nutrient transport function to plants, can 
be found in 0 – 10 cm depth (Proctor & He, 2019).

Net total-N accumulation in plant biomass at the 
end of the experiment varied significantly between 
the three studied species that supports our second 
hypothesis (Table  2). In general, net total-N accu-
mulation was highest for J. effusus and lowest for F. 
ulmaria (Table 2). Different N accumulation in plant 
biomass was also observed for a number of emer-
gent macrophytes grown in artificial floating beds for 
treating different types of N-rich water such as mine 
effluent, stormwater, and agricultural runoff (Chance 
et al., 2019; Choudhury et al., 2019a; Spangler et al., 
2019b; White, 2021). There were also significant dif-
ferences in net total-N accumulation in above- and 
belowground biomass of the studied species in our 
study. Aboveground biomass showed higher total-N 
accumulation compared to that of belowground bio-
mass at the end of the experiment. P. cordata and J. 
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effusus also showed higher N accumulation in shoot 
biomass compared to root biomass after 20 weeks of 
experimental growth on floating beds (Chance et al., 
2019) We also observed an interaction effect between 
plant species and plant tissue types (i.e. above- and 
belowground biomass) on N accumulation (Table 2). 
For example, net total-N accumulation in the above-
ground biomass of J. effusus was higher than that of 
G. maxima and F. ulmaria, while net total-N accumu-
lation in belowground biomass of J. effusus was lower 
than G. maxima and as equal to F. ulmaria (Table 2). 
F. ulmaria showed similar net total-N accumula-
tion in both above- and belowground biomass. After 
91  days of experimental growth on floating beds, 
Typha latifolia showed similar total-N accumulation 
in both above- and belowground biomass while I. 
pseudacorus had higher shoot N accumulation com-
pared to that of root (Keizer-Vlek et al., 2014).

In line with our study, the difference in N content 
in plant biomass was also observed between I. pseu-
dacorus, Carex spp., P. australis, T. latifolia and Lyth-
rum salicaria grown on floating beds (reviewed by 
Alberto et al., 2021). N content in above- and below-
ground biomass for these species ranged between 0.68 
– 2.10 (% dry weight) and 1.09 – 2.82 (% dry weight), 
respectively (Alberto et  al., 2021), while N content 
in above- and belowground biomass of F. ulmaria, J, 

effusus and G. maxima in our study ranged between 
0.98 – 1.15 (% dry weight) and 1.09 – 1.28 (% dry 
weight), respectively. Although belowground bio-
mass showed higher N content (% dry weight) than 
that of aboveground biomass, bulk N uptake (g N m−2 
of WFBs) for aboveground biomass was higher com-
pared to that of root biomass (Table  2A). Therefore 
measuring both N content and bulk N accumulation 
in plant biomass is important for the correct choice of 
plant species to grow on WFBs.

Higher bulk N assimilation in aboveground bio-
mass compared to belowground biomass indicates 
the potential of permanent removal of N from water 
through harvesting of vegetation in WFBs. If macro-
phyte biomass on WFBs is not harvested before plant 
senescence, there is a possible risk that the accumu-
lated N will be released into the water column due to 
vegetative die-back (Kröger et al., 2007; Zhao et al., 
2012). Several studies suggested macrophyte harvest-
ing as a management practice to maintain the nutri-
ent removal function of WFBs (Chance et al., 2019; 
Pavlineri et al., 2017; Wang et al., 2014). Macrophyte 
harvesting is recommended when biomass nutrient 
content is the highest during the growth season, for 
example Wang et  al. (2014) suggested harvesting of 
P. cordata in July or August and S. tabernaemon-
tani in October to maximize the nutrient removal 
through biomass harvesting. On the other hand, har-
vesting of J. effuses is recommended in September 
(Chance et al., 2019). Macrophyte harvesting choice 
can also be dependent on species growth character-
istics; for example, J. effusus is an evergreen species 
and therefore, has the potential for nutrient accumu-
lation throughout the year if not harvested (Chance 
et al., 2019). On the other hand, most of the shoots of 
G. maxima die-back in November (Westlake, 1966) 
and will release the nutrient into the water column 
in case biomass harvesting is not performed. Our 
study showed that 0.98 – 2.64 g N could potentially 
be removed from per unit area of WFBs through har-
vesting of aboveground biomass of studied species 
after 91  days of experimental growth. In contrast 
to our results, White and Cousins (2013) reported 
higher bulk N uptake in root biomass compared to 
shoot biomass for J. effusus and C. flaccida grown on 
constructed floating beds. Chang et al. (2012) found 
almost an equal amount of bulk N uptake in root and 
shoot biomass of J. effusus grown on floating beds. 
These contrasting N uptakes by different plant species 

Table 2   A) Nitrogen (total-N) assimilation (mean ± stand-
ard deviation) in different plant tissue (i.e. above- and below-
ground biomass) and B) multifactorial ANOVA testing the 
effect of plant tissue and three studied plant species on biomass 
N assimilation at the end of the experiment

A)
Plant species Plant tissue N assimilation (g N 

m−2)
F. ulmaria Shoot 0.98 ± 0.33

Root 1.06 ± 058
G. maxima Shoot 1.96 ± 0.38

Root 1.37 ± 0.05
J. effusus Shoot 2.64 ± 0.51

Root 1.01 ± 0.24
B)
Variables df F p
Plant species 2 9.42 0.002
Plant tissue 1 19.88 0.000
Plant spe-

cies × Plant 
tissue

2 9.55 0.001
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highlight that species diversity may increase the over-
all plant N uptake (White, 2021), an important eco-
system process, in floating bed treatments.

4.3 � Plant Morphological Study in WFBs

We investigated five important plant morphological 
characteristics related to plant N uptake and denitri-
fication potential. We found a significant difference in 
relative biomass production between the studied spe-
cies that supports our second hypothesis (Table 3). A 
significant difference in relative biomass production 
was also observed among three macrophyte species 
grown on floating beds in the rank of T. dealbata > C. 
indica > Lythrum salicaria (Ge et  al., 2016). Mean 
total (combined above- and belowground biomass) 
relative biomass production in our study was high-
est for G. maxima followed by J. effusus (Table  3). 
F. ulmaria had the lowest relative biomass produc-
tion compared to other species (Table 3). Our result 
highlights that G. maxima is able to establish itself in 
WFBs relatively quickly compared to the other two 
species.

The end aboveground biomass of J. effusus 
(0.23 kg – DW m–2) was significantly higher than G. 
maxima (0.16 kg – DW m–2) and F. ulmaria (0.10 kg 
– DW m–2). The mean standing aboveground bio-
mass of the studied species in our experiment ranged 
within the values (0.04 – 0.30 kg – DW m–2) reported 
for five aquatic plants grown in floating beds in North 
Italy (reviewed by Alberto et  al., 2021). The stand-
ing aboveground biomass of J. effusus found in our 

study is comparable with the biomass production 
of J. effusus (0.24  kg – DW m–2) grown in floating 
beds in a coastal lagoon in the Southern Baltic Sea 
(Karstens et  al., 2021). However, the mean standing 
aboveground biomass of F. ulmaria was lower than 
previous values (0.249 – 0.968  kg-dry weight m–2) 
reported for this species grown in constructed float-
ing beds for three growing seasons (Choudhury et al., 
2019a). Therefore, J. effusus is more suitable to plant 
in WFBs, if the management focus is N removal by 
harvesting macrophyte biomass.

The end root biomass of different species did not 
differ in our experiment (Table  3). Spangler et  al. 
(2019b) found no difference in root biomass among 
Panicum virgatum, Carex stricta, and Agrostis alba 
after 8  weeks of experimental growth on floating 
beds although total (combined root and shoot bio-
mass) plant dry weight differed. In the case of root 
morphologies, we did observe a significant difference 
between the species after about 13 weeks of experi-
mental growth. For example, the mean maximum root 
lengths of G. maxima (77.75 ± 5.43 cm) and J. effusus 
(75.50 ± 4.04 cm) were higher than that of F. ulmaria 
(25.00 ± 2.00  cm). Similarly, the mean specific root 
surface area of G. maxima (6307 ± 1059 cm2 g–DW–1) 
and J. effusus (4609 ± 585 cm2  g–DW–1) was sig-
nificantly higher than that of F. ulmaria (3131 ± 535 
cm2 g–DW–1). Roots lengths for five macrophyte spe-
cies ranged between 15.12 to 24.39 cm after 8 weeks 
of experimental growth on floating beds (Spangler 
et  al., 2019b) while Typha domingensis and Schoe-
noplectus californicus obtained root lengths of 23.28 

Table 3   A) Plant 
morphological 
characteristics (mean ± SD), 
B) One-way ANOVA 
testing the effect of 
three plant species (i.e. 
F. ulmaria, G. maxima 
and J. effusus) on 
plant morphological 
characteristics at the end of 
the study

A)
Plant morphologies F. ulmaria G. maxima J. effusus
Relative biomass production (%) 7.27 ± 17.84 215.05 ± 61.00 67.82 ± 18.45
End shoot biomass (g-DW) 15.02 ± 4.41 25.12 ± 3.98 35.51 ± 6.65
End root biomass (g-DW) 13.55 ± 8.96 16.86 ± 2.51 13.97 ± 3.45
Maximum root length (cm) 25.00 ± 2.00 77.75 ± 5.43 75.50 ± 4.04
SRSA (cm2 g-DW–1) 3131 ± 535 6307 ± 1059 4609 ± 585
B)
Variable F p
Relative biomass production (%) 37.51 0.000
End shoot biomass (g-DW) 15.78 0.001
End root biomass (g-DW) 0.396 0.684
Maximum root length (cm) 159.86 0.000
SRSA (cm2 g-DW–1) 14.31 0.005
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and 14.35 cm, respectively after 11 weeks of experi-
mental growth on floating beds (Rigotti et al., 2021). 
Maximum root length for Carex appressa was meas-
ured as 219 cm after 12 months of growth on float-
ing beds (Schwammberger et al., 2020). This finding 
highlights that root length under floating beds tends 
to increase with time and might vary among different 
species. Our study shows that plants grown in WFBs 
have the potential to facilitate both nutrient uptake 
and denitrification in water columns more than half 
a meter. Moreover, per unit plant roots developed 
under the WFBs have the potential to provide as high 
as 6307 cm2 of surface attachment area for microbial 
growth, thus enhancing denitrification activity in the 
water column.

4.4 � Denitrification Potential of WFBs

We quantified the abundances of denitrifying genes 
on plant roots and woodchips to estimate the deni-
trification potential of woodchips-based WFBs after 
90  days of the experimental period. Microbial com-
munities can be stabilized in wetland microcosms 
within 75 – 100 days while denitrifying bacteria take 
approximately 75 days for their development (Kumar 
et al., 2020; Wang et al., 2016 and references therein). 
Therefore, we expect that the denitrifying bacte-
rial community in woodchip floating beds as well 
as in plant roots were well established at the end of 
our experiment. In general, we detected denitrifying 
genes i.e. nirS, nirK, nosZI, and nosZII on plant roots 
as well as on woodchips in all WFBs.

Previous studies showed a positive correlation 
between potential denitrification activity on plant 
roots and denitrifying gene abundances of nirS, nirK, 
and nosZI associated with plant roots in constructed 
wetlands (Hallin et al., 2015; Yao et al., 2023). The 
abundances of denitrifying genes were consistently 

higher on plant roots compared to that of woodchips 
for nirS, nirK, nosZI, and nosZII, respectively in sup-
port of our third hypothesis (Table  4; Fig.  3). The 
mean abundances of nirK, nirS, nosZI and nosZII on 
plant roots were 25.42 × 108, 16.79 × 108, 6.94 × 108 
and 5.10 × 108 (gene copies per g-DW roots), respec-
tively while on woodchips the abundances were 
27.8 × 107, 8.11 × 107, 6.79 × 107 and 3.02 × 107 for 
nirK, nirS, nosZI and nosZII, respectively. We spec-
ulate that plant roots can provide a higher amount 
of labile organic carbon to microbes than wood-
chips, resulting in a higher abundance of denitri-
fying genes on root biomass compared to wood-
chips (Chen et al., 2014). This might also explain a 
higher N removal trend in planted WFBs compared 
to unplanted WFBs. In a previous column experi-
ment treating nitrate-rich mine effluent with dried 
shoots of Carex rostrata, dried barley straw and, pine 
woodchips, Hellman et al. (2021) consistently found 
higher abundances of denitrifying genes (i.e. nirK, 
nirS, nosZI, and nosZII) on plant substrate compared 
to woodchips. Moreover, the bacterial community 
diversity (Shannon’s diversity index) on plant sub-
strates (e.g. dried shoots of C. rostrate and barley 
straw) was significantly higher than on woodchips 
(Hellman et al. 2021). Therefore, substrate types i.e. 
plant roots and woodchips of WFBs may have a var-
ying effect on the denitrification potential of WFBs. 
Moreover, abundances of nirK, nirS, and nosZI genes 
on the roots of all three species in our experiment 
were much higher compared to the abundances of 
similar genes (6.20 × 108, 2.90 × 108 and 4.02 × 108 
for nirK, nirS, and nosZ genes, respectively) quanti-
fied on the roots of Canna indica in WFBs (Zhang 
et al., 2018). In contrast to our second hypothesis, we 
did not observe any difference between plant species 
on denitrifying gene abundances in our experiment 
(Table 4; Fig. 3). However, there was an interaction 

Table 4   Two-way ANOVA considering the effect of plant species (F. ulmaria, G. maxima and J. effusus) and substrate (roots and 
woodchips) on the abundance (gene copies per g dry weight of substrate) denitrification genes in WFBs

Variable Species Substrate Species × Substrate

F p F p F p

nirK 1.40 0.271 28.79 0.000 3.85 0.041
nirS 1.00 0.385 64.82 0.000 4.00 0.036
nosZI 0.44 0.647 16.46 0.001 1.85 0.185
nosZII 0.87 0.434 26.93 0.000 3.34 0.058
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effect of plant species and substrate types (i.e. wood-
chips and plant roots) on abundances of denitrifying 
genes nirK and nirS. In the case of nirK, J. effusus 
and G. maxima had higher gene abundances on roots 
compared to woodchips while F. ulmaria showed no 
difference between roots and woodchips (Fig. 3A). In 
the case of abundance of nirS on woodchips, there 
was no difference between the species, while J. effu-
sus and G. maxima had higher nirS genes on roots 
compared to that of F. ulmaria (Fig. 3B). Although 
not significant, we found that denitrifying gene abun-
dances on woodchips were higher in WFBs planted 
with F. ulmaria compared to J. effusus and G. max-
ima (Fig. 3 A-D). This can be attributed to the differ-
ence in root growth strategies of studied species. We 
observed that most of the root biomass for F. ulmaria 
developed in the jute bags entangled with the wood-
chips, while for the other two species roots mainly 
developed below the jute bags in the water column 
with relatively less contact with woodchips. There-
fore, it can be assumed that the denitrifying genes 
were more evenly distributed on roots and wood-
chips in WFBs planted with F. ulmaria resulting in 
higher abundances of denitrifying genes on wood-
chips compared to J. effusus and G. maxima. Dif-
ferent root growth strategies as well as different root 
lengths of selected species highlight that enhanc-
ing species diversity should increase the overall N 
removal efficiency of floating beds. Besides denitri-
fying bacteria, woodchips can harbor a diverse com-
munity of microbes and fungi as shown in studies 
treating aquaculture effluents (Aalto et al., 2022) and 
agricultural drainage water (Jéglot et al., 2021) with 
woodchips bioreactors. Fungi can be pathogenic to 
their host plants and might affect the plant produc-
tivity negatively, especially in plant monocultures 
(Mommer et  al., 2018). However, such interaction 
is not reported for plant species grown on woodchip 
substrate (Audet et  al., 2021; Fatehi-Pouladi et  al., 
2020). Any detrimental microbial growth on wood-
chips and its subsequent effects on plant roots should 
be tested in future studies.

5 � Final Remarks

Our study highlights that WFBs made of woodchips 
and jute sheets are feasible for cultivating emer-
gent aquatic plants and enhancing nitrate removal 
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denitrifying genes, A nirK, B nirS, C nosZI and (D) nosZII on the plant 
roots and woodchips in the woodchips-based floating beds (WFBs) at 
the end of the experiment
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from water through plant N uptake and associated 
denitrification as reflected by the abundances of 
nirS, nirK, nosZI, and nosZII genes on plant roots 
and woodchips. All three plant species tested in our 
experiment survived during the experimental period 
and showed growth potential, especially G. maxima 
and J. effusus. Our study showed that installing 
WFBs planted with studied species in water bod-
ies makes it possible to facilitate denitrification in 
water columns up to 75 cm depth by creating large 
habitats for denitrifying microbes. Moreover, in our 
experiment, net total-N uptake, plant biomass pro-
duction, and N removal rates from water by WFBs 
showed comparable results with other studies. It 
could be emphasized here that floating beads made 
of environment-friendly material such as woodchips 
and jute sheets have similar nitrate removal poten-
tial compared to other variants of floating beds that 
are made of artificial materials such as plastic. We 
have conducted our experiment for one growth sea-
son. If planted floating beds are operated for more 
than one season, biomass harvesting should be 
considered to reduce the risk of nutrient release 
into water through plant die-back. The difference 
in studied species on N uptake, plant characteris-
tics related to N cycling, and higher abundances of 
denitrifying genes on roots compared to woodchips 
highlight that we should maintain species diversity 
in WFBs to improve overall N removal from water. 
Therefore, future studies should include multiple 
species combinations and investigate their effects 
on plant N assimilation, biomass accumulation, 
and denitrification processes. It should also be con-
sidered that WFBs could release dissolved organic 
carbon (DOC) at initial stage (McLaughlan & Al-
Mashaqbeh, 2009) causing brownification in water 
column. This can temporarily hamper growth of 
submerged aquatic plants in wetlands (Choudhury 
et al., 2019b). Besides N removal from water, future 
studies should also investigate the cost-effectiveness 
and longevity of such treatment methods. Our study 
does not allow us to do a detailed cost analysis since 
the WFBs were constructed at the laboratory and 
the experiment was run at a university greenhouse 
facility with locally collected plant species. Consid-
ering only the expenses of construction materials, 
the cost for 1m2 of WFBs was around $37. Wood-
chips bioreactor treating agricultural drainage water 

estimated 1.66  cm annual loss of woodchips layer 
(Plauborg et  al., 2023). Accordingly, our WFBs 
should last more than six years if no woodchips are 
added. Considering WFB’s minimum woodchips 
thickness of 3 cm, it is required to add 0.07 m3 of 
woodchips per m2 of WFB every 4th year. However, 
long-term in  situ studies are necessary to make a 
realistic life cycle cost analysis (LCCA) of the WFB 
method. The potential removal of other elements 
such as P and heavy metals, as well as other ecosys-
tem services related to WFBs should also be inves-
tigated in future studies.
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