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Abstract
Recent land-use changes have led to a significant loss of natural wetlands worldwide resulting in increased amounts of organic 
and inorganic compounds reaching lakes and coastal areas. In turn, this has led to an increased algal growth, and subsequently 
the risk of algal blooms and deteriorated water quality. The capacity of wetlands to retain nutrients is well-known, sug-
gesting that constructed wetlands may be a potential management strategy to mitigate algal blooms in downstream waters, 
although little is known about seasonal variation in reduction of algal growth potential. Therefore, in a long-term study, we 
experimentally evaluated the efficiency of seven wetlands to reduce the algal growth potential by comparing the growth in 
cultures containing 50:50 wetland water from the inlet or outlet and water from a eutrophic lake as a standard inoculum. 
We show that the majority of the wetlands have a considerable potential to reduce algal growth potential, with up to 89% 
for cyanobacteria and 73% for green algae. However, there were strong temporal variations in efficiency within, as well as 
between wetlands. Specifically, we show that the potential to reduce algal growth (standardized conditions) was generally 
higher in winter than in summer. In addition, the wetlands showed different efficiency in reducing the growth potential of 
cyanobacteria and green algae. Taken together, our results show that wetlands have a considerable potential to reduce algal 
growth potential, suggesting that they are an efficient local-scale tool in reducing the risk of algal blooms especially from 
a future climate change perspective.
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Introduction

Global land-use changes caused by rapidly growing human 
populations have led to a significant loss of natural wet-
lands, which have been transformed into arable, forested, or 
urban land (Paludan et al. 2002; Zedler 2003; Hansson et al. 
2005). This intensified land use, together with eutrophica-
tion, brownification and climate change have led to increas-
ing amounts of organic and inorganic compounds reaching 
lakes and coastal areas (Ekvall et al. 2013; Wolfe et al. 2013; 

Taranu et al. 2015; Kritzberg et al. 2020; Luimstra et al. 
2020; Galloway and Cowling 2021).

The import of both organic and inorganic compounds 
inevitably increases nutrient availability, which is a main 
factor determining the growth potential of phytoplankton 
(Anderson et al. 2002; Merel et al. 2013; Beusen et al. 2016; 
Wurtsbaugh et  al. 2019). Consequently, phytoplankton 
growth has increased in lakes and oceans, often resulting 
in algal blooms, thus water quality has been reduced world-
wide (Heisler et al. 2008; Li and Hong 2011). More specifi-
cally, nitrogen (N) and phosphorus (P) are often the limiting 
nutrients for algal growth and therefore these nutrients are 
frequently used as key indicators in predicting algal biomass 
(Tilman et al. 1982; Sterner and Hessen 1994; Dodds 2006; 
Li and Persson 2018).

In all aquatic systems, phytoplankton are an essential part 
of the ecosystem, constituting the base of the food web and 
accounting for almost half of the global primary produc-
tion (Field et al. 1998; Behrenfeld et al. 2001). Excess algal 
biomass strongly affects ecosystem services provided by 
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lakes, the quality of the raw water and the drinking water 
production (e.g., by clogging filters, by producing cyanotox-
ins, causing bad taste and odor, all of which, leads to higher 
costs due to disinfection) (Willen 2001; Delpla et al. 2009; 
Merel et al. 2010; Ewerts et al. 2013). Since many bloom-
forming phytoplankton taxa, such as cyanobacteria, produce 
toxins, they are also often harmful to aquatic, as well as ter-
restrial organisms, including humans (Cronberg et al. 1988; 
Jonasson et al. 2010; O’Neil et al. 2012; Ekvall et al. 2013; 
Carmichael and Boyer 2016; Hagman et al. 2019).

Since wetlands are well known to increase the retention 
of both N and P, they are often used as a tool to improve 
water quality (Johnston 1991; Mitsch et al. 1995; Zedler 
2003; Koskiaho et al. 2003; Vymazal 2007; Cheng et al. 
2020). Several ecosystem services are provided by wet-
lands, such as reducing nutrient concentrations by acting 
as nutrient traps, retaining sediment, increasing biodiver-
sity, and improving the recreational potential. As a result 
of the multiple services provided, there is an increasing 
interest in restoring and constructing wetlands. In turn, 
this might offer an option to reduce or even reverse the 
eutrophication process (Mitsch et al. 1995; Koskiaho et al. 
2003; Zedler 2003; Hansson et al. 2005; Hoffmann and 
Baattrup-Pedersen 2007), suggesting that wetland con-
struction may be a potential management strategy to miti-
gate algal blooms. For example, a recent inventory of wet-
land efficiency concluded that an increase of only 10% of 
wetland area may double the N retention at the landscape 
scale (Cheng et al. 2020), providing incentive for policy 
decisions regarding wetland restoration and construction. 
Multiple studies have focused on the nutrient reduction 
of wetlands, whereas data is still scarce on the potential 
to reduce algal blooms and especially how this potential 
varies at the local scale and over time. Here, we evaluated 
wetlands as a local scale management effort for reduc-
ing algal growth potential in a long-term study including 
seven wetlands.

By retrieving water from the in- and outflows of each 
wetland and allowing the algae to grow at standardized con-
ditions (20 °C), we aimed to evaluate the potential efficiency 

of each wetland to reduce algal growth irrespective of tem-
perature constraints, with standardized light and without 
grazing pressure from zooplankton (here defined as “algal 
growth potential”). We also aimed to assess the temporal 
variation in reducing the algal growth potential. As such, 
the study was performed over 18 months, covering both 
winter and summer conditions. We hypothesized that the 
algal growth potential should be lower in the outflow than 
in the inflow of the wetlands. Hence, in a broader context 
we expected that wetlands situated upstream of a lake or 
reservoir should reduce the growth potential of algae and 
thereby mitigate algal blooms.

Materials and Methods

Seven constructed wetlands with catchment areas of differ-
ing sizes and land use (Table 1) were chosen for quantifica-
tion of the algal growth potential in the water from in- and 
outflows. The wetlands are located in Kristianstad, Lund and 
Eslöv municipalities in southern Sweden (Table 1) and were 
sampled once a month for 18 months, from April 2020 to 
September 2021. Three liters of water were collected from 
the inflow and outflow of each wetland, to be used in the 
experimental set-up. Once a month (in conjunction with the 
monthly sampling of the wetlands) 10 L of water from Lake 
Ringsjön was collected, as a standardized algal inoculum. 
Lake Ringsjön, southern Sweden (55.8642° N, 13.5560° E), 
is a eutrophic lake with a total phosphorus (TP) concentra-
tion of 58 µg L− 1 and a total nitrogen (TN) concentration 
of 1 mg L− 1 (yearly means 2020) (Miljödata-MVM 2021). 
No additional nutrients were added to the experiment. The 
collected water from the wetlands and Lake Ringsjön was 
filtered through a 50 μm mesh to remove grazing zooplank-
ton. Additionally, 40 ml of water was collected in two acid-
washed 50 ml centrifuge tubes (Falcon, Corning, USA) for 
nutrient analysis. TP was measured with the molybdate 
reactive phosphorus (MRP) method (Menzel and Corwin 
1965). TN was measured at the Laboratory of Instrumental 

Table 1   Characteristics of the 
seven wetlands included in the 
study, including position, year 
of construction, main land use, 
area, and maximum depth

Wetland Coordinates (WGS84) Con-
structed 
(year)

Main catchment Water area (ha) Max depth (m)

Viderup N55.770056° E13.304722° 2005 Agriculture 2.5 1.1
Fjelkner N55.967916° E14.261377° 2018 Agriculture 2.5 1.2
Toarp N55.948674° E13.861934° 2017 Forest 1.29 2.0
Lommarp N56.093608° E13.854769° 2012 Agriculture 0.75 2.0
Gårdsstånga N55.768283° E13.309819° 2002 Agriculture 3 1.5
Venestad N55.990851° E13.924788° 2017 Forest 2.4 1.4
Ljungen N55.937135° E13.941437° 2017 Agriculture 0.78 1.0
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Chemistry managed by the department of Biology, Lund 
University, using a TOC V-CPH/CPN (Shimadzu) with the 
method Non-Purgeable Organic Carbon (NPOC).

It should be noted that some wetlands could not be sam-
pled due to drought during summer and early fall, and some 
were completely frozen during winter. Therefore, no algal 
growth potential is presented for such sampling dates. The 
wetlands were also not sampled if the water was stagnant in 
the in- or outflow of the wetland (i.e. only data from sam-
pling occasion where water was flowing through the wetland 
were analyzed).

Experimental Set‑Up

A culture experiment was set up once a month and run for 14 
days to quantify the algal growth potential. Water from the 
in- or outflow of the wetlands (100 ml 50 μm filtered) were 
mixed in a 50:50 ratio with Lake Ringsjön water (100 ml, 
50 μm filtered), serving as standardized inoculum of algae 
present in the lake at each sampling occasion. The volume 
was then adjusted to 160 ml in each culture flask (260 ml 
Thermo Scientific™ EasyFlask™ (New York, USA)).

There were four replicates for the inflow and outflow, 
respectively, of the seven wetlands, adding up to a maximum 
of 56 cultures for each sampling date. The total chlorophyll-
a and biomasses of cyanobacteria and green algae were 
assessed in all replicates at day 0 and day 14 of the experi-
ment using an Algae Lab Analyser (ALA, bbe Moldaenke). 
We focused our analysis on cyanobacteria and green algae 
since those groups are generally the main problem with 
respect to toxins (cyanobacteria) and nuisance biomass 
(green algae and cyanobacteria). In order to mechanistically 
address the difference in growth potential of algae in the 
in- and outflow during both summer and winter conditions, 
the experiment was run in a culture room with a 12 h:12 h 
light:dark cycle and a constant temperature of 20 °C with 
an average light intensity of 159 µmol m− 2 s− 1. All replicate 
culture flasks were lightly agitated and ventilated twice a 
week. The cultures were placed randomly under the light 
source and repositioned randomly after ventilation.

Data Analyses

To quantify the change in algal growth potential through 
each wetland, the difference in algal concentration (total 
chlorophyll-a, cyanobacteria, and green algae) between the 
in- and outflow was calculated at the end of the experiment 
(day 14). Specifically, the algal growth potential was calcu-
lated by subtracting the algal concentration at day 0 from the 
concentration at day 14, for the in- and outflow, respectively. 
At times the subtraction of day 0 led to a negative value for 
some of the replicates (i.e., the algae did not grow during 
the 14 days of incubation), the growth was then set to zero. 

Thereafter, the change in algal growth potential between 
the in- and outflow was calculated by subtracting the algal 
growth potential from the outflow with that from the inflow. 
Hence, if a wetland is efficient in providing the ecosystem 
service of reducing the potential for algae to grow, the differ-
ence in algal concentration between out- and inflow after 14 
days would be negative. All statistical analyses were carried 
out using GraphPad Prism 9. A two-way analysis of variance 
(ANOVA) for algal growth potential in each wetland was 
performed, with multiple comparisons between the in- and 
outflow for each month. Due to occasional missing values, 
one wetland (Viderup) was analyzed using a mixed model 
with multiple comparisons. Greenhouse-Geisser correction 
was used to assess within-subject effects when an indication 
that assumptions of sphericity were violated. An un-paired 
t-test was performed for each wetland, to determine if there 
was a seasonal difference in the wetland´s ability to reduce 
TP and TN, respectively.

Results

The concentration of total chlorophyll-a showed only modest 
difference between the inflow and outflow of the wetlands at 
day 0, but the concentration was generally higher in the out-
flow than in the inflow. At day 14, total chlorophyll-a con-
centrations were generally higher during winter in all wet-
lands (Fig. 1), even though the phytoplankton biomass was 
lower at the start of the experiment (day 0; Fig. S1). In four 
of the wetlands (Fjelkner, Toarp, Lommarp and Viderup) 
concentrations were generally higher in the inflow. Excep-
tions from this pattern occurred mainly during spring and 
early summer (March to June). The concentrations of green 
algae and cyanobacteria varied seasonally in the wetlands 
(Fig. S2), as well as in Lake Ringsjön (Fig. S3), generally 
with higher concentrations during summer than winter. Dur-
ing early spring there was generally an increase in green 
algae, followed by a decrease during mid to late summer 
when there was an increase in cyanobacteria instead.

There was a significant effect of location and time for 
most of the wetlands for total chlorophyll-a, green algae, 
and cyanobacteria (Table 2), indicating that there is a sig-
nificant difference between in- and outflow, as well as a sea-
sonal variation in reduction of the algal growth potential. 
However, the interaction between time and location for total 
chlorophyll-a, green algae and cyanobacteria was only sig-
nificant for the wetland Viderup.

The difference in growth potential of green algae varied 
considerably after 14 days of incubation, from an increase 
of 76 µg L− 1 to a reduction of 113 µg L− 1 (Fig. 2). However, 
most wetlands reduced the growth potential of green algae 
(Fig. 2). Exceptions from this pattern occurred mainly in 
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Fig. 1   The concentrations of 
total chlorophyll-a (µg/l) in the 
inflow and outflow of the seven 
wetlands (n = 4), at the end of 
the experiment (day 14) over 
18 months. NA indicates that 
water was not collected due to 
drought (summer) or the water 
being frozen (winter). The 
seven wetlands are Viderup 
(A), Fjelkner (B), Toarp (C), 
Lommarp (D), Gårdstånga (E), 
Venestad (F) and Ljungen (G). 
Note the difference in scale for 
B, E and G. The x-axis repre-
sents the months of sampling 
and experimental set-up, start-
ing with April 2020 and ending 
with September 2021
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spring and early summer (March to June). Some wetlands 
showed strong fluctuations in efficiency over time (Fig. 2).

Cyanobacteria were mainly present during summer and 
fall and the differences in growth potential of cyanobacteria 
between out- and inflow were far lower than for green algae, 
ranging between an increase of 0.9 µg L− 1 and a reduction 
of 3.1 µg L− 1 (Fig. 3). Most wetlands varied considerably 
over time in their efficiency to reduce cyanobacterial growth 
potential, but Fjelkner, Lommarp, Venestad and Ljungen 
reduced the growth potential of cyanobacteria for most sam-
pling time points (Fig. 3).

There was an overall reduction in green algae growth 
potential over the 18 months, except for Gårdstånga, Ven-
estad and Ljungen (Fig. 4), which had an overall increase 
in algal growth potential. There was generally a reduc-
tion in the growth potential of total chlorophyll-a for the 
wetlands, with only two wetlands showing an increase in 
growth potential (Gårdstånga & Venestad; Fig. 4). The over-
all growth potential for cyanobacteria was reduced in all 
wetlands except for Gårdstånga (Fig. 4).

In addition to showing that the wetlands generally, and 
especially during winter, reduced the overall chlorophyll 
level, our analysis of algal growth potential shows that wet-
lands differed in their efficiency in reducing different algal 
taxa. For example, Viderup reduced green algae, but was 
less efficient at reducing cyanobacteria, whereas Venestad 
was generally efficient in reducing the growth potential of 
cyanobacteria, but not green algae.

The wetlands retained nutrients equally efficient irrespec-
tive of season (April to September versus October to March, 
un-paired t-test > 0.05 for all wetlands, Figs. S4 and S5). 
Generally, the wetlands were P limited during winter and 
spring and N limited during summer and autumn, except for 
Lommarp, which was generally limited by P throughout the 
study period (Table 3).

Discussion

During recent decades, the restoration of old wetlands and 
construction of new ones has become a common tool in 
managing and counteracting nutrient-rich runoff (Cheng 
et al. 2020). By decreasing nutrient levels in the water, 

wetlands may also reduce algal growth. However, little 
is known about the temporal and spatial variations in the 
efficiency of wetlands to reduce algal growth potential and 
how to optimize their function to counteract algal blooms in 
lakes and oceans. Our results clearly show that constructed 
wetlands situated upstream of a lake or ocean can reduce 
algal growth potential and thereby mitigate algal blooms 
downstream (Fig. 4).

The efficiency in reducing algal growth potential of green 
algae among wetlands differed considerably. However, 61% 
of the monitored wetlands reduced algal growth potential 
in more than 63% of sampling occasions. Only two wet-
lands (29%, Ljungen and Venestad) were inefficient most 
of the time and rarely reduced green algal growth poten-
tial. Although the wetland Gårdstånga generally reduced 
the growth potential of total chlorophyll-a and green algae 
(Fig. 2), the overall effect during 18-month sampling period 
was instead an increase in growth potential (Fig. 4). Most 
wetlands (86%) reduced the growth potential of cyanobacte-
ria, at least 50% of the time. Only one wetland (Viderup) was 
irregular in its reduction of growth potential of cyanobac-
teria, although the overall effect was a reduction in growth 
potential (Fig. 4). Only one wetland (Gårdstånga) had an 
overall increase in growth potential of cyanobacteria. These 
results suggest that most wetlands are efficient in reducing 
the risk of algal blooms irrespective of season. Overall, the 
growth of cyanobacteria during the experiments was low, 
which could be due to that they were outcompeted by faster 
growing green algae that were released from grazing pres-
sure by zooplankton during the experiments. It should also 
be noted that in our experimental set-up, where temperature 
and grazer effects were standardized, the wetlands were 
more efficient in reducing algal growth potential during 
winter.

In addition, our results showed that wetlands differ in 
their efficiency in reducing the growth potential of different 
algal taxa. For example, Viderup reduced green algae, but 
rarely cyanobacteria, whereas Venestad was generally effi-
cient in reducing growth potential of cyanobacteria, but not 
green algae. The reasons for these differences are unknown 
but indeed deserve future research. There were also tem-
poral variations in the efficiency of reducing different algal 
taxa, where the growth potential of cyanobacteria increased, 
whereas it decreased for green algae and vice versa (for 
example July and September 2021 for Fjelkner Figs. 2 and 
3). The difference in wetland efficiency when it comes to 
reducing different algal taxa could be connected to the nutri-
ent concentrations, since N and P often limit phytoplankton 
growth and abundance, as well as affect phytoplankton com-
munity composition (Tilman et al. 1982; Sterner and Hessen 
1994; Dodds 2006; Bergström 2010; Li and Persson 2018).

In systems where N is the limiting resource for phyto-
plankton growth, N-fixing cyanobacteria can increase since 

Fig. 2   Growth potential of green algae (difference in biomass, µg/l 
between out- and inflow at the end of the experiment) for seven wet-
lands, Viderup (A), Fjelkner (B), Toarp (C), Lommarp (D), Gård-
stånga (E), Venestad (F) and Ljungen (G). Negative values indicate 
that the wetland reduced the growth potential. NA indicates that 
water was not collected due to drought (summer) or the water being 
frozen (winter). NG denotes no growth of green algae from day 0 
to day 14. Significant differences between the in- and outflow are 
marked with an asterisk. Note the difference in scale for A, B and E. 
The x-axis represents the months of sampling and experimental set-
up, starting with April 2020 and ending with September 2021

◂
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Fig. 3   Growth potential of 
cyanobacteria (difference in 
biomass, µg/l between out- and 
inflow at the end of the experi-
ment) for the seven wetlands, 
Viderup (A), Fjelkner (B), 
Toarp (C), Lommarp (D), 
Gårdstånga (E), Venestad (F) 
and Ljungen (G). Negative 
values show that the wetland 
reduces the growth potential. 
NA indicates that water was not 
collected due to drought (sum-
mer) or the water being frozen 
(winter). NG denotes no growth 
of cyanobacteria from day 0 to 
day 14 whilst NC denotes no 
cyanobacteria present for that 
month. Significant differences 
between the in- and outflow are 
marked with an asterisk. Note 
the difference in scale for A, B 
and D. The x-axis represents 
the months of sampling and 
experimental set-up, starting 
with April 2020 and ending 
with September 2021
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Fig. 4   Average difference in (A) 
total chlorophyll-a (µg/l) and 
green algae (µg/l), respectively; 
and (B) cyanobacteria (µg/l) 
between the inflow and outflow 
during the 18-month sampling 
period, for the seven wetlands. 
Generally, the wetlands reduced 
the growth potential both 
assessed as total chlorophyll-
a, green algae, and cyano-
bacteria. Exceptions are the 
wetlands Ljungen, Gårdstånga 
and Venestad regarding total 
chlorophyll-a and green algae. 
Only Gårdstånga increased the 
algae growth potential for total 
chlorophyll-a, green algae, and 
cyanobacteria. Cyanobacteria 
is presented in a separate graph 
due to lower abundances com-
pared to green algae
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Table 3   To visualise if the wetlands were limited by nitrogen (N) or phosphorus (P) over the18-month sampling period, shown with colors indi-
cating if the N:P ratio is above (P-limited, shown in yellow) or below (N-limited, shown in green) 16:1

Gårdstånga Ljungen Fjelkner Lommarp Toarp Venestad Viderup
Month In Out In Out In Out In Out In Out In Out In Out
April 2020

May 2020

June 2020

July 2020

August 2020

September 2020

October 2020

November 2020

December 2020

January 2021

February 2021

March 2021

April 2021

May 2021

June 2021

July 2021

August 2021

September 2021

The wetlands were generally P-limited during winter and spring and N-limited during summer and autumn. Boxes without a color indicate that 
water could not be collected because the wetlands were dry during summer or completely frozen during winter
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they utilize N from the atmosphere and then take advantage 
of the excess P (Schindler et al. 2008). Hence, for cyano-
bacteria, P may set the capacity for growth and abundance 
in most wetlands (Schindler et al. 2008; Carvalho et al. 
2013; Li and Persson 2018), whereas a few studies have 
shown that green algae are generally limited by N (Yeesang 
and Cheirsilp 2011; Smith and Lee 2012). When there is a 
high N:P ratio, that is a P limitation, in the wetlands during 
winter and spring (Table 3), there were generally no cyano-
bacteria present. Instead, cyanobacteria were present dur-
ing summer and autumn when the N:P ratio generally was 
low. The N:P ratio did not seem to affect the presence of 
green algae in the wetlands. However, the highest reduction 
in growth potential for green algae was generally reached 
during winter (Fig. 2), when the N:P ratio in the wetlands 
were generally high, thus there was a higher concentration 
of N in relation to P. However, our study was not designed 
for a more detailed analysis of the effects from stoichio-
metric variations.

The observation that some of our constructed wetlands 
dried up during summer is of considerable importance given 
the ongoing climate warming, likely leading to enhanced 
levels of evaporation and more frequently dried-out wet-
lands. The seasonal variation in temperature generally affects 
nutrient uptake and release rates of nutrients in wetlands. 
Constructed wetlands have been shown to have maximum 
efficiency for nitrate removal during summer (Spieles and 
Mitsch 2000), which is a result of higher rates of microbial 
activity and macrophyte growth during the growing season 
(spring and summer) (Scholz and Lee 2005; Yang et al. 2016; 
Nilsson et al. 2020). On the contrary, our results, performed 
at standardized conditions with respect to light and tempera-
ture, showed that the wetlands are more efficient in reducing 
algal growth potential during winter than summer. Despite 
the wetlands being more efficient during winter (removing 
temperature restrictions), there were no significant difference 
in reduction of nutrient concentrations between winter and 
summer in the wetlands (Figs. S4 and S5). Hence, wetlands 
seem to be able to efficiently reduce nutrient concentrations 
even in winter, although the phytoplankton biomasses were 
low (Fig. S1). Moreover, low phytoplankton biomass in the 
wetlands during winter, and thereby clearer water, may have 
improved the light penetration, allowing periphytic algae at 
the bottom to grow (Hansson 1988; Hansson 1992; Vadebon-
coeur et al. 2014). Hence, a possible mechanistic explanation 
for high nutrient retention in winter may be that an increase 
in periphytic algae bind nutrients in the wetlands, leading to 
a reduction in nutrient concentrations. However, it is beyond 
the scope of our study to evaluate the periphyton growth and 
its influence on the ability of wetlands to affect nutrient reten-
tion. The implications of this mechanistic finding are mainly 
that in a future climate warming situation, there is a consider-
able potential of constructed wetlands to be even more useful 

as tools to counteract the increasing risk of algal blooms in 
lakes and oceans.

The reduction of nutrients by wetlands (Johnston 1991; 
Koskiaho et al. 2003; Zedler 2003; Vymazal 2007; Cheng 
et al. 2020) is potentially the main factor determining algal 
growth. This is supported by our results, as the majority 
of the wetlands had the capability to reduce algal growth 
potential. However, there were temporal fluctuations within, 
as well as among wetlands. Despite the strong fluctuations, 
there was a pattern showing that some wetlands can reduce 
the algal growth potential between in- and outflow with up 
to 89% for cyanobacteria and 73% for green algae, whereas a 
minority of the wetlands were inefficient, and even increased 
the growth potential between in- and outflow. Based on this 
we conclude that wetlands are generally efficient as a local 
scale management tool to reduce nutrient concentrations and 
algal growth potential even in winter, which in a climate 
change context of prolonged growth seasons and warmer 
temperatures may be of importance. Hence, if the water from 
a catchment passes through a wetland situated upstream of 
a lake, the algal growth potential in the lake is in most cases 
significantly reduced. From a broader perspective this is of 
considerable importance for the water quality and the eco-
system services provided by downstream lakes, rivers, and 
coastal areas, indeed providing management incentives for 
restoring and constructing wetlands in the landscape.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13157-​022-​01640-9.

Acknowledgements  We thank Andreas Jezek who assisted with iden-
tifying wetlands and connecting with landowners. We also thank Kevin 
Jones, Hannah Easdon, Romana Salis and Aitana Ralda Corfas for 
assistance with field sampling and experimental set-up. In addition, 
we thank Anders Persson for statistical support.

Author Contributions  AB, LAH and JS conceived the ideas and 
designed methodology. AB and JS collected the data and performed 
the experiments. AB analyzed the data with input from LAH and JS. 
AB led the writing of the manuscript. All authors contributed critically 
to the drafts and gave final approval for publication.

Funding  Open access funding provided by Lund University. Funding 
was provided by the Swedish Research Council FORMAS and from 
Sydvatten/Sweden Water Research (SWR). 

Data Availability  The raw data will be uploaded to Dryad upon accept-
ance. The data is available from the authors upon request.

Declarations 

Competing Interests  The authors have no financial interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 

Page 10 of 12123

https://doi.org/10.1007/s13157-022-01640-9


Wetlands (2022) 42:123

1 3

included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Anderson DM, Glibert PM, Burkholder JM (2002) Harmful algal 
blooms and eutrophication: nutrient sources, composition, and 
consequences. Estuaries 25:704–726

Behrenfeld MJ, Randerson JT, McClain CR, Feldman GC, Los SO, 
Tucker CJ, Falkowski PG, Field CB, Frouin R, Esaias WE, Kol-
ber DD, Pollack NH (2001) Biospheric primary production dur-
ing an ENSO transition. Science 291:2594–2597

Bergström AK (2010) The use of TN:TP and DIN:TP ratios as indi-
cators for phytoplankton nutrient limitation in oligotrophic lakes 
affected by N deposition. Aquatic Sciences 72:277–281

Beusen AHW, Bouwman AF, van Beek LPH, Middelburg JJ (2016) 
Global riverine N and P transport to ocean increased during 
the 20th century despite increased retention along the aquatic 
continuum. Biogeosciences 13:2441–2451

Carmichael WW, Boyer GL (2016) Health impacts from cyanobacte-
ria harmful algae blooms: implications for the North American 
Great Lakes. Harmful Algae 54:194–212

Carvalho L, McDonald C, de Hoyos C, Mischke U, Phillips G, Borics 
G, Poikane S, Skjelbred B, Solheim AL, van Wichelen J, Car-
doso AC (2013) Sustaining recreational quality of european 
lakes: minimizing the health risks from algal blooms through 
phosphorus control. Journal of Applied Ecology 50:315–323

Cheng FY, van Meter KJ, Basu NB (2020) Maximizing US nitrate 
removal through wetland protection and restoration. Nature 
588:625–630

Cronberg G, LindmarkK G, Bjork S (1988) Mass development of 
the flagellate gonyostomum-semen (Raphidophyta) in swedish 
forest lakes - an effect of acidification. Hydrobiologia (Incor-
porating JAQU) 161:217–236

Delpla I, Jung AV, Baures E, Clement M, Thomas O (2009) Impacts 
of climate change on surface water quality in relation to drink-
ing water production. Environment International 35:1225–1233

Dodds WK (2006) Eutrophication and trophic state in rivers and 
streams. Limnology and Oceanography 51:671–680

Ekvall MK, Martin JD, Faassen EJ, Gustafsson D, Lurling M, Hans-
son LA (2013) Synergistic and species-specific effects of cli-
mate change and water colour on cyanobacterial toxicity and 
bloom formation. Freshwater Biology 58:2414–2422

Ewerts H, Swanepoel A, du Preez HH (2013) Efficacy of conven-
tional drinking water treatment processes in removing prob-
lem-causing phytoplankton and associated organic compounds. 
Water Sa 39:739–749

Field CB, Behrenfeld MJ, Falkowski P (1998) Primary production of 
the biosphere: integrating terrestrial and oceanic components. 
Science 281:237–240

Galloway JN, Cowling EB (2021) Reflections on 200 years of Nitro-
gen, 20 years later this article belongs to Ambio’s 50th anni-
versary Collection. Theme: Eutrophication Ambio 50:745–749

Hagman CHC, Skjelbred B, Thrane JE, Andersen T, de Wit HA 
(2019) Growth responses of the nuisance algae Gonyosto-
mum semen (Raphidophyceae) to DOC and associated altera-
tions of light quality and quantity. Aquatic Microbial Ecology 
82:241–251

Hansson LA (1988) Effects of competitive interactions on the bio-
mass development of planktonic and periphytic algae in lakes. 
Limnology and Oceanography 33:121–128

Hansson LA (1992) Factors regulating periphytic algal biomass. 
Limnology and Oceanography 37:322–328

Hansson LA, Bronmark C, Nilsson PA, Abjornsson K (2005) Con-
flicting demands on wetland ecosystem services: nutrient reten-
tion, biodiversity or both? Freshwater Biology 50:705–714

Heisler J, Glibert PM, Burkholder JM, Anderson DM, Cochlan W, 
Dennison WC, Dortch Q, Gobler CJ, Heil CA, Humphries E, 
Lewitus A, Magnien R, Marshall HG, Sellner K, Stockwell DA, 
Stoecker DK, Suddleson M (2008) Eutrophication and harm-
ful algal blooms: a scientific consensus. Harmful Algae 8:3–13

Hoffmann CC, Baattrup-Pedersen A (2007) Re-establishing freshwa-
ter wetlands in Denmark. Ecological Engineering 30:157–166

Johnston CA (1991) Sediment and nutrient retention by fresh-water 
wetlands - effects on surface water quality. Critical Reviews in 
Environmental Control 21:491–565

Jonasson S, Eriksson J, Berntzon L, Spacil Z, Ilag LL, Ronnevi LO, 
Rasmussen U, Bergman B (2010) Transfer of a cyanobacterial 
neurotoxin within a temperate aquatic ecosystem suggests path-
ways for human exposure. Proceedings of the National Academy 
of Sciences of the United States of America 107:9252–9257

Koskiaho J, Ekholm P, Raty M, Puustinen M (2003) Retaining agricul-
tural nutrients in constructed wetlands - experiences under boreal 
conditions. Ecological Engineering 20:89–103

Kritzberg ES, Hasselquist EM, Skerlep M, Lofgren S, Olsson O, Stad-
mark J, Valinia S, Hansson LA, Laudon H (2020) Browning of 
freshwaters: consequences to ecosystem services, underlying driv-
ers, and potential mitigation measures. Ambio 49:375–390

Li J, Persson KM (2018) Nutrient control to prevent the occurrence of 
cyanobacterial blooms in a eutrophic lake in Southern Sweden, 
used for drinking water supply. Water 10:919

Li Y, Hong HS (2011) Nutrient sources and composition of recent 
algal blooms and eutrophication in the northern Jiulong River, 
Southeast China. Marine Pollution Bulletin 63:249–254

Luimstra VM, Verspagen JMH, Xu TS, Schuurmans JM, Huisman J 
(2020) Changes in water color shift competition between phy-
toplankton species with contrasting light-harvesting strategies. 
Ecology 101:e02951

Menzel DW, Corwin N (1965) The measurement of total phosphorus in 
seawater based on the liberation of organically bound fractions by 
persulfate oxidation 1. Limnology and Oceanography 10:280–282

Merel S, Clement M, Thomas O (2010) State of the art on cyano-
toxins in water and their behaviour towards chlorine. Toxicon 
55:677–691

Merel S, Walker D, Chicana R, Snyder S, Baures E, Thomas O (2013) 
State of knowledge and concerns on cyanobacterial blooms and 
cyanotoxins. Environment International 59:303–327

Miljödata-MVM (2021) National data host lakes and watercourses, and 
national data host agricultural land [Online]. Swedish University 
of Agricultural Sciences (SLU). Available: https://​miljo​data.​slu.​
se/​mvm/. Accessed 21 – 10 2021 

Mitsch WJ, Cronk JK, Wu XY, Nairn RW, Hey DL (1995) Phosphorus 
retention in constructed fresh-water riparian marshes. Ecological 
Applications 5:830–845

Nilsson JE, Liess A, Ehde PM, Weisner SEB (2020) Mature wetland 
ecosystems remove nitrogen equally well regardless of initial 
planting. Science of the Total Environment 716:137002

O’Neil JM, Davis TW, Burford MA, Gobler CJ (2012) The rise of 
harmful cyanobacteria blooms: the potential roles of eutrophica-
tion and climate change. Harmful Algae 14:313–334

Paludan C, Alexeyev FE, Drews H, Fleischer S, Fuglsang A, Kindt 
T, Kowalski P, Moos M, Radlowki A, Stromfors G, Westberg 

Page 11 of 12 123

http://creativecommons.org/licenses/by/4.0/
https://miljodata.slu.se/mvm/
https://miljodata.slu.se/mvm/


Wetlands (2022) 42:123

1 3

V, Wolter K (2002) Wetland management to reduce Baltic sea 
eutrophication. Water Science and Technology 45:87–94

Schindler DW, Hecky RE, Findlay DL, Stainton MP, Parker BR, Pater-
son MJ, Beaty KG, Lyng M, Kasian SEM (2008) Eutrophication 
of lakes cannot be controlled by reducing nitrogen input: results 
of a 37-year whole-ecosystem experiment. Proceedings of the 
National Academy of Sciences of the United States of America 
105:11254–11258

Scholz M, Lee BH (2005) Constructed wetlands: a review. International 
Journal of Environmental Studies 62:421–447

Scholz SM, Lee KD (2012) Nitrogen-stimulated growth of algae in 
surface-water samples collected from freshwater kettle ponds of 
Cape Cod National Seashore (Massachusetts, USA). Journal of 
Freshwater Ecology 27:151–157

Spieles DJ, Mitsch WJ (2000) The effects of season and hydrologic and 
chemical loading on nitrate retention in constructed wetlands: a 
comparison of low- and high-nutrient riverine systems. Ecological 
Engineering 14:77–91

Sterner RW, Hessen DO (1994) Algal nutrient limitation and the nutri-
tion of aquatic herbivores. Annual Review of Ecology and Sys-
tematics 25:1–29

Taranu ZE, Gregory-Eaves I, Leavitt PR, Bunting L, Buchaca T, Cata-
lan J, Domaizon I, Guilizzoni P, Lami A, McGowan S, Moorhouse 
H, Morabito G, Pick FR, Stevenson MA, Thompson PL, Vine-
brooke RD (2015) Acceleration of cyanobacterial dominance in 
north temperate-subarctic lakes during the Anthropocene. Ecol-
ogy Letters 18:375–384

Tilman D, Kilham SS, Kilham P (1982) Phytoplankton community 
ecology - the role of limiting nutrients. Annual Review of Ecology 
and Systematics 13:349–372

Vadeboncoeur Y, Devlin SP, Mcintyre PB, Vander Zanden MJ (2014) Is 
there light after depth? Distribution of periphyton chlorophyll and 
productivity in lake littoral zones. Freshwater Science 33:524–536

Vymazal J (2007) Removal of nutrients in various types of constructed 
wetlands. Science of the Total Environment 380:48–65

Willen E (2001) Phytoplankton and water quality characterization: 
experiences from the swedish large lakes Malaren, Hjalmaren, 
Vattern and Vanern. Ambio 30:529–537

Wolfe AP, Hobbs WO, Birks HH, Briner JP, Holmgren SU, Ingolfsson 
O, Kaushal SS, Miller GH, Pagani M, Saros JE, Vinebrooke RD 
(2013) Stratigraphic expressions of the Holocene-Anthropocene 
transition revealed in sediments from remote lakes. Earth-Science 
Reviews 116:17–34

Wurtsbaugh WA, Paerl HW, Dodds WK (2019) Nutrients, eutrophica-
tion and harmful algal blooms along the freshwater to marine 
continuum. Wiley Interdisciplinary Reviews: Water 6:e1373

Yang ZC, Wang Q, Zhang J, Xie HJ, Feng SP (2016) Effect of plant 
harvesting on the performance of constructed wetlands during 
summer. Water 8:1–10

Yeesang C, Cheirsilp B (2011) Effect of nitrogen, salt, and iron content 
in the growth medium and light intensity on lipid production by 
microalgae isolated from freshwater sources in Thailand. Biore-
source Technology 102:3034–3040

Zedler JB (2003) Wetlands at your service: reducing impacts of agri-
culture at the watershed scale. Frontiers in Ecology and the Envi-
ronment 1:65–72

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Page 12 of 12123


	Wetlands as a Local Scale Management Tool to Reduce Algal Growth Potential
	Abstract
	Introduction
	Materials and Methods
	Experimental Set-Up
	Data Analyses

	Results
	Discussion

	Acknowledgements 
	References


