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Abbreviations and definitions

AGP

Allelopathy

Allochthonous carbon

Autochthonous carbon

CDOM
DOC
DOM

Ecosystem service

Generalist wetland

Macroflora

N
P

Specialist wetland

TN
TOC
TP

10

Algal growth potential, here defined as “the
phytoplankton growth over a set amount of time at
standardized conditions (temperature/light) and
without grazing pressure from zooplankton” (see
Raschke and Schultz (1987) for further insight in
AGP).

Influence/effects of a living plant on other nearby
organisms. The influence/effect can sometimes be
harmful or inhibitory.

Carbon originating from the terrestrial environment.

Carbon originating within the system by autotrophs,
e.g. photosynthesis by algae.

Colored dissolved organic matter.
Dissolved organic carbon.
Dissolved organic matter.

A benefit provided by the natural environment and
healthy ecosystems that contributes to human
wellbeing and quality of life (MEA, 2001).

Here defined as “a wetland that has a net reduction in
TN, TP, TOC and water color simultaneously”.

Plants and algae that are large enough to be seen with
the naked eye.

Nitrogen.
Phosphorus.

Here defined as “a wetland that has a net reduction in
one or two of the water quality parameters (TN, TP,
TOC or water color)”.

Total nitrogen.
Total organic carbon.

Total phosphorus.



Abstract

Increasing nutrient concentrations (eutrophication) and water color due to dissolved
organic matter (brownification) pose continuous threats to freshwater ecosystems
worldwide, threatening ecosystem services like drinking water supply. Changing
the increasing trends of eutrophication and brownification on our aquatic
ecosystems is challenging. However, constructed wetlands could be a potential
local, or regional, scale mitigation measure. Wetlands are highly diverse ecosystems
of high importance to humans. They provide several ecosystem services, such as
nutrient retention, carbon sequestration and flood protection as well as increased
biodiversity. They remove both nitrogen and phosphorus by several in-system
processes. However, drought vulnerability can lead to that nutrients and organic
matter are released upon rewetting, demanding careful site selection for
construction. Additionally, wetlands may have a potential to mitigate eutrophication
and brownification simultaneously, since shallow water and longer retention time
enable in-system processes such as denitrification, photooxidation and microbial
degradation of humic substances, suggesting unexplored multifunctional benefits.

My thesis explores the multifunctional potential of wetlands for mitigation of
eutrophication and brownification simultaneously. Specifically, I aimed at assessing
the capacity of wetlands to reduce total organic carbon (TOC), water color, total
nitrogen (TN) and total phosphorus (TP), as well as the potential to reduce algal
growth potential (AGP), i.e. the potential for algal blooms. I also aimed at assessing
if common primary producers differ in their efficiency to reduce nutrient
concentrations, TOC and water color, and AGP. To fulfil the aims of this thesis I
performed both fieldwork and laboratory experiments. Additionally, I used future
scenarios to estimate the potential of wetlands to mitigate eutrophication and
brownification of downstream lakes.

Wetlands displayed a high variability in reducing TN, TP, TOC and water color,
both temporally and spatially. Some wetlands reduced nutrient concentrations,
TOC, and water color simultaneously, whereas others were less efficient. Efficiency
peaked in summer and with continuous water flow. Wetlands also reduced the
growth potential of phytoplankton in a downstream lake. I also show that there are
both temporal within and between wetland variations. Wetlands in catchments
dominated by agriculture or pastureland often experiences larger fluctuations in
algal growth potential than wetlands in catchments dominated by forests.

The common primary producers, Elodea, Myriophyllum, and filamentous algae,
varied in their abilities to reduce TN, TP, TOC and water color. Elodea was the most
efficient of the three macroflora in reducing all targeted parameters, whereas
Myriophyllum and filamentous algae reduced nitrogen, phosphorus, and water color,
but increased the concentration of TOC. This highlights the potential benefits of
diverse plant communities in constructed wetlands, likely allowing for a higher
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overall efficiency of the system compared to monocultures. Different phytoplankton
groups displayed diverse responses when exposed to water previously inhabited by
the macroflora. Cyanobacteria and diatoms generally had a lower growth potential
when Elodea and Myriophyllum had previously grown in the water, while green
algae generally were not affected by the macroflora.

Efficient wetlands might mitigate eutrophication and brownification, but inefficient
wetlands may instead exacerbate these environmental problems, harming
downstream lake ecosystems by increasing nutrient and water color levels. Efficient
wetlands can delay the progress of eutrophication and brownification in aquatic
systems, providing a time window which could be of importance for implementing
additional restoration efforts or exploring alternative solutions to counteract or even
reverse these ongoing environmental problems.

Collectively, my thesis shows that constructed wetlands often, even in winter, have
the potential to reduce nitrogen, phosphorus, organic carbon, water color as well as
reducing the growth potential of different phytoplankton groups. A high biodiversity
of plants could also prove beneficial to increase the efficiency of the wetlands.
Hence, my thesis highlights the potential of some, but not all, wetlands as
multifunctional tools for mitigation of both eutrophication and brownification.

12



Popular science summary

Water is of utmost importance for all living organisms and aquatic systems provide
several ecosystem services of importance to humans. Wetlands are of especially
high importance since they often have an unproportionally high biodiversity in
proportion to their size and can be viewed as nature’s treatment plants. There are
several different types of wetlands in several different environments, such as
marshes, mangroves, flood meadows, and provide several important ecosystem
functions. Our aquatic systems are under a high pressure from human impacts,
increasing nutrients (eutrophication) and brown colored water (brownification).
This has consequences for the health of the ecosystem. Brown water and algal
blooms, in response to high nutrients, lead to less light in the water which can affect
plants and organisms living in the water and it can also lead to oxygen-free zones
which is harmful to the organisms living in the water. These changes will also be of
concern to the production of drinking water, for example by increasing the cost of
production.

So, can constructed wetlands help to reduce the effects of eutrophication and
brownification? Wetlands naturally remove nutrients, such as nitrogen and
phosphorus, from the water by several processes. Nutrients can bind to particles and
fall to the sediment, or be taken up by plants, algae or microorganisms attached to
different surfaces in the wetland. Microorganisms consume nutrients and dissolved
organic matter. The sunlight will also help by making the dissolved organic matter
more available for the microorganisms. Several of these processes are linked to the
water flow and depth of the wetland. Their shallow waters and ability to slow down
the water in the landscape provides time for several processes in the system to act.
This suggests that there may be unexplored benefits for wetlands to counteract the
increase of nutrients and water color in our aquatic systems.

My research explored if wetlands could fight both of these threats simultaneously.
To study this, fieldwork and experiments were performed. I studied how effective
wetlands were at reducing nutrients, organic matter, and water color, and how well
they could control algal growth. I also tested different wetland plants and used
projections to predict how well wetlands could help a downstream lake in future
scenarios.

Some wetlands reduced all four of the water quality parameters and decreased the
growth of algae as well. Others were less effective. The wetlands were most efficient
during summer, specifically when there was an even water flow through the wetland
suggesting that a steady flow is important for the function of the wetland. Aquatic
plants also played a role, and the different plants had somewhat different capacities
in reducing nutrients and organic matter. This highlights the value of diversity in
these ecosystems.

13



But there is a challenge in constructing wetlands as well. If an inefficient wetland is
constructed, it can actually worsen the problem, increasing nutrients and organic
matter. On the contrary, efficient wetlands have a high potential to delay
eutrophication and brownification, buying us time to find other solutions. Water
flow is another important factor, since several of the less efficient wetlands dried
out over longer periods of the year, for example during summer drought. So,
choosing the right location and managing them well is crucial.

In summary, my thesis shows that wetlands can be powerful tools in protecting our
aquatic ecosystems by increasing water quality. Wetlands have a potential to work
as a multifunctional tool in the landscape. A high biodiversity of plants may further
benefit the effectivity of the wetlands to increase water quality. By understanding
their strengths and weaknesses, we can harness their natural powers to protect our
precious freshwater ecosystems.

14



Populérvetenskaplig sammanfattning

Vatten ar av stor betydelse for alla levande organismer och akvatiska ekosystem
tillhandahéller flera ekosystemtjénster av betydelse for mdnniskor. Vatmarker ar av
speciellt stor betydelse eftersom de ofta har en oproportionerligt hog biologisk
mangfald i forhallande till sin storlek och kan ses som naturens egna reningsverk.
Det finns flera olika typer av vatmarker i flera olika miljoer, sdsom kérr, mangrove,
oversvamningséngar och tillhandahaller flera viktiga ekosystemfunktioner. Véra
akvatiska ekosystem &r under hogt tryck fran miénsklig paverkan, okande
ndringsdmnen (Overgddning/eutrofiering) och organiskt material som leder till
brunare vatten (brunifiering). Detta far konsekvenser for ekosystemets hélsa.
Algblomning, som svar pa hoga niringsimnen, och brunt vatten leder till mindre
ljus som nar ner i vattnet vilket kan paverka véxter och andra organismer som lever
dér, och det kan ocksa leda till syrefria zoner som kommer att minska vattenlevande
organismer. Dessa fordndringar ar ocksa problematiska for
dricksvattenproduktionen, till exempel genom att kostnaderna for produktionen
oOkar.

Sa, kan konstruerade vatmarker bidra till att minska effekterna av 6vergddning och
brunifiering? Vatmarker tar naturligt bort niaringsdimnen, sdsom kvéve och fosfor,
fran vattnet genom flera olika processer. Naringsdmnen kan binda till partiklar och
falla till bottnen, eller tas upp av vixter, alger eller mikroorganismer fésta pé olika
ytor i vatmarken. Mikroorganismerna forbrukar niringsdmnen och lost organiskt
material. Solljuset hjilper ocksa till att gora det 10sta organiska materialet mer
tillgdngligt for konsumtion av mikroorganismer. Flera av dessa processer &r
kopplade till vatmarkernas vattenflode och djup. Deras grunda vatten och férmaga
att bromsa vattnet i landskapet ger mer tid for flera processer i systemet att agera.
Detta tyder pa en outforskad potential for vatmarker att motverka Gkningen av
ndringsdmnen och vattenfirg pa samma géang.

Min forskning har undersokt om vatmarker kan bekdmpa bada dessa hot samtidigt.
For att studera detta utforde jag bade féltarbete och experiment. Jag studerade hur
effektiva vatmarkerna var for att minska néringsdmnen, organiskt material och
vattenfarg, och hur vél de kunde kontrollera algtillvixt. Jag testade ocksa olika
vatmarksvéxter och anvinde dven modeller for att se hur vatmarker kan hjélpa en
nedstroms sjo i1 framtida scenarior.

Vissa vatmarker 6kade vattenkvalitén eftersom de minskade koncentrationen av alla
vattenkvalitéparametrarna och &dven kunde minska tillvixten av alger. Andra
véatmarker var mindre effektiva. Effektiviteten var hdgre pd sommaren, speciellt nér
det fanns ett jamnt vattenflode igenom vatmarken. Vattenvixter spelade ocksa en
roll och de olika vixterna hade olika formaga att reducera niringsdmnen och
organiskt material. Detta belyser viardet av méngfald i dessa ekosystem.

15



Men det finns ocksa utmaningar med att bygga vatmarker. Om en ineffektiv vatmark
anldggs kan det forvérra problemen och 6ka niringsdmnen och organiskt material.
Diremot sa har effektiva vatmarker stor potential att fordrdja Gvergddning och
brunifiering, vilket ger oss tid att hitta andra 16sningar. Hér &r ocksé vattenflodet av
betydelse, eftersom flera av de mindre effektiva vatmarkerna i studien torkade ut
under langre perioder av aret, till exempel under sommarens torka. Sé att vilja rtt
plats och se till att vatmarkerna har vatten hela aret ar av stor vikt.

Sammanfattningsvis visar min avhandling att vatmarker kan vara kraftfulla verktyg
for att skydda vara akvatiska ekosystem genom att hdja vattenkvaliteten. Vatmarker
har en potential att fungera som ett multifunktionellt verktyg i landskapet. En hog
biologisk méngfald av véxter kan ytterligare gynna vatmarkernas effektivitet for att
hoja vattenkvaliteten. Genom att forsta vatmarkernas styrkor och svagheter kan vi
utnyttja deras naturliga formaga for att skydda véra vardefulla sotvattensekosystem.

16



Introduction

Wetlands

Wetlands are ecosystems of high importance, where water is present either at or near
the soil surface, either constantly or seasonally. They are a part of our landscape and
are neither terrestrial nor aquatic systems, but often transitional zones between the
two (Reed, 2005). Wetlands often share features from both terrestrial and aquatic
and can have either standing or seasonal water, thus the definition of wetlands as
well as defining the boundaries of these systems can be challenging (Reed, 2005).
Wetlands can be found worldwide and encompass a range of different environments
including, but not limited to, peatland, marshes, flood meadows, mangroves, and
tidal marshes. Additionally, the water in the wetlands can be either fresh, brackish,
or salt water, either stagnant or flowing (Box 1).

Box 1 — Definition of wetlands by The Ramsar Convention, Iran, 1971
The Ramsar Convention has defined wetlands as:

“areas of marsh, fen, peatland or water, whether natural or artificial, permanent
or temporary, with water that is static or flowing, fresh, brackish or salt,
including areas of marine water the depth of which at low tide does not exceed
six metres”.

Additional internationally important wetlands taken up on the Ramsar list are:

“may incorporate riparian and coastal zones adjacent to the wetlands, and
islands or bodies of marine water deeper than six metres at low tide lying within
the wetlands”.

Five different wetland types are generally recognized: marine (e.g., coastal
lagoons, coral reefs), estuarine (e.g., deltas, mangrove swamps, tidal marshes),
lacustrine (wetlands associated with lakes), riverine (wetlands along rivers and
streams) and palustrine (e.g., marshes, swamps, bogs).

Additionally, there are wetlands made by humans (e.g., reservoirs, fish and
shrimp ponds, salt pans, irrigated agricultural land).

17



They are often rich ecosystems, providing habitat for a high diversity of
invertebrates, plants as well as birds and other vertebrates. Wetlands are often
considered "hot spots” for species richness since the high biodiversity contained in
these areas often is disproportionate to their area (Gopal, 2009, Hansson et al., 2005,
Leveque et al., 2005, Mitsch and Gosselink, 2000, Naiman et al., 1993). There has
been a considerable decrease in wetland areas globally, and currently only 6% of
the surface worldwide is covered by wetlands. The wetlands constitute an essential
part in biogeochemical and hydrological cycles and provide several ecosystem
services (Junk et al., 2013). Furthermore, wetlands have a high value to humans
because of the ecosystem services they provide, e.g. nutrient retention, retaining
sediment, improving the recreational potential, reservoirs of water, increased
biodiversity, carbon sequestration, flood protection (Land et al., 2016, Verhoeven
and Setter, 2010). Wetlands often perform several functions in the landscape
simultaneously, however, there is a risk of losing functions if the wetland is being
optimised for another (Mitsch and Gosselink, 2000). Our knowledge of the potential
multifunctionality of wetlands is currently limited.

Furthermore, the ongoing urbanisation and continuing conversion of wetlands, e.g.
to agricultural land, raise the question of how much of a catchment area should
remain as wetland areas to benefit from the ecosystem services provided. Thus, the
area needed and what ecosystem service is aimed at restoring should be considered
during landscape restorations (Mitsch and Gosselink, 2000). Several studies have
been conducted to estimate the required area, with suggestions ranging from 5% to
8.8% of the watershed, depending on the wetland’s intended function (Arheimer
and Wittgren, 1994, Hey et al., 1994, Hey and Philippi, 1995, Mitsch et al., 1999).
For instance, to provide sufficient floodwater storage in the upper Mississippi and
Missouri Basins for large-scale flooding events, it was estimated that restoring 7%
of the wetland area in the watershed would be adequate (Hey and Philippi, 1995).
Furthermore, to reduce the nitrogen load to the Gulf of Mexico or to the Baltic Sea
by 20-50%, an estimated 3.4 — 8.8% of the catchment area would have to be
converted to wetland and riparian forest (Arheimer and Wittgren, 1994, Mitsch et
al., 1999).

Wetlands in Sweden

Sweden has the highest variation in wetland types (e.g. mires, fens, tarns, riverine
marshes, swamp forests, wet heaths, flood meadows) in the European Union.
However, the majority of the wetlands are impacted by humans with the highest
impact in southern Sweden where there is a higher density of the population.
Generally, the wetland types most affected by human impact are bogs and limnic
wetlands (Gunnarsson and Lofroth, 2014). Wetlands have been utilized in the
landscape for centuries, serving various purposes, e€.g. as hayfields, agricultural
land, and peat mining. The potential use of wetland areas for agriculture and forestry
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led to large areas being claimed, resulting in the drainage and ditching of vast areas.
The majority of the draining occurred during the 19th and 20th centuries, with
approximately 3 million hectares of wetland area lost (Naturvardsverket, 2009).

There are several EU directives (e.g. the nitrate directive, the Water Framework
Directive, the Marine Strategy Framework Directive), as well as HELCOM Baltic
Sea Action Plan (BSAP), that has emphasized on the need to reduce nutrients to
aquatic ecosystems. Construction and restoration of wetlands is one of several
measures suggested by the BSAP to reduce nutrient runoff from agricultural land
(Land et al., 2016). Furthermore, in sharp contrast to the 19th and 20th centuries
when funding was allocated to draining and ditching of wetlands and the lowering
of lakes, wetlands have been constructed since the 1990s with the help of various
governmental funds in Sweden (Lansstyrelsen, 2011). Thousands of hectares of
wetlands have been constructed or restored to meet the BSAP commitments and
Sweden’s Environmental objectives, including Thriving Wetlands (Myllrande
vatmarker), Zero Eutrophication (Ingen Overgddning), Flourishing Lakes and
Streams (Levande sjoar och vattendrag), A Varied Agricultural Landscape (Ett rikt
odlingslandskap), and A Rich Diversity of Plant and Animal Life (Ett rikt véxt- och
djurliv) (Land et al., 2016, Lansstyrelsen, 2011).

Threats to wetlands and consequences of removal

However, more than 65% of natural wetlands in Sweden have been lost (Figure 1)
and approximately 80% of the current wetlands in Sweden are affected by
anthropogenic activities, e.g. land-use changes (Gunnarsson and Lofroth, 2014,
Silva et al., 2007). Furthermore, anthropogenic impacts and land-use changes have
contributed to a major loss of natural wetlands and biodiversity, while the landscape
is transformed to urban, arable or forested land globally (Finlayson et al., 1999,
Hansson et al., 2005, Kalnay and Cai, 2003, Paludan et al., 2002, Verhoeven and
Setter, 2010, Zedler, 2003), resulting in a long-term loss averaging 54-57%
worldwide since 1700 (Davidson, 2014).
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Figure 1. Skanska rekognisceringskartan was a maping project that took place from 1812 to 1820 (A).
The map shows wetlands in Scania, when the region was characterized by large wetland areas
showing that approximately 200 years ago Scania was a blue landscape. The map compiled by
Lansstyrelsen Skane (B) shows the current wetland area, including constructed, restored and natural
wetlands as well as lakes from 2016.

Consequently, high pressure is placed on terrestrial and aquatic ecosystems alike
which has led to an increase in threatened species and deteriorating water quality
(Lénsstyrelsen, 2011, Sendergaard and Jeppesen, 2007). This has resulted in high
amounts of inorganic and organic compounds reaching aquatic systems, which in
turn expedites eutrophication and brownification (Beusen et al., 2016, Ekvall et al.,
2013, Galloway and Cowling, 2021, Kritzberg et al., 2020, Luimstra et al., 2020,
Seitzinger et al., 2010, Taranu et al., 2015).

Environmental problems

Environmental threats, such as eutrophication and brownification, are ongoing,
affecting aquatic ecosystems globally and in turn affecting ecosystem services
provided by these ecosystems, e.g. drinking water supply. Changing the increasing
trends of these environmental threats on our aquatic ecosystems is challenging.

Eutrophication

Anthropogenic changes to the landscape are threatening aquatic ecosystems around
the world, leading to an accelerated eutrophication of surface waters and increased
risk of algal growth (Kosenius, 2010, Nguyen et al., 2019, Sharip et al., 2014, Smith
and Schindler, 2009, Withers et al., 2014). Eutrophication is the process by which
excess nutrients, primarily nitrogen (N) and phosphorus (P), enter the water and
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stimulate the growth of phytoplankton and other aquatic plants (Smith, 2003). The
main cause is the increased nutrient input from non-point or point sources to aquatic
ecosystems, e.g. fertilizer runoff, industrial waste, sewage discharge, atmospheric
deposition. This process has negative economic consequences and leads to
deteriorating water quality and ecosystem services, for inland as well as marine
waters (Le Moal et al., 2019, Pretty et al., 2003, Smith, 2003).

Aquatic ecosystems are sensitive to increased nutrient inputs, leading to an increase
in biological activity. In turn, this can cause deterioration in recreational value and
changes in the composition and structure of the ecosystem, e.g. shifts in algal
community, increased likelihood of algal blooms occurring (Beusen et al., 2016,
Jeppesen et al., 2009, Wurtsbaugh et al., 2019). Phytoplankton are an essential part
of aquatic ecosystems as they constitute the base of the food web and account for
almost half of the global primary production (Behrenfeld et al., 2001, Field et al.,
1998). Increased phytoplankton growth (Figure 2) due to excess nutrient input, can
reduce water quality and increase the risk of algal blooms as global consequences
(Heisler et al., 2008, Li et al., 2011). Furthermore, excess algal biomass can cause
harm to aquatic and terrestrial organisms since many bloom-forming phytoplankton
taxa, such as cyanobacteria, produce toxins (Carmichael and Boyer, 2016, Ekvall et
al.,, 2013, Hagman et al., 2019, Jonasson et al., 2010, O'Neil et al., 2012).
Additionally, they can reduce water clarity and deplete oxygen levels in the water
(Le Moal et al., 2019, Schindler, 2012).

Figure 2. Algal bloom in a wetland situated in an agricultural landscape. (Photo: Anna Borgstrom)
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Brownification

Runoff from surrounding catchment areas of aquatic systems can also increase
humic substances and dissolved organic carbon (DOC). This can result in a brown
water color (Figure 3), a process commonly called brownification. Brownification
is an ongoing process in the northern hemisphere, increasing the water color of lakes
and running waters, which can lead to changes in water quality and aquatic systems
(Haaland et al., 2010, Kritzberg et al., 2020, Monteith et al., 2007). In freshwater
systems, brownification has been linked to long-term increases in dissolved organic
carbon concentrations and iron (Fe), and several underlying drivers have been
suggested, such as increasing temperatures and precipitation, reduced acid
deposition, hydrological factors, and land-use changes (Clark et al., 2010, Ekstrom
et al., 2011, Ekstrdm et al., 2016, Hongve et al., 2004, Kritzberg et al., 2020,
Monteith et al., 2007). One such land-use change is afforestation which can lead to
accumulation of organic carbon in the soil layer which can be transported to surface
waters in aquatic systems (Skerlep et al., 2020). There is a variability in DOC
concentration and composition in aquatic systems and the organic matter can be
separated in two major groups depending on its origin, allochthonous and
autochthonous organic carbon (Sachse et al., 2001). Autochthonous carbon
originates within the system by autotrophs, e.g. through algal photosynthesis,
whereas allochthonous carbon originates from the terrestrial environment, thus
outside the system (Holding et al., 2017, Kritzberg et al., 2004, Tranvik, 1993).
Allochthonous carbon is affected by land-use such as agriculture and forestry in the
watershed (Hagen et al., 2010, Lambert et al., 2017, Lu et al., 2014).

There are several potential problems, both societal and ecological, arising with
increased water color in aquatic ecosystems. Increased water color affects the
recreational value, trophic web, fish community, light climate, and the potential to
use lakes as drinking water resources decreases (Delpla et al., 2009, Ekvall et al.,
2013, Estlander et al., 2010, Kritzberg et al., 2020, Lavonen et al., 2013).
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Figure 3. Brown water in Lake Bolmen in Sméaland, southern Sweden. Lake Bolmen was used as study
lake in Paper IV. (Photo: Anna Borgstrém)

Effects on ecosystem services

Ecosystem services provided by lakes are also strongly affected by excess algal
biomass, warmer weather, and increased water color. Brownification and
eutrophication can have significant impacts on the drinking water production
process, increasing costs and treatment of raw water. These factors need to be
considered for surface water reservoirs (Boholm and Prutzer, 2017, Delpla et al.,
2009). Surface water is of high importance since it is commonly the main source for
drinking water production in many countries. In Sweden, approximately 75% of the
drinking water supply comes from surface water, directly or through artificial
infiltration (Kritzberg et al., 2020).

DOC is reduced by chemical precipitation, hence, increased DOC concentrations in
aquatic systems can cause problems in the drinking water-treatment plants since it
will lead to an increased use of chemicals to counter the increase, further affecting
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the cost of drinking water production. Additionally, chemical methods alone cannot
remove DOC completely. The residual DOC can disrupt essential water treatment
processes like UV disinfection, chlorination, and active carbon filtration (Ritson et
al., 2014b). Chemical precipitation lose efficiency with rising DOC concentrations.
If concentrations of DOC will continue to increase, water treatment facilities may
face the necessity of altering their raw water sources or investing in novel filtration
techniques, both of which incur significant costs (Kritzberg et al., 2020).

Furthermore, eutrophication of aquatic systems might lead to excess phytoplankton
biomass, expedited by the increased nutrient input, decreasing the quality of the raw
water. As a result, drinking water production is affected, e.g. high costs for
disinfection, bad taste and odor, or clogging filters (Delpla et al., 2009, Ewerts et
al.,2013, Merel et al., 2010, Willen, 2001). Phytoplankton blooms might also reduce
the biodiversity within the aquatic system, e.g. reduction in macrophyte and fish
species (Boyd, 2019). Eutrophication of aquatic systems can lead to the depletion
of dissolved oxygen, since the process of phytoplankton degradation through
microbial decomposition uses dissolved oxygen (Rathore et al., 2016). Thus, in
aquatic systems, such as lakes and oceans, where there is a high phytoplankton
biomass there will be a high decomposition rate which can deplete the dissolved
oxygen.

However, high concentrations of DOC can also decrease dissolved oxygen. An
increase in DOC might boost the microbial respiration and photooxidation rates,
which utilize oxygen and might lead to a depletion of dissolved oxygen in aquatic
ecosystems (Brothers et al., 2014). The consequences of reduced dissolved oxygen
can be severe, and anoxic conditions typically lead to declines in both the richness
and diversity of biological communities, contributing to ecosystem degradation and
potential species loss (Diaz, 2001, Levin et al., 2009, Riedel et al., 2012, Zhang et
al., 2010). In addition, anoxia strongly influences the release of phosphate, DOC,
iron and manganese from the sediments (Skoog and Arias-Esquivel, 2009).
Therefore, increasing our understanding and devising strategies to mitigate
brownification and eutrophication in aquatic systems is of considerable importance.

The potential of wetlands

Brownification and eutrophication pose significant challenges for freshwater
ecosystems. However, there are various management practices that can help
mitigate and reduce the influx of organic matter and excess nutrients to aquatic
systems. Management practices to reduce nutrient influx to aquatic systems include
nutrient management practices such as reducing agricultural runoff and fertilizer use
and improving wastewater treatment (Khan and Mohammad, 2014). Furthermore,
to minimize runoff of organic matter, land use management practices could be of
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use, e.g. reducing forest clearcuttings, and restoring riparian buffer zones.
Additionally, reducing carbon emissions and mitigating climate change could
reduce the intensity and frequency of precipitation events, and thus reduce terrestrial
runoff to aquatic systems. Implementing these management practices is a
challenging task and will take time, it is therefore important to have other measures
in the meantime.

Here is where wetlands could play an important role, since constructed wetlands are
systems that are purposely built and engineered to achieve ecosystem services
provided by natural wetlands (Metcalfe et al., 2018). Wetlands could potentially be
useful local-scale (or regional scale) management tools to counteract eutrophication
and brownification, with a high potential for reducing nitrogen and phosphorus
transport from terrestrial environments, e.g. arable land, to downstream aquatic
systems (Cheng et al., 2020, Ge et al., 2019, Hoffmann and Baattrup-Pedersen,
2007, Land et al., 2016, Lu et al., 2009), by removing nutrients from the water
column and retaining them in a form that is not readily released (Johnston, 1991).
Previous studies suggest that even a modest increase in wetland area can lead to
substantial reductions in nitrogen transport (Arheimer and Wittgren, 1994, Cheng
et al., 2020). Nutrients in the inflowing water can be reduced by e.g. sedimentation,
denitrification, and direct plant uptake. However, the main processes that influence
the degradation of carbon complexes in aquatic systems are photooxidation and
microbial utilization (Granéli et al., 1996, Lindell et al., 1995).

Nutrient removal

In the reduction of nitrogen and phosphorus, there are a combination of abiotic and
biotic processes involved in the removal, with sedimentation, algal uptake, and plant
uptake being common processes for both nutrients. However, denitrification is
another main process of nitrogen retention, whereas precipitation and sorption are
other main processes for phosphorus (Babatunde et al., 2009, Griineberg and Kern,
2001, Mereta et al., 2020, Reddy et al., 1999, Saunders and Kalff, 2001, Vymazal,
2007, Walton et al., 2020). However, in wetlands the phosphorus retention is also
regulated by physiochemical properties of the soil, plant litter and detrital
accumulation, water flow velocity, hydraulic retention time and fluctuations and
phosphorous loading. Phosphorus retention can also be affected by wetland size and
water depth (Reddy et al., 1999).

Sedimentation and sorption

The inflowing water to wetlands will often slow down and spread out over a larger
area, which in turn will lead to particles that are suspended in the water column
sinking to the bottom sediment in the wetland, i.e. the process of sedimentation.
These particles are often nutrient rich, and sedimentation is a process allowing for
nutrient, as well as contaminant, removal (Griffiths and Mitsch, 2020, Nahlik and
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Mitsch, 2008). In constructed wetlands, particulate organic nitrogen is mainly
removed by sedimentation, by settling on the bottom sediment or attaching to
substratum such as plant stems (Lee et al., 2009).

Furthermore, sorption plays a part in the sedimentation process. Since it is the
process where a substance is adsorbed in or on another substance, which is common
for phosphate (PO4*). With its negative ionic charge, it is highly susceptible to bind
to positively charged minerals, e.g. calcium (Ca) and iron (Fe), and then sink to the
bottom sediment (Nahlik and Mitsch, 2008).

Plant uptake

Since wetlands are shallow it allows for high macrophyte growth which then
contributes to nutrient retention by binding nutrients in their tissue, through direct
uptake from the water column (Levi et al., 2015). Increased macrophyte cover will
also increase the surface area accessible for colonization by denitrifying bacteria
(Song et al., 2011). Additionally, macrophytes provide substrate for microbial
attachment of microorganisms that might degrade large colored carbon complexes
and DOC (Reitsema et al., 2018, Tranvik, 1988).

Denitrification

Denitrification is a microbial process that occurs under low oxygen concentrations.
It converts bioavailable nitrogen compounds (nitrite and nitrate), which are
accessible for primary production or microbial assimilation, into a gaseous form
(N2). This gaseous nitrogen is then released to the atmosphere, effectively removing
it from the aquatic system (Seitzinger et al., 2006). Approximately 75% of nitrogen
removal happens through biological processes, with denitrification playing a
significant role in wetlands (Howarth et al., 1996). Denitrification and direct plant
uptake are season bound processes, which are mainly efficient during warmer
periods. As a result, nutrients are stored both short term and long term in wetlands.

Carbon removal

In aquatic ecosystems, DOC represents a large part of the organic carbon reservoirs
in the biosphere (Amon and Benner, 1996). DOC in aquatic systems is transformed
through the processes, such as microbial degradation, photooxidation and
flocculation, that are affected by the composition of the DOC as well as chemical
and biological factors (Anderson et al., 2019).

Microbial degradation

Microbial communities act as key drivers in the recycling of terrestrial and aquatic
organic carbon back to the atmosphere (Cole et al., 2007). Utilizing organic matter
as both food and energy source, these bacteria respire, consuming oxygen and
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releasing CO, (Pollard, 2013). In many aquatic ecosystems the dominant flux of
carbon and nutrients is as dissolved organic matter (DOM), and heterotrophic
bacteria play an important role in global biogeochemical cycles as the primary
consumers (Amon and Benner, 1996, D’Andrilli et al., 2019). DOM serves as
essential carbon and energy sources for heterotrophic bacteria, which utilize various
metabolic pathways to process DOM, either by consumption or transformation,
through biomass production, mineralization, or oxidation (Cole, 1999, Hofmann et
al., 2020). Furthermore, microbial utilization of DOM is affected by the biochemical
composition, molecular size and inorganic nutrient concentrations of the DOM as
well as the bacterial community and environmental parameters, e.g. temperature
(Amon and Benner, 1996, D’ Andrilli et al., 2019). Although heterotrophic bacteria
might degrade large colored carbon complexes (Tranvik, 1988), they prefer the
noncolored carbon complexes (Berggren et al., 2018, Hansen et al., 2016) which
suggests that the reduction in water color in aquatic systems is not only due to
microbial degradation.

Photodegradation

The transfer of DOM from terrestrial sources, such as forests, to aquatic systems
exposes it to solar radiation and subsequent photodegradation. This process is
induced by sunlight and has a strong influence on the composition and
biodegradability of DOC within these aquatic ecosystems (Bowen et al., 2020).
Especially ultraviolet (UV) radiation (wavelength <400 nm) plays a significant role
in the turnover and dynamics of DOC (Lindell et al., 2000). Photodegradation can
fragment carbon complexes, into smaller more bioavailable forms. It can fracture
aromatic bonds in large colored carbon complexes, which produces noncolored
carbon complexes that are more bioavailable and therefore easier utilized by
bacteria (Koehler et al., 2014). Thus, photodegradation often transforms recalcitrant
(resistant to microbial breakdown) DOM fractions into more readily utilizable
substrates for heterotrophic bacteria, enhancing the overall biodegradability of the
DOC pool (Bertilsson and Tranvik, 2000, Cory and Kling, 2018, Ward et al., 2017).

In addition, exposure to solar radiation can directly transform DOC to inorganic
forms (e.g. CO»), supplementing microbial degradation as a significant pathway for
organic matter mineralization in aquatic ecosystems (Granéli et al., 1996, Milstead
et al., 2023). This process is often referred to as photooxidation. The majority of
photooxidation is attributed to the shorter UV-B radiation (Granéli et al., 1996). By
directly converting complex organic matter to CO,, UV-B radiation might bypass
the intricate network of microbial transformations typically associated with organic
matter decomposition (Cole, 1999). Thus, DOC may be refractory when transported
from e.g. terrestrial soils, but when entering the aquatic system and upon exposure
to UV-radiation, it becomes labile due to photochemical transformation.
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Flocculation

Flocculation is a process involving aggregation of particles. In the environment
flocculation can be initiated by specific compounds, colloids, or particle surfaces,
including metal cations, mineral particles, and positively charged polysaccharides
or proteins (Berggren et al., 2018). However, natural flocculation tends to occur
more favorably at positively charged interaction interfaces under acidic conditions.
Additionally, DOC can undergo self-flocculation and aggregation in response to
decreasing pH or increasing salinity (Asmala et al., 2014). On mineral surfaces, the
sorption potential of DOC is closely tied to particle size (Mayer, 1994). The sorption
capacity of DOC with surfaces is also influenced by mineralogical properties, where
e.g. iron oxide coatings on mineral surfaces can form stable bonds with DOC
(Mayer, 1994). Additionally, flocculation strongly interacts with photoreactivity,
since partial photooxidation of DOC generates anionic organic acids which can
rapidly flocculate when they encounter positively charged surfaces (von
Wachenfeldt et al., 2009).

Trade-offs and potential issues with multifunctionality

Wetlands perform multiple ecosystem services simultaneously, but not all wetlands
perform these services equally well. The geographical location of a wetland
significantly influences its function. Previous research highlights that wetland size,
design, placement, and age play a vital role in their functioning (Greiner and
Hershner, 1998, Hansson et al., 2005, Nilsson et al., 2020, Uusi-Kamppa et al.,
2000, Zedler, 2003). For instance, larger wetland areas support greater biodiversity
and enhance nitrogen retention, although they may reduce phosphorus retention
(Hansson et al., 2005, Zedler, 2003). However, wetlands with longer retention times
and shallower depths appear more effective at reducing phosphorus levels
(Braskerud, 2002, Greiner and Hershner, 1998, Uusi-Kamppa et al., 2000). Also,
the placement of a wetland within a watershed matters (Figure 4), as downstream
wetlands have a higher potential to trap nutrients compared to those situated higher
up in the catchment (Zedler, 2003).

Wetlands that are prone to drought may instead leak phosphorus, nitrogen and
organic matter to the water column when rewetted (Lepisto et al., 2008, Macek et
al., 2020, McComb and Qiu, 1998, Shumilova et al., 2019, Song et al., 2007,
Venterink et al., 2002), although the leaching of dissolved organic carbon has been
shown to decrease if there are short rain events happening during the drought
(Coulson et al., 2022).
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Figure 4. A wetland in the agricultural landscape with water that flows to a lake, then enters the river
Helge & and later flows to the Baltic Sea. (Photo: Anna Borgstrom)

Moreover, the soil composition also matters. For example, Sphagnum mires and
peat soil can leach organic carbon and therefore are unlikely to function as humic
traps (Ritson et al., 2014a). However, there is potential for many other areas to be
suitable for constructing wetlands aimed at reducing both nutrients and humic
substances. By doing so, we can potentially mitigate both eutrophication and
brownification on a local scale. If wetlands are restored or constructed in our
landscape, there is a potential that several negative trends can be mitigated or even
reversed (Zedler, 2003). This approach could prove cost-effective in reducing
nutrient loads and humic substances in freshwater and coastal waters, including
lakes used as drinking water reservoirs.

Current ecological restoration measures

There has been a significant emphasis on the ability of wetlands to reduce nutrients
to downstream aquatic systems (e.g. Babatunde et al., 2009, Mereta et al., 2020,
Walton et al., 2020) whereas there is a lack of knowledge regarding the ability of
wetlands to reduce humic substances as well as the potential multifunctionality in
the simultaneous reduction of several water quality parameters. With wetlands in
the landscape, water is slowed down which provides more time for the in-system
processes to act, e.g. photooxidation, microbial degradation, denitrification,
sedimentation (Griffiths and Mitsch, 2020, Kritzberg et al., 2004, Lee et al., 2009,
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Seitzinger et al., 2006). In shallow waters, where the water is kept in the landscape
for some time, carbon compounds, e.g. humic substances, are transformed when
exposed to UV-radiation which makes it more accessible for degradation by bacteria
(Granéli et al., 1996, Koehler et al., 2014). Hence, wetlands may have an unexplored
potential to simultaneously reduce nutrients, TOC, and water color. Therefore,
wetlands could be used as a local management tool to counteract the effects of
brownification and eutrophication in lakes and reservoirs by facilitating
photooxidation and nutrient retention. Given the ongoing problems of
eutrophication and brownification in aquatic ecosystems and the services they
provide, finding natural ways to mitigate these processes is of considerable
importance.

Therefore, in my thesis, I have aimed to fill some of the existing knowledge gaps
regarding the potential multifunctionality of wetlands.
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Aims and Objectives

Ecosystem services provided by wetlands have been studied for decades (Bolund
and Hunhammar, 1999, Costanza et al., 1989, Finlayson et al., 2005, Mitsch et al.,
2015, Xu et al., 2020), and wetlands may provide several ecosystem services
simultaneously i.e. there is a potential multifunctionality of the wetlands. However,
the increased eutrophication and brownification of aquatic systems pose societal
challenges in securing water resources for the future. The future health and
wellbeing of humans, as well as the future use of ecosystem services provided by
aquatic systems, may be significantly impacted due to the increased run-off of
humic substances and nutrients, along with the increased likelihood of
cyanobacterial blooms. Thus, there are certain ecosystem services provided by
wetlands that are of higher importance/interest to be performed simultaneously,
which may provide guidance for local- or regional-scale actions by authorities and
stakeholders.

In my thesis, I investigate the multifunctional potential of wetlands to mitigate
eutrophication and brownification. Furthermore, I aimed at exploring the potential
to use wetlands as a tool to mitigate algal blooms as well as investigating the
possibility of using specific primary producers in order to raise the efficiency of
constructed wetlands.

More specifically, the following aims and objectives were addressed in the chapters
of my thesis:

o Assess the multifunctional capacity of wetlands to reduce TOC, water color
and nutrients (Paper I).

o Evaluate the potential efficiency of wetlands to reduce algal growth
potential (AGP) irrespective of temperature constraints (Paper II)

o Assess if, and how much, each of the common primary producers reduce
nutrients and browning (Paper III).

o Assess if the algal growth potential (AGP) differs when exposed to water
from different primary producers (Paper III).

o Estimate the potential of wetlands to mitigate eutrophication and
brownification of a recipient lake through future scenarios (Paper 1V).
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Methodology

In this chapter, 1 give an overview of the methods used in this thesis. Detailed
descriptions of the methods can be found in respective original
publication/manuscript (Paper I-IV).

Data collection

Study systems

Several systems were involved in the studies performed, both wetlands and lakes.
In total, eleven wetlands were sampled for 18 months. Nine of the wetlands are
located in Scania, southern Sweden (Paper I-IV) and two wetlands are located in
Smaéland, southern Sweden (Paper IV). The wetlands had different catchment area,
land-use (Figure 5), and morphology. All wetlands are constructed wetlands and
were originally designed for different purposes, such as biodiversity or nutrient
retention.

Water was collected from the eastern basin of Lake Ringsjon (Paper II-III) in
Scania, southern Sweden (55°51'34.8"N, 13°33'54.3"E). Eastern Ringsjon has an
area of 20.5 km? with a maximum depth of 16.4 meters, average depth of 6.1 meters,
and an approximate turnover time of 0.8 years. The catchment area is 22.1 km?,
consisting of mainly agriculture and forests. Lake Ringsjon is characterized as
hypertrophic, and during the last decades the lake has had high amounts of nutrients
entering, which has led to a problem with algal blooms. Lake Ringsjon is also a
drinking water reservoir but at present the lake is only used as a reserve.
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Figure 5. Landuse (%) in the catchment of the nine wetlands in Paper I, showing the mixture of landuse
in the catchments of the wetlands.

Fieldwork

Here I will give an overview of the field work that has made the projects possible
(Figure 6). Constructed wetlands were included in Paper I, II and IV. Nine
constructed wetlands in Scania were sampled monthly from April 2020 until
September 2021 (Paper I-II) whereas the two wetlands in Smaland were sampled
monthly from June 2020 until October 2021 together with Sydvatten (Paper IV).
Water samples were collected from both the in- and outflows of the wetlands to
analyze water color, total nitrogen, total phosphorus, and total organic carbon.

Monthly measurements of the water velocity (m/s) were performed using a handheld
flowtherm NT (Hontzsch). By combining this with measurements of the area (m?)
of the in- and outflows of the wetlands, the water flow (m?/s) could be calculated
and converted to liters per second (L/s). Water was not collected if there was no
flow in the in- and outflows of the wetlands. Thus, data was collected only when
there was water running through the wetlands. Additionally, some wetlands could
not be sampled during periods of the year due to drought during summer and early
fall, or during some winter months if they were frozen to the bottom (Paper I).

For the experiments performed in Paper II-111, water from Lake Ringsjon was used.
Water was also collected monthly over 18 months (April 2020 to September 2021)
from seven of the constructed wetlands in Scania, as well as from Lake Ringsjon, to
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use for incubation of algae cultures (Paper II) and for quantification of the algal
growth potential (AGP) in the in- and outflows of the wetlands. Water was also
collected two times from Lake Ringsjon during the summer of 2023, to use for
quantification of the AGP in water where different taxa of primary producers had
grown (Paper III).

For the experiment performed in Paper III, water was collected once from two
wetlands in Scania during the summer of 2023. Based on previously measured
nutrient concentrations and water color (Paper I), two wetlands were selected: the
wetland with the highest nutrient concentration and the wetland with the highest
water color (Paper III). To reduce the algal abundance in the wetland water and
minimize phytoplankton during the experiment, the water was filtered through a 10
um net. For the experimental set-up, macrophytes were also collected (Paper III).
Elodea canadensis and the filamentous algae Mougeotia (Zygnemataceae) were
collected in Lake Sovdesjon (55°35'04.5"N, 13°40'04.6"E), whereas Myriophyllum
spicatum was collected from a creek in Lund (55°42'49.6"N, 13°1228.4"E).
E.canadensis (further called Elodea) and M.spicatum (further called Myriophyllum)
were selected since they are common macrophytes in aquatic freshwater systems in
Sweden. Furthermore, different species of filamentous algac commonly grow in
wetlands and here the filamentous green algae Mougeotia (Zygnemataceae) is used
as an example of filamentous algae.

Paper 11

" QOutflow
————

| ———
Figure 6. Overview of the fieldwork involved in Paper | — Ill. Water was collected in the in- and outflow of
the constructed wetlands for Paper | — Il and additionally for Paper Il the water was used for the set-up

of algae cultures. For Paper Ill water was collected from two selected wetlands for the experimental
set-up and additional experimental set-up of algae cultures.
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Water quality measurements

In my projects, the nutrients I focused on were nitrogen (N) and phosphorus (P),
which are essential for organism growth, and also closely linked to eutrophication
of aquatic systems. However, these nutrients can be available in different
concentrations and can become limiting for an organism’s growth. Due to the
necessity of these nutrients, changes in concentration can affect the whole aquatic
system. Therefore, it is important to limit anthropogenic inputs of nutrients.
Nitrogen and phosphorus were measured as total nitrogen (TN) and total phosphorus
(TP) which include all the various forms of nitrogen (e.g. nitrite, ammonia, nitrate)
and phosphorus (dissolved or particulate).

Furthermore, 1 focused on total organic carbon (TOC) and water color. TOC
includes both particulate and dissolved organic carbon whereas water color is
dependent on the amount of dissolved organic carbon as well as metal ions (e.g.
iron). Water color was measured as absorbance at 420 nm on a Shimadzu UV-2600
UV-VIS spectrophotometer (Swedish University of Agricultural Science, 2021).

Additionally, algal concentration (total chlorophyll, green algae, cyanobacteria, and
diatoms) was measured since algal biomass is closely linked to increased nutrient
input. The algal concentration was measured with an AlgaeLabAnalyser (ALA),
which measures chlorophyll-a and allocates different algae classes by measuring the
fluorescence of algae via stimulation with visible light of different colors, i.e.
spectral fluorometry. It is the presence of different pigments in the different classes
of algae, and the interaction of these pigments together with chlorophyll-a that leads
to different excitation spectra for the different classes. Thus, the ALA uses these
different excitation spectra as fingerprints to determine the different algal classes
(bbe moldaenke, 2024).

Evaluating the Multifunctionality of wetlands

In order to assess if wetlands have a multifunctional potential, TP, TN, TOC and
water color in the monthly samples from the in- and outflows of the nine wetlands
in Scania were analyzed (Paper I). Furthermore, the nutrient load for the in- and
outflows were calculated by multiplying the monthly concentrations of TP (ug/L),
TN (mg/L), and TOC (mg/L) with the monthly flow (L/s). The load of TP, TN, and
TOC were then converted to kg/day (kg/24h) and normalized for wetland size by
dividing the load by wetland area (ha) which yielded a load compensated for
wetland size (kg/ha/day). In this study, water color was not flow compensated,
instead it was only normalized for wetland size, since it is a value based on the
absorbance (420nm) which is dependent on the concentration and chemical
composition of dissolved organic matter (DOM) and certain metal ions.

The change in TP, TN, TOC, and water color between the in- and outflow of the
wetlands were expressed as removal rate and removal efficiency (Land et al., 2016),
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to show the reduction per unit time for the different months. Removal rate is the
difference in water color and concentrations of TN, TP and TOC (flow compensated
or not) between the in- and outflow of the wetlands, whereas removal efficiency is
the difference in percent (%). To aid interpretation, the inflow was subtracted from
the outflow which yields a negative value if there is less TN, TP, TOC, and water
color in the outflow of the wetlands.

Additionally, the spectral slope ratios (S;) were calculated. The S; values give an
insight into the dominant process (bacterial degradation or photodegradation) in
degrading colored dissolved organic matter (CDOM) in the wetlands (Helms et al.,
2008).

Algal growth potential and wetlands

To evaluate the potential efficiency of wetlands to reduce algal growth potential
(AGP) and temporal variations in the reduction, I performed an algae culture
experiment that was run monthly for 14 days over 18 months (Paper II). The
wetland water as well as the water from Lake Ringsjon were filtered through a 50
um mesh net prior to experimental set-up to minimize grazing pressure from
zooplankton in the cultures. The filtered water from the in- or outflow of the seven
wetlands was mixed in a 50:50 ratio with the lake water. The water from Lake
Ringsjon served as a standardized inoculum of the phytoplankton present in the lake
for each month. The cultures were then allowed to grow in a culture room at a
constant temperature of 20 °C and a 12:12 light:dark cycle. Furthermore, all culture
flasks were lightly agitated, ventilated, and placed randomly under the light source
twice a week. Total chlorophyll, green algae and cyanobacteria were measured
using the ALA in all the cultures at day 0 and day 14, with focus on green algae and
cyanobacteria since they are typically the primary sources of nuisance biomass and
source of toxins (mainly cyanobacteria). Thus, the AGP in each culture flask of the
seven wetlands (in- and outflow, respectively) was then calculated for each period
(14 days).

Effects of primary producers

After assessing the multifunctionality and AGP for wetlands, I aimed at assessing
if, and how much, three common primary producers reduce nutrients and browning,
in order to see if we can increase the efficiency of constructed wetlands by planting
specific primary producers (Paper IIl). Elodea, Myriophyllum and a filamentous
algae were selected for this study and constitute the treatments, with 7 replicates of
each. The experiment was set up in a greenhouse. Plexiglas cylinders containing a
mix of 50:50 nutrient rich: high water color wetland water were set up and each
cylinder contained either Elodea, Myriophyllum or filamentous algae. Water
samples (TN, TP, TOC, and water color) were collected from the cylinders at the
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start of the experiment and at the end, after four weeks. The cylinders were checked
three times a week to ensure that the primary producers were growing, and the
cylinders were then lightly spun around to mix the water. The difference in TP, TN,
TOC, and water color between start and end of the experiment, was used as a
measure of the reduction by each primary producer. Furthermore, the reduction was
normalized by the dry weight of the primary producer, yielding reduction per gram
dry weight for the different parameters.

Assessment of algal growth potential in water from different
macrophytes

To further investigate the results of Paper II, I aimed to estimate how the AGP
would differ for the total phytoplankton community (inferred from total chlorophyll
measures), green algae, cyanobacteria, and diatoms in water after Elodea,
Myriophyllum, and filamentous algae had grown for four weeks (Paper III).
Therefore, an algae culture experiment was set up at the start (no primary producers)
and end of the experiment (after four weeks with primary producers growing in the
water), with a slightly modified method. At each time point, water from the
cylinders was mixed with water from Lake Ringsjon in a 50:50 mix, and placed in
an algal culture room with a 12h:12h light:dark cycle and a constant temperature of
20°C. Twice a week the culture flasks were agitated and ventilated, as well as
systematically re-placed for optimal light availability. The concentration of total
chlorophyll, green algae, cyanobacteria, and diatoms was measured using the ALA
at day 0 and day 14, allowing the assessment of AGP in the water.

Scenarios and future projections

I aimed to provide future projections until 2040 for the potential of wetlands to
mitigate eutrophication and brownification of a recipient lake. Thus, for this study
three scenarios were modelled: no additional wetlands, 20% efficient wetlands and
20% inefficient wetlands (Paper IV). 20% constitutes the amount of water led
through wetlands before entering the lake, a decrease or increase in the percentage
will affect the scenarios provided. Therefore, the estimates should be viewed as an
intellectual experiment which should be adjusted to any specific catchment.

For this study, Lake Bolmen (56°51'25.1"N 13°40'51.7"E) was used as an example
as long-term water quality data is available for the lake, measured yearly since 1966.
Lake Bolmen is situated in Smaland, southern Sweden and has a surface area of 184
km?. The maximum depth of the lake is 36 meters, with an average depth of 5.4
meters. The theoretical water residence time is approximately 1.6 years but has been
estimated to vary with the inflow to the lake. The catchment area is 1650 km? and
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consists of approximately 64% forest, and 9% wetlands and only 9% agriculture in
the catchment.

The removal efficiency from the eleven monthly monitored wetlands were used to
calculate the £95% confidence intervals (CI) of average TP and water color
retention rates (% of inflow), which constitutes the efficient and inefficient wetland
scenarios. The £95% Cls for the eleven wetlands were used instead of extreme
values of individual wetlands, where the lower 95% CI was used as the efficient
retention scenario and the upper 95% CI was used as the inefficient scenario.

Additionally, the euphotic zone for a given water color value in the lake was
calculated leading to a shallower euphotic zone with a higher water color (Paper
IV). Based on this, the euphotic zone changes over time in relation to water color
for the three different scenarios in the study, shown as percent water volume in the
euphotic zone for Lake Bolmen. It should be noted that water color is not the only
factor affecting the penetration of light through the water, but since chlorophyll
concentrations in Lake Bolmen are very low, in this case I considered its effect to
be negligible. However, chlorophyll concentrations will have to be considered if a
similar approach is used in a more eutrophic lake.
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Main Findings

Wetlands as a multifunctional mitigation effort

With the ongoing increase in brownification and eutrophication I aimed at finding
out if there is a potential to use wetlands as local-scale multifunctional tools to
mitigate brownification and eutrophication (Paper I). I found that there was a high
variability in the efficiency of the wetlands in reducing phosphorus, nitrogen, TOC
and water color, both temporally and among the wetlands. My results showed that
some wetlands were able to reduce all water quality parameters during some of the
months, whereas they only reduced a few during other months. There were also
wetlands that rarely had a reduction for TP, TN, TOC, or water color. Furthermore,
I found that some wetlands did have a net reduction of phosphorus, nitrogen, water
color and TOC simultaneously (Table 1), but there were also wetlands in which this
was not the case. These wetlands instead showed a net reduction in either TN, TP,
TOC or water color. My data showed that some wetlands had a positive net removal
rate, i.e. an increase in nutrients, organic carbon and water color instead. However,
there was temporal variation, as these wetlands also showed a reduction during parts
of the sampling period. The wetlands that had a reduction in all four parameters
were classified as “generalist wetlands”, whereas the ones that only reduced one or
two parameters were classified as “specialist wetlands”. Generally, when the
specialists were efficient in reducing nutrients, they were not efficient in reducing
water color, and vice versa. Generalist wetlands, however, did reduce all four
parameters but with a lower efficiency than the specialist wetlands.
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Table 1. The nine wetlands showed a difference in the removal rate of nitrogen, phosphorus, total organic
carbon and water color. There were both specialist and generalist wetlands. A net reduction of the
parameter over 18 months is marked with green (-), whereas a net increase is marked in light grey (+).

Wetland Nitrogen Phosphorus Total organic carbon  Water color
Fjelkner = = = +
Gdrdstanga + + + +
Hinnedal = o = o
Ljungen + + = +
Lommarp - = - =
Perstorp + + + +
Toarp + + + =
Venestad + + + +
Viderup + + + +

There was high temporal and spatial variations in the efficiency of wetlands to
reduce TN, TP, TOC, and water color, with some wetlands showing an efficiency
in reducing the parameters during winter as well (Figure 7), although the reduction
efficiency was generally higher during summer. There were wetlands that showed a
reduction in TP, TN and TOC during winter, with some wetlands also showing a
reduction in water color. Furthermore, wetlands that had a continuous flow during
all seasons were generally more efficient in reducing nutrients, TOC and/or water
color. The wetlands that showed an inefficiency in the reduction of nitrogen,
phosphorus, organic carbon and water color, generally had no water flow during
longer periods of the year. Therefore a continuous water flow seem to be of
importance for the reduction efficiency of the wetlands. Additionally, the wetlands
with peat in their catchment area were more unpredictable in their reduction than
wetlands with sand, gravel, or silt (Paper I). They were also, in general, less
efficient in the reduction of phosphorus, nitrogen, total organic carbon and water
color and showed a higher variation in the reduction efficiency. Photodegradation
was, in general, the dominating process for degradation of colored dissolved organic
matter (CDOM). However, in one of the wetlands, microbial degradation was found
to be the dominant process.
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Figure 7. Some wetlands showed a net retention in removal rate during the winter season (October —
March) for nitrogen (kg/day/ha), phosphorus (kg/day/ha), total organic carbon (kg/day/ha) as well as for
water color (mgPt/L/ha). Negative values denote a reduction whereas positive values denote an
increase. The net retention is visualized by mean values +SD, with individual values as dots. Four of
the wetlands with a water flow during the majority of the months are used as examples.

Wetlands as managements tools to reduce algal growth
potential

Eutrophication leads to an increased risk of algal blooms in aquatic systems,
affecting several ecosystem services provided. Therefore, I aimed to answer the
question if wetlands could be used as a local scale management tool to counter act
algal blooms by decreasing the algal growth potential in adjacent waters. I found
that there was a high potential for wetlands to reduce the AGP, even though there
were temporal variations both within and between wetlands (Paper II). For
example, [ could show that there was a reduction in AGP for green algae (Figure 8).
Additionally, the wetlands that contained a lot of pasturelands and/or agriculture in
the catchment often had higher variation in AGP over the year, as seen in e.g.
Fjelkner, Gérdstanga and Viderup (Paper II).
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Figure 8. Algal growth potential for green algae (ug/L) in the four wetlands Fjelkner (A), Gardstanga (B),
Lommarp (C), and Toarp (D). Negative values denotes that the algae grew better in the water from the
inflow of the wetlands, whereas positive values denotes that they grew better in the water from the
outflow. Wetlands chosen as examples are wetlands that had a water flow during the majority of the
months sampled, from April 2020 until September 2021. When marked with a 0, it denotes that there
were no difference in the algal growth potential between the in- and outflow. Furthermore, when values
are missing it means that the wetlands were either frozen to the bottom or dried up.

Furthermore, AGP for cyanobacteria was generally reduced as the water flowed
through a wetland (Figure 9). My data showed that there was a temporal variation
in the AGP within wetlands for different phytoplankton taxa, i.e. there could be a
reduction in the AGP for cyanobacteria but not for green algae (e.g. Fjelkner in
September 2021, Gérdstanga in June and September 2021, Lommarp in April 2020,
Toarp in October 2020, and July 2021) or vice versa. Furthermore, the efficiency in
AGP reduction for green algae and cyanobacteria varied among wetlands, with some
wetlands showing a higher efficiency in reducing the growth of green algae whereas
others reduced cyanobacteria (Paper II). However, there were less cyanobacteria
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biomass than green algae in the wetlands and there were months where no
cyanobacteria could be detected in the wetlands.
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Figure 9. Algal growth potential for cyanobacteria (ug/L) in the four wetlands Fjelkner, Gardstanga,
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Lommarp, and Toarp. Negative values denotes that the cyanobacteria grew better in the water from the

inflow of the wetlands, whereas positive values denotes that they grew better in the water from the
outflow. Wetlands chosen as examples are wetlands that had a water flow during the majority of the

months sampled, from April 2020 until September 2021. In case of missing values, it denotes that there
either was no detected cyanobacteria for that month, or the wetlands were either frozen to the bottom

or dried up.
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Effects of primary producers

There is often a large biodiversity of primary producers growing in constructed
wetlands, including different taxa of filamentous algae and submerged macrophytes.

Different taxa often display different functional traits in ecosystems (discussed e.g.
in Zhang et al., 2018), and there is a potential that different species of primary
producers also vary in their efficiency to reduce phosphorous, nitrogen, TOC and
water color. Thus, the macrophyte communities might have an influence on wetland
efficiency in reduction of TN, TP, TOC and water color as well as algal growth
potential (AGP) in downstream aquatic systems, i.e. potentially reducing
phytoplankton blooms. Hence, planting, or in other ways favoring, specific primary
producers, might be a measure to increase the efficiency of constructed wetlands to
reduce nutrients, TOC, and water color. To examine this, I set up a microcosm
experiment to estimate the efficiency of three common wetland primary producers
(Elodea, Myriophyllum and filamentous algae) in reducing phosphorus, nitrogen,
TOC and water color.

My results showed that the three primary producers varied in their efficiency in
reducing nitrogen, phosphorus, TOC and water color. Elodea was efficient in
reducing all four parameters, whereas Myriophyllum and filamentous algae were
efficient in reducing nitrogen, phosphorus and water color (Paper III). However,
there was an increase in TOC in replicates in which filamentous algae and
Myriophyllum had grown. The variation in primary producer efficiency suggests
that a high diversity of primary producers in a constructed wetland is likely
beneficial in order to raise the efficiency in reducing phosphorus, nitrogen, TOC
and water color.

To further evaluate the potential effects of macrophytes on phytoplankton AGP, I
designed an experiment to compare the growth of green algae, cyanobacteria and
diatoms that were either exposed to water where neither filamentous algae, Elodea
or Myriophyllum had grown vs. water where the different primary producers had
grown for four weeks (Paper III). My results showed that cyanobacterial and
diatom AGP was reduced when cultured in water in which Elodea or Myriophyllum
had been growing previously. Green algae AGP generally decreased when grown in
water where Elodea had been present but increased when cultured in water in which
Myriophyllum had been growing previously (Figure 10). All three phytoplankton
groups increased their AGP when cultured in water in which filamentous algae had
been growing previously, compared to when cultured in water where no macroflora
had previously grown. To summarize, AGP for all three phytoplankton groups
decreased when Elodea had been present in the water but increased if cultured in
water where filamentous algae had been growing. The effect of Myriophyllum on
phytoplankton AGP varied between the taxa, with green algae showing a positive
AGP, while cyanobacteria and diatoms had a negative AGP.
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Figure 10. Difference in algal growth potential (AGP) for green algae, cyanobacteria and diatoms in
cultures grown in water where no filamentous algae, Elodea, or Myriophyllum had grown subtracted
from AGP in cultures grown in water where the previosly mentioned primary producers had been
growing for four weeks (mean values +SD).

Scenarios for the future

Wetlands have the potential to mitigate as well as expedite eutrophication and
brownification depending on their efficiency (Paper I). Thus, in a future
perspective, it is of importance to construct wetlands that are efficient for the
ecosystem service intended. If an inefficient wetland is constructed in the catchment
area of a lake, there might be an increase in nutrient concentrations as well as water
color of the water flowing out from the wetland to downstream systems. The
increased water color will in turn decrease the euphotic zone of downstream lakes
— potentially leading to a change in the trophic web of the lake (Paper IV). If the
wetlands instead are efficient in reducing nutrients and water color, the euphotic
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zone will increase (Figure 11) and with the reduction in nutrients the risk of algal
blooms will decrease.

Inefficient wetlands =

No wetlands =
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Efficient wetlands =

Figure 11. Change over time in the water volume (%) of the lake in the euphotic zone, i.e. the zone
where photosynthesis can occur, from 2024 until 2040 for the three scenarios where water either pass
through no wetlands, efficient wetlands or inefficient wetlands in the catchment area before reaching
the downstream lake, in this case our study object, Lake Bolmen, southern Sweden.

The construction of wetlands in the catchment area of the lake may not counteract
the increasing trends of phosphorus and water color. However, with the construction
of efficient wetlands there will be a considerable mitigation that will consist of time
(Figure 12) before we would reach the same level as without efficient wetlands in
the catchment area of the lake (Paper IV). The increase in nutrients and water color,
could be slowed, and the time could be used to implement additional restoration
measures or other solutions to counteract and potentially even reverse the current
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increasing trend. Thus, it would be a potential delay of eutrophication and
brownification of aquatic systems.
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Figure 12. Changes over time based on the three future scenarios for total phosphorus (A) and water
color (B) in a lake for the years 2024 until 2040. The three scenarios are water running through no
wetlands (yellow dotted line), efficient wetlands (lower 95% ClI, blue dashed line) or inefficient wetlands
(upper 95 ClI, red dashed line) before entering a lake. Additionally, with efficient wetlands in the
catchment area of a lake there will be a gain in time (green boxes with black arrows) before
phosphorus and water color will be on the same level as without any wetlands in the catchment area.
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Conclusions and future perspectives

Wetlands have been shown to provide several ecosystem services (see e.g. Ferreira
etal., 2023, Garcia-Garcia et al., 2016, Haddis et al., 2020, Land et al., 2016, Lee et
al., 2009, Lu et al., 2009, Mitsch et al., 2015), but the multifunctionality of wetlands
is currently being debated, and several studies have highlighted the issues with
trade-offs in ecosystem services provided by wetlands (e.g. Ballantine et al., 2015,
Bledsoe et al., 2020, Hambick et al., 2023). Furthermore, wetlands are often
considered to increase water color and TOC, especially when situated on peatland
(Canham et al., 2004, Gergel et al., 1999, Lundin et al., 2017, Mattsson et al., 2009,
Nieminen et al., 2021). In this thesis I show that wetlands have the potential to
mitigate both brownification and eutrophication, as well as a risk of expediting them
(Paper I and IV). Additionally, there is a potential for multifunctionality in some,
but not all, wetlands with regards to reduction of nitrogen, phosphorus, total organic
carbon and water color. Thus, it is possible that wetlands can have the capacity for
multifunctionality, but there are no guarantees. The studies in this thesis have shown
that there is high variation in wetland efficiency with regards to nutrient, TOC and
water color reduction, and this variation cannot be fully explained by seasonal
variations, wetland design or the catchment area.

In the studies performed within my thesis work, I show that wetlands that were less
efficient in the reduction of phosphorus, nitrogen, TOC and water color were those
that dried up during summer drought and were without water for a longer period.
Previous studies have shown that nutrients can leach from the sediments during
rewetting after a drought (e.g. Macek et al., 2020, McComb and Qiu, 1998, Song et
al., 2007, Venterink et al., 2002), highlighting the importance of designing wetlands
so that they have a constant water flow during most parts of the year, and thus
counteract drought. This might be of considerable importance in a climate change
perspective, when dry seasons might become drier and wet seasons wetter
(Mallakpour et al., 2018). Wetlands with a continuous flow would have a higher
possibility to retain the ecosystem services in a future climate warming context. By
designing constructed wetlands in the landscape so that they have a continuous
water flow, the water is slowed down, which would enable in-water processes to
have sufficient time to be performed. This seems to be of importance during all
seasons, since some wetlands were efficient in reducing phosphorus, nitrogen, TOC
and water color also during the winter season, although the efficiency generally was
higher during summer (Paper I). In a broader context, the efficiency of the wetlands
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in the landscape can be expected to increase in a climate change perspective, since
temperatures are predicted to increase (Thuiller, 2007), which might suggest that
the importance of wetlands in the landscape will grow in the future.

The wetlands in my study showed a considerable potential in reducing algal growth
potential (AGP) with regards to both green algae and cyanobacteria (Paper II). This
suggests that wetlands can be used as local-scale tools to reduce algal blooms in
adjacent waters. When water from a catchment flows through a wetland located
upstream of a lake, the potential for algal growth in the lake is often significantly
reduced. This is of considerable importance for the water quality and ecosystem
services provided by downstream lakes, rivers, and coastal areas. It also
provides incentives for restoring and constructing wetlands in the landscape.
Additionally, in a climate change context with warmer temperatures causing
prolonged phytoplankton growth periods, as well as higher frequency and intensity
of phytoplankton blooms (Dore, 2005, Thuiller, 2007, Trenberth, 2011), the
potential of wetlands to reduce algal growth potential may become even more
important. Furthermore, the importance of wetlands to continue to act as nutrient
sinks in the landscape in the face of climate change has previously been highlighted
(e.g. Griffiths and Mitsch, 2020).

In aquatic ecosystems, macrophytes and filamentous algae are important players, as
they provide substrate for microorganisms, hiding places for young fish and
macroinvertebrates, as well as taking up nutrients from the water column and
sediment (Dvorak, 1996, Gagnon et al., 2007, Gonzalez Sagrario and Balseiro,
2010, Rejmankova, 2011). In the study I performed, the macrophytes varied in their
efficiency in reduction of nutrients, TOC and water color (Paper III). Thus, the
macroflora in wetlands might influence both wetland efficiency and the likelihood
of multifunctionality. By performing microcosm experiments using three primary
producers (in monoculture) growing in wetland water, I could show that efficiency
of nutrient, TOC and water color reduction varied among Elodea, Myriophyllum
and filamentous algae. This suggests that a high diversity of macrophytes and
filamentous algae will increase the efficiency of the wetlands more than a
monoculture. With a higher diversity in taxa, the primary producers can potentially
complement one another and thus have positive influences on wetland efficiency,
as shown by e.g. Engelhardt and Ritchie (2001). However, wetlands with low-
diversity vegetation, e.g. dominated by tall emergent vegetation, have previously
been shown to also increase the efficiency in nitrogen retention (Weisner and
Thiere, 2010). Moreover, macrophytes may also inhibit cyanobacterial growth e.g.
through allelopathy or high nutrient utilization (Mohamed, 2017, Nakai et al., 2012)
although there is an inconsistency in the effects of macrophytes (Maredova et al.,
2021), indicating that not all macrophytes may have the potential to decrease
cyanobacterial growth. However, with macrophytes and filamentous algae growing
in the wetlands, the AGP for cyanobacteria will likely decrease (Paper III). Thus,
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a wetland maintaining a widespread macroflora could potentially be a mitigation
effort to counteract cyanobacterial blooms.

The results of my studies show that the construction of wetlands might be beneficial
to ecosystems as well as society, with their ability to reduce phosphorus, nitrogen,
TOC and water color, as well as the AGP of different algae taxa. The construction
of efficient wetlands in the catchment area of a lake can thus mitigate the present
trends of increased nutrient concentration and water color in aquatic systems.
However, with restoration measures at a local scale the manifestation of the
mitigation would be in time gained, i.e. the increasing trend would slow down, and
it will take a longer time for the phosphorus concentration and water color to reach
the same level as without wetlands in the catchment. Thus, there would be a possible
delay in the eutrophication and brownification. Additionally, increased
eutrophication and brownification might have negative impacts on the depth of the
euphotic zone in lakes, i.e. the clarity of the water. A decrease in the euphotic zone
will influence the primary production in the lake since less light will reach down in
the water column, which will affect macrophytes, periphyton as well as
phytoplankton (Berthold and Paar, 2021, Vasconcelos et al., 2016). Thus, while it
is important to have the benefits of constructing or restoring wetlands in mind, the
potential risks should also be considered (Paper IV). Surface waters, e.g. lakes and
rivers, are the main drinking water sources worldwide, and the surrounding
catchment will often affect the quality of drinking water sources or reservoirs, for
example by the amount of inorganic or organic matter contained in the water
(Kritzberg et al., 2020, Matilainen et al., 2011). The higher water color and TP
concentration in a lake used as a drinking water reservoir, the more treatment the
water has to go through in order to produce healthy drinking water. With more
treatment there will be higher costs and potential health hazards in the form of
chemicals used for water treatment. This highlights the importance of monitoring
the wetlands after construction to see if the wetlands are performing the intended
ecosystem function.

The decisions to restore or construct wetlands as mitigation efforts to increase
biodiversity or nutrient reduction are often made at the local scale, for individual
wetland projects (Thorslund et al., 2017). The complexity of the large-scale system
is often simplified and the connectivity, between for example surface water and
ground water, overlooked (Borer et al., 2014). Additionally, when ecological
restoration measures in the landscape have been performed there is often a lack of
monitoring afterwards to see whether the restoration has had the desired effect or
not, and if the wetland is performing the intended function (Benayas et al., 2009,
Browne et al., 2018, Wortley et al., 2013). Ecological restoration measures are not
necessarily without risks, which is why proper monitoring of the function after
restoration should be advised. The restoration and construction of wetlands hold a
potential in mitigating eutrophication and brownification (Paper I), but there are
still knowledge gaps in the ideal placement and design to make sure the function of
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the wetland perform the ecosystem service intended for the area where it is restored
or constructed. Research is needed to assess the design and placement of generalist
wetlands in order to reduce risk of constructing inefficient wetlands. Furthermore,
there may also be advantages to construct several specialist wetlands in connectivity
to one another, which could complement one another and increase the efficiency, as
well as slowing down the water in the landscape and allowing for more in-system
processes to take place. The potential to use several specialist wetlands in the same
catchment should therefore be investigated, since there might be a potential of the
wetlands to be used as complements to each other, thus increasing the efficiency of
the overall system (as suggested by e.g. Hambéck et al., 2023). Additionally, there
should be a focus on minimizing the risks by identifying which design, placement,
and size constructed wetlands should have in order to perform the function intended
and for the highest efficiency as well as monitoring wetlands after construction.

To summarize, there is a multifunctional capacity amongst some wetlands, but not
all. Generalist wetlands have the potential to mitigate eutrophication and
brownification in aquatic systems and thus function as an in-system multifunctional
tool in the landscape (Paper I). There is also a potential to use the wetlands as a
local-scale tool to mitigate algal blooms, since they reduce the AGP for both green
algae and cyanobacteria (Paper II). There may also be a potential in increasing the
efficiency in constructed wetlands with the establishment of macrophytes, where a
variation in macrophyte and filamentous algae taxa may be preferred (Paper III).
Additionally, the presence of macrophytes and filamentous algae may reduce the
growth potential of cyanobacteria (Paper III). The potential of wetlands to reduce
nutrients, TOC, water color and AGP is at present crucial given the increasing
amounts of organic and inorganic substances reaching aquatic ecosystems.
Furthermore, efficient wetlands will provide us with time for counteracting
eutrophication and brownification either through further research on mitigation
efforts or by in-system restoration measure, as well as slow down the decrease of
the euphotic zone in receiving lake waters (Paper IV). Besides the main conclusions
in this thesis, the research led to several unresolved questions. For example, the
land-use and soil composition in the catchment area as well as the design and
placement varied between the generalist wetlands. Additionally, the dominant
process for degradation of CDOM varied between the generalist wetlands with
photodegradation being the dominant process in one, whilst bacterial degradation
was the dominant process in the other (determined through a calculation of the
spectral slope ratio (Helms et al., 2008)). Furthermore, even though peat often is
linked to an increase in DOC and water color in aquatic systems (see e.g. Mattsson
et al., 2009, Nieminen et al., 2021), one of the generalist wetlands contained the
highest percentage of peat in its catchment area (9%). Interestingly, the wetland with
the highest efficiency in reduction of water color also had a high amount of peat in
its catchment area (Paper I).
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Therefore, I believe it is of importance to understand the possible sources and sinks
of nutrients and organic matter into the wetlands as well as the design and placement
best suited for mitigation. This knowledge is important to predict the potential usage
of constructed wetlands in the landscape to mitigate undesirable effects on aquatic
systems. In order to use wetlands as mitigation efforts for eutrophication and
brownification, it is of importance that acquired knowledge reaches the stakeholders
and wetland managers as well.

52



References

AMON, R. M. & BENNER, R. 1996. Bacterial utilization of different size classes of
dissolved organic matter. Limnology and Oceanography, 41, 41-51.

ANDERSON, T., ROWE, E., POLIMENE, L., TIPPING, E., EVANS, C., BARRY, C,,
HANSELL, D., KAISER, K., KITIDIS, V. & LAPWORTH, D. 2019. Unified
concepts for understanding and modelling turnover of dissolved organic matter from
freshwaters to the ocean: the UniDOM model. Biogeochemistry, 146, 105-123.

ARHEIMER, B. & WITTGREN, H. B. 1994. Modeling the effects of wetlands on regional
nitrogen transport. Ambio, 23, 378-386.

ASMALA, E., BOWERS, D. G., AUTIO, R., KAARTOKALLIO, H. & THOMAS, D. N.
2014. Qualitative changes of riverine dissolved organic matter at low salinities due to
flocculation. Journal of Geophysical Research: Biogeosciences, 119, 1919-1933.

BABATUNDE, A., ZHAO, Y., BURKE, A., MORRIS, M. & HANRAHAN, J. 2009.
Characterization of aluminium-based water treatment residual for potential
phosphorus removal in engineered wetlands. Environmental Pollution, 157, 2830-
2836.

BALLANTINE, K. A., LEHMANN, J., SCHNEIDER, R. L. & GROFFMAN, P. M. 2015.
Trade-offs between soil-based functions in wetlands restored with soil amendments
of differing lability. Ecological Applications, 25,215-225.

BBE MOLDAENKE, B. 2024. AlgaeLabAnalyser - Quick Analysis in the Laboratory
[Online]. Available: https://www.bbe-
moldaenke.de/en/products/chlorophyll/details/algaelabanalyser.html [Accessed 8
February 2024].

BEHRENFELD, M. J., RANDERSON, J. T., MCCLAIN, C. R., FELDMAN, G. C., LOS,
S. O., TUCKER, C.J., FALKOWSK]I, P. G., FIELD, C. B., FROUIN, R., ESAIAS,
W. E., KOLBER, D. D. & POLLACK, N. H. 2001. Biospheric primary production
during an ENSO transition. Science, 291, 2594-2597.

BENAYAS, J. M. R,, NEWTON, A. C., DIAZ, A. & BULLOCK, J. M. 2009.
Enhancement of biodiversity and ecosystem services by ecological restoration: a
meta-analysis. science, 325, 1121-1124.

BERGGREN, M., KLAUS, M., SELVAM, B. P., STROM, L., LAUDON, H., JANSSON,
M. & KARLSSON, J. 2018. Quality transformation of dissolved organic carbon
during water transit through lakes: contrasting controls by photochemical and
biological processes. Biogeosciences, 15, 457-470.

BERTHOLD, M. & PAAR, M. 2021. Dynamics of primary productivity in relation to

submerged vegetation of a shallow, eutrophic lagoon: a field and mesocosm study.
PLoS One, 16, €0247696.

53



BERTILSSON, S. & TRANVIK, L. J. 2000. Photochemical transformation of dissolved
organic matter in lakes. Limnology and Oceanography, 45, 753-762.

BEUSEN, A. H. W., BOUWMAN, A. F., VAN BEEK, L. P. H., MOGOLLON, J. M. &
MIDDELBURG, J. J. 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.

BLEDSOE, R. B, BEAN, E. Z., AUSTIN, S. S. & PERALTA, A. L. 2020. A microbial
perspective on balancing trade-offs in ecosystem functions in a constructed
stormwater wetland. Ecological Engineering, 158, 106000.

BOHOLM, A. & PRUTZER, M. 2017. Experts' understandings of drinking water risk
management in a climate change scenario. Climate Risk Management, 16, 133-144.

BOLUND, P. & HUNHAMMAR, S. 1999. Ecosystem services in urban areas. Ecological
economics, 29,293-301.

BORER, E. T., HARPOLE, W. S., ADLER, P. B., LIND, E. M., ORROCK, J. L.,
SEABLOOM, E. W. & SMITH, M. D. 2014. Finding generality in ecology: a model
for globally distributed experiments. Methods in Ecology and Evolution, 5, 65-73.

BOWEN, J. C., KAPLAN, L. A. & CORY, R. M. 2020. Photodegradation
disproportionately impacts biodegradation of semi-labile DOM in streams.
Limnology and Oceanography, 65, 13-26.

BOYD, C. E. 2019. Water quality: an introduction, Springer Nature.

BRASKERUD, B. 2002. Design considerations for increased sedimentation in small
wetlands treating agricultural runoff. Water science and technology, 45, 77-85.

BROTHERS, S., KOHLER, J., ATTERMEYER, K., GROSSART, H.-P., MEHNER, T.,
MEYER, N., SCHARNWEBER, K. & HILT, S. 2014. A feedback loop links
brownification and anoxia in a temperate, shallow lake. Limnology and
Oceanography, 59, 1388-1398.

BROWNE, M., FRASER, G. & SNOWBALL, J. 2018. Economic evaluation of wetland
restoration: a systematic review of the literature. Restoration Ecology, 26, 1120-
1126.

CANHAM, C. D., PACE, M. L., PAPAIK, M. J., PRIMACK, A. G., ROY, K. M.,
MARANGER, R.J., CURRAN, R. P. & SPADA, D. M. 2004. A spatially explicit
watershed-scale analysis of dissolved organic carbon in Adirondack lakes.
Ecological applications, 14, 839-854.

CARMICHAEL, W. W. & BOYER, G. L. 2016. Health impacts from cyanobacteria
harmful algae blooms: Implications for the North American Great Lakes. Harmfu!
Algae, 54, 194-212.

CHENG, F. Y., VAN METER, K. J., BYRNES, D. K. & BASU, N. B. 2020. Maximizing
US nitrate removal through wetland protection and restoration. Nature, 588, 625-+.

CLARK, J. M., BOTTRELL, S. H., EVANS, C. D., MONTEITH, D. T., BARTLETT, R.,
ROSE, R., NEWTON, R. J. & CHAPMAN, P. J. 2010. The importance of the

relationship between scale and process in understanding long-term DOC dynamics.
Science of the Total Environment, 408, 2768-2775.

54



COLE, J. J. 1999. Aquatic microbiology for ecosystem scientists: new and recycled
paradigms in ecological microbiology. Ecosystems, 2, 215-225.

COLE, J.J., PRAIRIE, Y. T., CARACO, N. F., MCDOWELL, W. H., TRANVIK, L. J.,
STRIEGL, R. G., DUARTE, C. M., KORTELAINEN, P., DOWNING, J. A. &
MIDDELBURG, J. J. 2007. Plumbing the global carbon cycle: integrating inland
waters into the terrestrial carbon budget. Ecosystems, 10, 172-185.

CORY, R. M. & KLING, G. W. 2018. Interactions between sunlight and microorganisms
influence dissolved organic matter degradation along the aquatic continuum.
Limnology and Oceanography Letters, 3, 102-116.

COSTANZA, R., FARBER, S. C. & MAXWELL, J. 1989. Valuation and management of
wetland ecosystems. Ecological economics, 1,335-361.

COULSON, L. E., WEIGELHOFER, G., GILL, S., HEIN, T., GRIEBLER, C. &
SCHELKER, J. 2022. Small rain events during drought alter sediment dissolved
organic carbon leaching and respiration in intermittent stream sediments.
Biogeochemistry, 159, 159-178.

D’ANDRILLL J., JUNKER, J. R., SMITH, H. J., SCHOLL, E. A. & FOREMAN, C. M.
2019. DOM composition alters ecosystem function during microbial processing of
isolated sources. Biogeochemistry, 142,281-298.

DAVIDSON, N. C. 2014. How much wetland has the world lost? Long-term and recent
trends in global wetland area. Marine and Freshwater Research, 65,934-941.

DELPLA, L., JUNG, A. V., BAURES, E., CLEMENT, M. & THOMAS, O. 2009. Impacts
of climate change on surface water quality in relation to drinking water production.
Environment International, 35, 1225-1233.

DIAZ, R. J. 2001. Overview of hypoxia around the world. Journal of environmental
quality, 30, 275-281.

DORE, M. H. 2005. Climate change and changes in global precipitation patterns: what do
we know? Environment international, 31, 1167-1181.

DVORAK, J. 1996. An example of relationships between macrophytes,
macroinvertebrates and their food resources in a shallow euthrophic lake.
Hydrobiologia, 339, 27-36.

EKSTROM, S. M., KRITZBERG, E. S., KLEJA, D. B., LARSSON, N., NILSSON, P. A.,
GRANELI, W. & BERGKVIST, B. 2011. Effect of Acid Deposition on Quantity and
Quality of Dissolved Organic Matter in Soil-Water. Environmental Science &
Technology, 45, 4733-4739.

EKSTROM, S. M., SANDAHL, M., NILSSON, P. A., KLEJA, D. B. & KRITZBERG, E.
S. 2016. Reactivity of dissolved organic matter in response to acid deposition.
Aquatic Sciences, 78, 463-475.

EKVALL, M. K., MARTIN, J. D., FAASSEN, E. J., GUSTAFSSON, S., LURLING, M.
& HANSSON, L. A. 2013. Synergistic and species-specific effects of climate change
and water colour on cyanobacterial toxicity and bloom formation. Freshwater
Biology, 58, 2414-2422.

ENGELHARDT, K. A. & RITCHIE, M. E. 2001. Effects of macrophyte species richness
on wetland ecosystem functioning and services. Nature, 411, 687-689.

55



ESTLANDER, S., NURMINEN, L., OLIN, M., VINNI, M., IMMONEN, S., RASK, M.,
RUUHIJARVI, J., HORPPILA, J. & LEHTONEN, H. 2010. Diet shifts and food
selection of perch Perca fluviatilis and roach Rutilus rutilus in humic lakes of varying
water colour. Journal of Fish Biology, 77, 241-256.

EWERTS, H., SWANEPOEL, A. & DU PREEZ, H. H. 2013. Efficacy of conventional
drinking water treatment processes in removing problem-causing phytoplankton and
associated organic compounds. Water Sa, 39, 739-749.

FERREIRA, C. S., KASANIN-GRUBIN, M., SOLOMUN, M. K., SUSHKOVA, S.,
MINKINA, T., ZHAO, W. & KALANTARI, Z. 2023. Wetlands as nature-based
solutions for water management in different environments. Current Opinion in
Environmental Science & Health, 100476.

FIELD, C. B., BEHRENFELD, M. J., RANDERSON, J. T. & FALKOWSKI, P. 1998.
Primary production of the biosphere: Integrating terrestrial and oceanic components.
Science, 281, 237-240.

FINLAYSON, C. M., DAVIDSON, N. C., SPIERS, A. G. & STEVENSON, N. J. 1999.
Global wetland inventory - current status and future priorities. Marine and
Freshwater Research, 50, 717-727.

FINLAYSON, M., CRUZ, R., DAVIDSON, N., ALDER, J., CORK, S., DE GROOT, R.,
LEVEQUE, C., MILTON, G., PETERSON, G. & PRITCHARD, D. 2005.
Millennium Ecosystem Assessment: Ecosystems and human well-being: wetlands
and water synthesis.

GAGNON, V., CHAZARENC, F., COMEAU, Y. & BRISSON, J. 2007. Influence of
macrophyte species on microbial density and activity in constructed wetlands. Water
Science and Technology, 56, 249-254.

GALLOWAY, J. N. & COWLING, E. B. 2021. Reflections on 200 years of Nitrogen, 20
years later This article belongs to Ambio's 50th Anniversary Collection. Theme:
Eutrophication. Ambio, 50, 745-749.

GARCIA-GARCIA, P., RUELAS-MONJARDIN, L. & MARIN-MUNIZ, J. 2016.
Constructed wetlands: a solution to water quality issues in Mexico? Water Policy, 18,
654-669.

GE, Z. B., WEL, D. Y., ZHANG, J., HU, J. S, LIU, Z. & LI, R. H. 2019. Natural pyrite to
enhance simultaneous long-term nitrogen and phosphorus removal in constructed
wetland: Three years of pilot study. Water Research, 148, 153-161.

GERGEL, S. E., TURNER, M. G. & KRATZ, T. K. 1999. Dissolved organic carbon as an
indicator of the scale of watershed influence on lakes and rivers. Ecological
Applications, 9, 1377-1390.

GONZALEZ SAGRARIO, M. D. L. A. & BALSEIRO, E. 2010. The role of
macroinvertebrates and fish in regulating the provision by macrophytes of refugia for
zooplankton in a warm temperate shallow lake. Freshwater Biology, 55, 2153-2166.

GOPAL, B. 2009. Biodiversity in Wetlands. The Wetlands Handbook.

GRANELI, W., LINDELL, M. & TRANVIK, L. 1996. Photo-oxidative production of
dissolved inorganic carbon in lakes of different humic content. Limnology and
Oceanography, 41, 698-706.

56



GREINER, M. & HERSHNER, C. 1998. Analysis of wetland total phosphorus retention
and watershed structure. Wetlands, 18, 142-149.

GRIFFITHS, L. N. & MITSCH, W. J. 2020. Nutrient retention via sedimentation in a
created urban stormwater treatment wetland. Science of the total environment, 727,
138337.

GRUNEBERG, B. & KERN, J. 2001. Phosphorus retention capacity of iron-ore and blast
furnace slag in subsurface flow constructed wetlands. Water science and technology,
44, 69-75.

GUNNARSSON, U. & LOFROTH, M. 2014. The Swedish Wetland Survey : Compiled
Excerpts From The National Final Report. Rapport / Naturvdrdsverket. Stockholm:
Naturvardsverket.

HAALAND, S., HONGVE, D., LAUDON, H., RIISE, G. & VOGT, R. D. 2010.
Quantifying the Drivers of the Increasing Colored Organic Matter in Boreal Surface
Waters. Environmental Science & Technology, 44, 2975-2980.

HADDIS, A., VAN DER BRUGGEN, B. & SMETS, I. 2020. Constructed wetlands as
nature based solutions in removing organic pollutants from wastewater under
irregular flow conditions in a tropical climate. Ecohydrology & Hydrobiology, 20,
38-47.

HAGEN, E. M., MCTAMMANY, M. E., WEBSTER, J. R. & BENFIELD, E. F. 2010.
Shifts in allochthonous input and autochthonous production in streams along an
agricultural land-use gradient. Hydrobiologia, 655, 61-77.

HAGMAN, C. H. C., SKIELBRED, B., THRANE, J. E., ANDERSEN, T. & DE WIT, H.
A. 2019. Growth responses of the nuisance algae Gonyostomum semen
(Raphidophyceae) to DOC and associated alterations of light quality and quantity.
Aquatic Microbial Ecology, 82,241-251.

HAMBACK, P., DAWSON, L., GERANMAYEH, P., JARSJO, J., KACERGYTE, I,
PEACOCK, M., COLLENTINE, D., DESTOUNI, G., FUTTER, M. & HUGELIUS,
G. 2023. Tradeoffs and synergies in wetland multifunctionality: A scaling issue.
Science of the Total Environment, 862, 160746.

HANSEN, A. M., KRAUS, T. E., PELLERIN, B. A, FLECK, J. A., DOWNING, B. D. &
BERGAMASCHI, B. A. 2016. Optical properties of dissolved organic matter
(DOM): Effects of biological and photolytic degradation. Limnology and
oceanography, 61, 1015-1032.

HANSSON, L. A., BRONMARK, C., NILSSON, P. A. & ABJORNSSON, K. 2005.
Conflicting demands on wetland ecosystem services: nutrient retention, biodiversity
or both? Freshwater Biology, 50, 705-714.

HEISLER, J., GLIBERT, P. M., BURKHOLDER, J. M., ANDERSON, D. M.,
COCHLAN, W., DENNISON, W. C., DORTCH, Q., GOBLER, C. J., HEIL, C. A.,
HUMPHRIES, E., LEWITUS, A., MAGNIEN, R., MARSHALL, H. G., SELLNER,
K., STOCKWELL, D. A., STOECKER, D. K. & SUDDLESON, M. 2008.
Eutrophication and harmful algal blooms: A scientific consensus. Harmful Algae, 8,
3-13.

57



HELMS, J. R., STUBBINS, A., RITCHIE, J. D., MINOR, E. C., KIEBER, D. J. &
MOPPER, K. 2008. Absorption spectral slopes and slope ratios as indicators of
molecular weight, source, and photobleaching of chromophoric dissolved organic
matter. Limnology and oceanography, 53, 955-969.

HEY, D. L., BARRETT, K. R. & BIEGEN, C. 1994. The hydrology of 4 experimental
constructed marshes. Ecological Engineering, 3, 319-343.

HEY, D. L. & PHILIPPI, N. S. 1995. Flood reduction through wetland restoration - the
upper mississippi river basin as a case-history. Restoration Ecology, 3, 4-17.

HOFFMANN, C. C. & BAATTRUP-PEDERSEN, A. 2007. Re-establishing freshwater
wetlands in Denmark. Ecological Engineering, 30, 157-166.

HOFMANN, R., UHL, J., HERTKORN, N. & GRIEBLER, C. 2020. Linkage between
dissolved organic matter transformation, bacterial carbon production, and diversity in
a shallow oligotrophic aquifer: results from flow-through sediment microcosm
experiments. Frontiers in microbiology, 11, 543567.

HOLDING, J. M., DUARTE, C. M., DELGADO-HUERTAS, A., SOETAERT, K.,
VONK, J. E., AGUSTI, S., WASSMANN, P. & MIDDELBURG, J. J. 2017.
Autochthonous and allochthonous contributions of organic carbon to microbial food
webs in Svalbard fjords. Limnology and Oceanography, 62, 1307-1323.

HONGVE, D, RIISE, G. & KRISTIANSEN, J. F. 2004. Increased colour and organic acid
concentrations in Norwegian forest lakes and drinking water - a result of increased
precipitation? Aquatic Sciences, 66, 231-238.

HOWARTH, R. W., BILLEN, G., SWANEY, D., TOWNSEND, A., JAWORSKI, N.,
LAJTHA, K., DOWNING, J. A., ELMGREN, R., CARACO, N. & JORDAN, T.
1996. Regional nitrogen budgets and riverine N & P fluxes for the drainages to the
North Atlantic Ocean: Natural and human influences. Nitrogen cycling in the North
Atlantic Ocean and its watersheds. Springer.

JEPPESEN, E., KRONVANG, B., MEERHOFF, M., SONDERGAARD, M., HANSEN,
K. M., ANDERSEN, H. E., LAURIDSEN, T. L., LIBORIUSSEN, L., BEKLIOGLU,
M., OZEN, A. & OLESEN, J. E. 2009. Climate Change Effects on Runoff,
Catchment Phosphorus Loading and Lake Ecological State, and Potential
Adaptations. Journal of Environmental Quality, 38, 1930-1941.

JOHNSTON, C. A. 1991. Sediment and nutrient retention by freshwater wetlands: effects
on surface water quality. Critical Reviews in Environmental Science and Technology,
21,491-565.

JONASSON, S., ERIKSSON, J., BERNTZON, L., SPACIL, Z., ILAG, L. L., RONNEVI,
L. O., RASMUSSEN, U. & BERGMAN, B. 2010. Transfer of a cyanobacterial
neurotoxin within a temperate aquatic ecosystem suggests pathways for human

exposure. Proceedings of the National Academy of Sciences of the United States of
America, 107, 9252-9257.

JUNK, W.J., AN, S. Q., FINLAYSON, C. M., GOPAL, B., KVET, J., MITCHELL, S. A.,
MITSCH, W. J. & ROBARTS, R. D. 2013. Current state of knowledge regarding the
world's wetlands and their future under global climate change: a synthesis. Aquatic
Sciences, 75, 151-167.

58



KALNAY, E. & CAI, M. 2003. Impact of urbanization and land-use change on climate.
Nature, 423, 528-531.

KHAN, M. N. & MOHAMMAD, F. 2014. Eutrophication: Challenges and Solutions. In:
ANSARI, A. A. & GILL, S. S. (eds.) Eutrophication: Causes, Consequences and
Control: Volume 2. Dordrecht: Springer Netherlands.

KOEHLER, B., LANDELIUS, T., WEYHENMEYER, G. A., MACHIDA, N. &
TRANVIK, L. J. 2014. Sunlight-induced carbon dioxide emissions from inland
waters. Global Biogeochemical Cycles, 28, 696-711.

KOSENIUS, A. K. 2010. Heterogeneous preferences for water quality attributes: The Case
of eutrophication in the Gulf of Finland, the Baltic Sea. Ecological Economics, 69,
528-538.

KRITZBERG, E. S., COLE, J. J., PACE, M. L., GRANELI, W. & BADE, D. L. 2004.
Autochthonous versus allochthonous carbon sources of bacteria: Results from whole-
lake 13C addition experiments. Limnology and Oceanography, 49, 588-596.

KRITZBERG, E. S., HASSELQUIST, E. M., SKERLEP, M., LOFGREN, S., OLSSON,
O., STADMARK, J., VALINIA, S., HANSSON, L. A. & LAUDON, H. 2020.
Browning of freshwaters: Consequences to ecosystem services, underlying drivers,
and potential mitigation measures. Ambio, 49, 375-390.

LAMBERT, T., BOUILLON, S., DARCHAMBEAU, F., MORANA, C., ROLAND, F. A,
DESCY, J.-P. & BORGES, A. V. 2017. Effects of human land use on the terrestrial
and aquatic sources of fluvial organic matter in a temperate river basin (The Meuse
River, Belgium). Biogeochemistry, 136, 191-211.

LAND, M., GRANELI, W., GRIMVALL, A., HOFFMANN, C. C., MITSCH, W. J.,
TONDERSKI, K. S. & VERHOEVEN, J. T. A. 2016. How effective are created or
restored freshwater wetlands for nitrogen and phosphorus removal? A systematic
review. Environmental Evidence, 5, 9.

LANSSTYRELSEN 2011. Historiska vitmarker i odlingslandskapet: Planeringsunderlag
for anlaggning och restaurering. Rapporter fran Linsstyrelsen i Dalarnas lin.
Lansstyrelsen Dalarnas lan.

LAVONEN, E. E., GONSIOR, M., TRANVIK, L. J., SCHMITT-KOPPLIN, P. &
KOHLER, S. J. 2013. Selective Chlorination of Natural Organic Matter:
Identification of Previously Unknown Disinfection Byproducts. Environmental
Science & Technology, 47,2264-2271.

LE MOAL, M., GASCUEL-ODOUX, C., MENESGUEN, A., SOUCHON, Y.,
ETRILLARD, C., LEVAIN, A., MOATAR, F., PANNARD, A., SOUCHU, P. &
LEFEBVRE, A. 2019. Eutrophication: a new wine in an old bottle? Science of the
total environment, 651, 1-11.

LEE, C. G., FLETCHER, T. D. & SUN, G. 2009. Nitrogen removal in constructed wetland
systems. Engineering in life sciences, 9, 11-22.

LEPISTO, A., KORTELAINEN, P. & MATTSSON, T. 2008. Increased organic C and N
leaching in a northern boreal river basin in Finland. Global Biogeochemical Cycles,
22.

LEVEQUE, C., BALIAN, E. V. & MARTENS, K. 2005. An assessment of animal species
diversity in continental waters. Hydrobiologia, 542, 39-67.

59



LEVL P. S, RIIS, T., ALNOE, A. B., PEIPOCH, M., MAETZKE, K., BRUUS, C. &
BAATTRUP-PEDERSEN, A. 2015. Macrophyte complexity controls nutrient uptake
in lowland streams. Ecosystems, 18, 914-931.

LEVIN, L., EKAU, W., GOODAY, A., JORISSEN, F., MIDDELBURG, J., NAQVL S.,
NEIRA, C., RABALAIS, N. & ZHANG, J. 2009. Effects of natural and human-
induced hypoxia on coastal benthos. Biogeosciences, 6, 2063-2098.

LL Y., CAO, W. Z., SU, C. X. & HONG, H. S. 2011. Nutrient sources and composition of
recent algal blooms and eutrophication in the northern Jiulong River, Southeast
China. Marine Pollution Bulletin, 63, 249-254.

LINDELL, M. J., GRANELI, H. W. & BERTILSSON, S. 2000. Seasonal photoreactivity
of dissolved organic matter from lakes with contrasting humic content. Canadian
Journal of Fisheries and Aquatic Sciences, 57, 875-885.

LINDELL, M. J., GRANELI, W. & TRANVIK, L. J. 1995. Enhanced bacterial-growth in
response to photochemical transformation of dissolved organic-matter. Limnology
and Oceanography, 40, 195-199.

LU,S. Y., WU, F.C, LU, Y., XIANG, C. S., ZHANG, P. Y. & JIN, C. X. 2009.
Phosphorus removal from agricultural runoff by constructed wetland. Ecological
Engineering, 35, 402-409.

LU, Y. H.,, CANUEL, E. A., BAUER, J. E. & CHAMBERS, R. 2014. Effects of watershed
land use on sources and nutritional value of particulate organic matter in temperate
headwater streams. Aquatic Sciences, 76, 419-436.

LUIMSTRA, V. M., VERSPAGEN, J. M. H., XU, T. S., SCHUURMANS, J. M. &
HUISMAN, J. 2020. Changes in water color shift competition between
phytoplankton species with contrasting light-harvesting strategies. Ecology, 101.

LUNDIN, L., NILSSON, T., JORDAN, S., LODE, E. & STROMGREN, M. 2017. Impacts
of rewetting on peat, hydrology and water chemical composition over 15 years in two

finished peat extraction areas in Sweden. Wetlands Ecology and Management, 25,
405-419.

MACEK, C. L., HALE, R. L. & BAXTER, C. V. 2020. Dry wetlands: Nutrient dynamics
in ephemeral constructed stormwater wetlands. Environmental management, 65, 32-
45.

MALLAKPOUR, I., SADEGH, M. & AGHAKOUCHAK, A. 2018. A new normal for
streamflow in California in a warming climate: Wetter wet seasons and drier dry
seasons. Journal of Hydrology, 567,203-211.

MAREDOVA, N., ALTMAN, J. & KASTOVSKY, J. 2021. The effects of macrophytes on
the growth of bloom-forming cyanobacteria: Systematic review and experiment.
Science of the Total Environment, 792, 148413.

MATILAINEN, A., GJESSING, E. T., LAHTINEN, T., HED, L., BHATNAGAR, A. &
SILLANPAA, M. 2011. An overview of the methods used in the characterisation of
natural organic matter (NOM) in relation to drinking water treatment. Chemosphere,
83, 1431-1442.

60



MATTSSON, T., KORTELAINEN, P., LAUBEL, A., EVANS, D., PUJO-PAY, M.,
RAIKE, A. & CONAN, P. 2009. Export of dissolved organic matter in relation to
land use along a European climatic gradient. Science of the Total Environment, 407,
1967-1976.

MAYER, L. M. 1994. Relationships between mineral surfaces and organic carbon
concentrations in soils and sediments. Chemical Geology, 114, 347-363.

MCCOMB, A. & QIU, S. 1998. The effects of drying and reflooding on nutrient release
from wetland sediments. Wetlands in a Dry Land: Understanding for management.
Environment Australia.

MEA 2001. Millennium ecosystem assessment, Millennium Ecosystem Assessment.

MEREL, S., CLEMENT, M. & THOMAS, O. 2010. State of the art on cyanotoxins in
water and their behaviour towards chlorine. Toxicon, 55, 677-691.

MERETA, S. T., DE MEESTER, L., LEMMENS, P., LEGESSE, W., GOETHALS, P. L.
& BOETS, P. 2020. Sediment and nutrient retention capacity of natural riverine
wetlands in Southwest Ethiopia. Frontiers in Environmental Science, 8, 122.

METCALFE, C. D., NAGABHATLA, N. & FITZGERALD, S. K. 2018. Multifunctional
wetlands: pollution abatement by natural and constructed wetlands. Multifunctional
Wetlands: Pollution Abatement and Other Ecological Services from Natural and
Constructed Wetlands, 1-14.

MILSTEAD, R. P., HORVATH, E. R. & REMUCAL, C. K. 2023. Dissolved organic
matter composition determines its susceptibility to complete and partial
photooxidation within lakes. Environmental Science & Technology, 57, 11876-
11885.

MITSCH, W. J., BERNAL, B. & HERNANDEZ, M. E. 2015. Ecosystem services of
wetlands. International Journal of Biodiversity Science, Ecosystem Services &
Management, 11, 1-4.

MITSCH, W. J., DAY, J. W., GILLIAM, J. W., GROFFMAN, P. M., HEY, D. L.,
RANDALL, G. W. & WANG, N. Reducing nutrient loads, especially nitrate-
nitrogen, to surface water, ground water, and the Gulf of Mexico: Topic 5 Report for
the Integrated Assessment on Hypoxia in the Gulf of Mexico. 1999.

MITSCH, W. J. & GOSSELINK, J. G. 2000. The value of wetlands: importance of scale
and landscape setting. Ecological Economics, 35, 25-33.

MOHAMED, Z. A. 2017. Macrophytes-cyanobacteria allelopathic interactions and their
implications for water resources management—A review. Limnologica, 63, 122-132.

MONTEITH, D. T., STODDARD, J. L., EVANS, C. D., DE WIT, H. A., FORSIUS, M.,
HOGASEN, T., WILANDER, A., SKIELKVALE, B. L., JEFFRIES, D. S.,
VUORENMAA, J., KELLER, B., KOPACEK, J. & VESELY, J. 2007. Dissolved
organic carbon trends resulting from changes in atmospheric deposition chemistry.
Nature, 450, 537-U9.

NAHLIK, A. M. & MITSCH, W. J. 2008. The effect of river pulsing on sedimentation and
nutrients in created riparian wetlands. Journal of environmental quality, 37, 1634-
1643.

NAIMAN, R. J., DECAMPS, H. & POLLOCK, M. 1993. The role of riparian corridors in
maintaining regional biodiversity. Ecological Applications, 3,209-212.

61



NAKAL S., ZOU, G., OKUDA, T., NISHIJIMA, W., HOSOMI, M. & OKADA, M. 2012.
Polyphenols and fatty acids responsible for anti-cyanobacterial allelopathic effects of

submerged macrophyte Myriophyllum spicatum. Water Science and Technology, 66,
993-999.

NATURVARDSVERKET 2009. Ritt vitmark pa ritt plats : En handledning for planering
och organisation av arbetet med att anldgga och restaurera vatmarker i
odlingslandskapet. Rapport / Naturvdrdsverket. Stockholm: Naturvardsverket.

NGUYEN, T. T. N, NEMERY, J., GRATIOT, N., STRADY, E., TRAN, V. Q.,
NGUYEN, A. T., AIME, J. & PEYNE, A. 2019. Nutrient dynamics and
eutrophication assessment in the tropical river system of Saigon - Dongnai (southern
Vietnam). Science of the Total Environment, 653, 370-383.

NIEMINEN, M., SARKKOLA, S., SALLANTAUS, T., HASSELQUIST, E. M. &
LAUDON, H. 2021. Peatland drainage - a missing link behind increasing TOC
concentrations in waters from high latitude forest catchments? Science of the Total
Environment, 774.

NILSSON, J. E., LIESS, A., EHDE, P. M. & WEISNER, S. E. B. 2020. Mature wetland
ecosystems remove nitrogen equally well regardless of initial planting. Science of the
Total Environment, 716.

O'NEIL, J. M., DAVIS, T. W., BURFORD, M. A. & GOBLER, C. J. 2012. The rise of
harmful cyanobacteria blooms: The potential roles of eutrophication and climate
change. Harmful Algae, 14, 313-334.

PALUDAN, C., ALEXEYEV, F. E., DREWS, H., FLEISCHER, S., FUGLSANG, A.,
KINDT, T., KOWALSKI, P., MOOS, M., RADLOWKI, A., STROMFORS, G.,
WESTBERG, V. & WOLTER, K. 2002. Wetland management to reduce Baltic sea
eutrophication. Water Science and Technology, 45, 87-94.

POLLARD, P. C. 2013. In situ rapid measures of total respiration rate capture the super
labile DOC bacterial substrates of freshwater. Limnology and Oceanography:
Methods, 11,584-593.

PRETTY, J. N, MASON, C. F.,, NEDWELL, D. B., HINE, R. E., LEAF, S. & DILS, R.
2003. Environmental costs of freshwater eutrophication in England and Wales.
Environmental Science & Technology, 37,201-208.

RASCHKE, R. L. & SCHULTZ, D. A. 1987. The use of the algal growth potential test for
data assessment. Journal (Water Pollution Control Federation), 222-227.

RATHORE, S., CHANDRAVANSHI, P., CHANDRAVANSHI, A. & JAISWAL, K.
2016. Eutrophication: impacts of excess nutrient inputs on aquatic ecosystem. /OSR
Journal of Agriculture and Veterinary Science, 9, 89-96.

REDDY, K., KADLEC, R., FLAIG, E. & GALE, P. 1999. Phosphorus retention in streams
and wetlands: a review. Critical reviews in environmental science and technology,
29, 83-146.

REED, D. J. 2005. Wetlands. /In. SCHWARTZ, M. L. (ed.) Encyclopedia of Coastal
Science. Dordrecht: Springer Netherlands.

REITSEMA, R. E., MEIRE, P. & SCHOELYNCK, J. 2018. The future of freshwater
macrophytes in a changing world: dissolved organic carbon quantity and quality and
its interactions with macrophytes. Frontiers in plant science, 9, 629.

62



REJMANKOVA, E. 2011. The role of macrophytes in wetland ecosystems. Journal of
Ecology and Environment, 34, 333-345.

RIEDEL, B., ZUSCHIN, M. & STACHOWITSCH, M. 2012. Tolerance of benthic
macrofauna to hypoxia and anoxia in shallow coastal seas: a realistic scenario.
Marine Ecology Progress Series, 458, 39-52.

RITSON, J. P., BELL, M., GRAHAM, N. J. D.,, TEMPLETON, M. R., BRAZIER, R. E.,
VERHOEF, A., FREEMAN, C. & CLARK, J. M. 2014a. Simulated climate change
impact on summer dissolved organic carbon release from peat and surface
vegetation: Implications for drinking water treatment. Water Research, 67, 66-76.

RITSON, J. P.,, GRAHAM, N. J. D., TEMPLETON, M. R., CLARK, J. M., GOUGH, R. &
FREEMAN, C. 2014b. The impact of climate change on the treatability of dissolved
organic matter (DOM) in upland water supplies: A UK perspective. Science of The
Total Environment, 473-474, 714-730.

SACHSE, A., BABENZIEN, D., GINZEL, G., GELBRECHT, J. & STEINBERG, C.
2001. Characterization of dissolved organic carbon (DOC) in a dystrophic lake and
an adjacent fen. Biogeochemistry, 54, 279-296.

SAUNDERS, D. & KALFF, J. 2001. Nitrogen retention in wetlands, lakes and rivers.
Hydrobiologia, 443, 205-212.

SCHINDLER, D. W. 2012. The dilemma of controlling cultural eutrophication of lakes.
Proceedings of the Royal Society B: Biological Sciences, 279, 4322-4333.

SEITZINGER, S., HARRISON, J. A., BOHLKE, J., BOUWMAN, A., LOWRANCE, R,
PETERSON, B., TOBIAS, C. & DRECHT, G. V. 2006. Denitrification across
landscapes and waterscapes: a synthesis. Ecological applications, 16, 2064-2090.

SEITZINGER, S. P., MAYORGA, E., BOUWMAN, A. F., KROEZE, C., BEUSEN, A. H.
W., BILLEN, G., VAN DRECHT, G., DUMONT, E., FEKETE, B. M., GARNIER,
J. & HARRISON, J. A. 2010. Global river nutrient export: A scenario analysis of
past and future trends. Global Biogeochemical Cycles, 24.

SHARIP, Z., ZAKI, A. T. A., SHAPAL M. A. H. M., SURATMAN, S. & SHAABAN, A.
J. 2014. Lakes of Malaysia: Water quality, eutrophication and management. Lakes &
Reservoirs Research and Management, 19, 130-141.

SHUMILOVA, O., ZAK, D., DATRY, T., VON SCHILLER, D., CORTI, R.,
FOULQUIER, A., OBRADOR, B., TOCKNER, K., ALLAN, D. C. &
ALTERMATT, F. 2019. Simulating rewetting events in intermittent rivers and
ephemeral streams: A global analysis of leached nutrients and organic matter. Global
change biology, 25, 1591-1611.

SILVA, J., JONES, W. & PHILLIPS, L. 2007. LIFE and Europe's wetlands — Restoring a
vital ecosystem, Publications Office.

SKERLEP, M., STEINER, E., AXELSSON, A.-L. & KRITZBERG, E. S. 2020.
Afforestation driving long-term surface water browning. Global Change Biology, 26,
1390-1399.

SKOOG, A. C. & ARIAS-ESQUIVEL, V. A. 2009. The effect of induced anoxia and
reoxygenation on benthic fluxes of organic carbon, phosphate, iron, and manganese.
Science of the total environment, 407, 6085-6092.

63



SMITH, V. H. 2003. Eutrophication of freshwater and coastal marine ecosystems - A
global problem. Environmental Science and Pollution Research, 10, 126-139.

SMITH, V. H. & SCHINDLER, D. W. 2009. Eutrophication science: where do we go
from here? Trends in Ecology & Evolution, 24,201-207.

SONDERGAARD, M. & JEPPESEN, E. 2007. Anthropogenic impacts on lake and stream
ecosystems, and approaches to restoration. Journal of Applied Ecology, 44, 1089-
1094.

SONG, K.-Y., ZOH, K.-D. & KANG, H. 2007. Release of phosphate in a wetland by
changes in hydrological regime. Science of the Total Environment, 380, 13-18.

SONG, K., LEE, S.-H. & KANG, H. 2011. Denitrification rates and community structure
of denitrifying bacteria in newly constructed wetland. European Journal of Soil
Biology, 47, 24-29.

SWEDISH UNIVERSITY OF AGRICULTURAL SCIENCE. 2021. Absorbance,
ABS420/5 [Online]. Available: https://www.slu.se/en/departments/aquatic-sciences-
assessment/laboratories/vattenlabb2/detaljerade-metodbeskrivningar/absorbance-
abs4205/ [Accessed 1 April 2020].

TARANU, Z. E., GREGORY-EAVES, I., LEAVITT, P. R., BUNTING, L., BUCHACA,
T., CATALAN, J.,, DOMAIZON, I., GUILIZZONI, P., LAMI, A., MCGOWAN, S.,
MOORHOUSE, H., MORABITO, G., PICK, F. R., STEVENSON, M. A,
THOMPSON, P. L. & VINEBROOKE, R. D. 2015. Acceleration of cyanobacterial
dominance in north temperate-subarctic lakes during the Anthropocene. Ecology
Letters, 18, 375-384.

THORSLUND, J., JARSJO, J., JARAMILLO, F., JAWITZ, J. W., MANZONI, S., BASU,
N. B., CHALOV, S. R., COHEN, M. J., CREED, 1. F. & GOLDENBERG, R. 2017.
Wetlands as large-scale nature-based solutions: Status and challenges for research,
engineering and management. Ecological Engineering, 108, 489-497.

THUILLER, W. 2007. Climate change and the ecologist. Nature, 448, 550-552.
TRANVIK, L. J. 1988. Availability of dissolved organic carbon for planktonic bacteria in
oligotrophic lakes of differing humic content. Microbial Ecology, 16,311-322.

TRANVIK, L. J. 1993. Microbial transformation of labile dissolved organic matter into
humic-like matter in seawater. FEMS Microbiology Ecology, 12, 177-183.

TRENBERTH, K. E. 2011. Changes in precipitation with climate change. Climate
research, 47, 123-138.

UUSI-KAMPPA, J., BRASKERUD, B., JANSSON, H., SYVERSEN, N. & UUSITALO,

R. 2000. Buffer zones and constructed wetlands as filters for agricultural phosphorus.
Journal of Environmental Quality, 29, 151-158.

VASCONCELOS, F. R., DIEHL, S., RODRIGUEZ, P., HEDSTROM, P., KARLSSON, J.
& BYSTROM, P. 2016. Asymmetrical competition between aquatic primary
producers in a warmer and browner world. Ecology, 97, 2580-2592.

VENTERINK, H. O., DAVIDSSON, T. E., KIEHL, K. & LEONARDSON, L. 2002.
Impact of drying and re-wetting on N, P and K dynamics in a wetland soil. Plant and
soil, 243, 119-130.

64



VERHOEVEN, J. T. A. & SETTER, T. L. 2010. Agricultural use of wetlands:
opportunities and limitations. Annals of Botany, 105, 155-163.

VON WACHENFELDT, E., BASTVIKEN, D. & TRANVIKA, L. J. 2009. Microbially
induced flocculation of allochthonous dissolved organic carbon in lakes. Limnology
and Oceanography, 54, 1811-1818.

VYMAZAL, J. 2007. Removal of nutrients in various types of constructed wetlands.
Science of the total environment, 380, 48-65.

WALTON, C. R, ZAK, D., AUDET, J., PETERSEN, R. J., LANGE, J., OEHMKE, C.,
WICHTMANN, W., KREYLING, J., GRYGORUK, M. & JABLONSKA, E. 2020.
Wetland buffer zones for nitrogen and phosphorus retention: Impacts of soil type,
hydrology and vegetation. Science of the Total Environment, 727, 138709.

WARD, C. P.,, NALVEN, S. G., CRUMP, B. C.,, KLING, G. W. & CORY, R. M. 2017.
Photochemical alteration of organic carbon draining permafrost soils shifts microbial
metabolic pathways and stimulates respiration. Nature communications, 8, 772.

WEISNER, S. E. & THIERE, G. 2010. Effects of vegetation state on biodiversity and
nitrogen retention in created wetlands: a test of the biodiversity—ecosystem
functioning hypothesis. Freshwater Biology, 55, 387-396.

WILLEN, E. 2001. Phytoplankton and water quality characterization: Experiences from
the Swedish large lakes Malaren, Hjalmaren, Vattern and Vanern. Ambio, 30, 529-
537.

WITHERS, P. J. A., NEAL, C., JARVIE, H. P. & DOODY, D. G. 2014. Agriculture and
Eutrophication: Where Do We Go from Here? Sustainability, 6, 5853-5875.

WORTLEY, L., HERO, J. M. & HOWES, M. 2013. Evaluating ecological restoration
success: a review of the literature. Restoration ecology, 21, 537-543.

WURTSBAUGH, W. A, PAERL, H. W. & DODDS, W. K. 2019. Nutrients,
eutrophication and harmful algal blooms along the freshwater to marine continuum.
Wiley Interdisciplinary Reviews-Water, 6.

XU, X., CHEN, M., YANG, G., JIANG, B. & ZHANG, J. 2020. Wetland ecosystem
services research: A critical review. Global Ecology and Conservation, 22, ¢01027.

ZEDLER, J. B. 2003. Wetlands at your service: reducing impacts of agriculture at the
watershed scale. Frontiers in Ecology and the Environment, 1, 65-72.

ZHANG, J., GILBERT, D., GOODAY, A., LEVIN, L., NAQVL S. W. A,,
MIDDELBURG, J., SCRANTON, M., EKAU, W., PENA, A. & DEWITTE, B.
2010. Natural and human-induced hypoxia and consequences for coastal areas:
synthesis and future development. Biogeosciences, 7, 1443-1467.

ZHANG, M., GARCIA MOLINOS, J., ZHANG, X. & XU, J. 2018. Functional and
taxonomic differentiation of macrophyte assemblages across the Yangtze River
floodplain under human impacts. Frontiers in Plant Science, 9, 387.

65



Acknowledgments

I want to start by thanking the funding bodies: FORMAS, Sydvatten AB and
Sweden Water Research (SWR). Without them, this thesis would not have been
possible.

Throughout my PhD years I have received a great deal of support and assistance.
This PhD journey has been a great experience, and it would not have been the same
without all of the people around me. Thank you!

Firstly, I am grateful to my supervisor Lars-Anders for the support throughout
these years. Thank you for all the productive discussions, insightful questions, and
brainstorming sessions. The feedback you have provided was invaluable, whilst I
did not always agree.

Johanna, thank you for always being encouraging, supportive and for all of the
endless discussions and laughter. The fieldwork would not have been as efficient,
and fun, without you. I am thankful that I have had you as a co-supervisor.

I also want to thank Anders P for good discussions and support. Thank you for
being my co-supervisor.

Katarina, thank you for being such a supportive departmental representative during
these years.

I also want to thank everyone at Aquatic ecology, past and present. | am glad I
ended up in a unit with so many friendly colleagues that all have created such a
welcoming and inspiring atmosphere.

Emma J, what would I have done without you? Thank you for your endless support
(in science as well as shopping for plants), and the well-timed hugs. Marcus, thank
you for the scientific discussions and the times brainstorming over a beer. And thank
you for the wine nights with Emma (of course thank you as well), it helped to
balance the scale of work and life at times. Franca, thank you so much for all the
laughter, good talks (both scientific and not) and your encouragement. And thank
you for always being so excited about foraging for mushrooms and for always be
willing to adopt a few tomato plants when I (accidentally) grow too many. And
Harmonys, it has been fun sharing an office with you. Thank you for all the laughter
and good talks. Kevin, thank you for all the help in the field and in the lab. It has
been of great help. It would not have been as fun without you. Antonis, thank you
for all the good talks and laughs. Resie, thank you for always being there to listen

66



and discuss whatever might be on my mind. You have been a wonderful support
during the PhD. Romana, thank you for the help and support you have provided. It
has meant a lot to me.

Tack till Emma K for all uppmuntran och goda rad under min tid som doktorand.

Marie, thank you for all the conversation about animals (mainly cats) and plants.
Thank you for adopting some of the plant cuttings and keeping them alive so I could
in turn adopt a cutting from you when mine succumbed to the winter darkness. You
are always so supportive and always with a smile on your face that would cheer

people up.
Thank you to Clemens, Juha and Antonia for good collaborations and discussions.

Sarskilt tack till Andreas som tog sej tid att visa vatmarkerna runt om Kristianstad,
som blev en viktig del av mitt projekt. Och ett stort tack till alla pa Biosfarkontoret
for det goda samarbetet och er enthusiasm for mitt doktorandprojekt!

I also want to thank all my friends and family; I am lucky to have you all in my life.
I will not be able to mention all of you by name, so I will simply leave a big thank
you!

Tack Sandra W for att du alltid lyssnar nér huvudet inte alltid &r pa plats. Tack for
allt ditt stod och séllskap under Hubertusjakter! Snart kommer jag och Elisabet och
hélsar pa for ridturer i skogen! Och Rebecka, stort tack for all hjdlp under dessa ar
med héstarna och for att du alltid finns dér for att lyssna och sétta saker i perspektiv.
Jag ar otroligt tacksam for allt ditt stod under dessa ar!

Thank you, Ibrahim, for always being there for me, through good and bad times.
This last one and a half year has been challenging to say the least — and I am
incredibly grateful to have had you there to support me through it all. Thank you for
all the laughter and for always trying your best to cheer me up.

Tack till Magnus Petersson vars avhandling om granbarkborrar var den forsta
avhandling jag sett och som sadde ett forsta tankefr6 om att soka en doktorandtjinst.

Och ett stort tack till hela min stora familj! Ni har varit ett otroligt support under
doktorandtiden och &ven nu under slutetappen. Tack for att ni har trott pad mej och
alltid funnits dér oavsett vad, det har givit mej styrka. Jag &ér vildigt tacksam att jag
har er. Sarskilt tack till min tvillingsyster Maria for alla (ndstan dagligen)
pratstunder om allt mellan himmel och jord och den odndliga stottning du har gett
mej. Och ett vildigt stort tack till min dlskade farmor Vivan! Jag hade inte varit dar
jag ér nu utan dej (och farfar). Tack for att du aldrig slutat tro pa mej. Tack for alla
skratt och pratstunder, det fir mej alltid att ma battre.

And, last but not least, thank you to my family across the sea. Dear Bettijune, thank
you for the strength and support you have given me and for always being there to
listen when I need it. You always manage to make every day brighter.
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