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disservices. This means that they will, for example, no longer provide a water purification service and adversely
they may start to decompose and release nutrients to the surface water. Moreover, a higher rate of decomposition
than primary production (photosynthesis) may lead to a shift of their function from being a sink of carbon to a
source. This review paper assesses the potential response of natural wetlands (peatlands) and constructed wet-
lands to climate change in terms of gas emission and nutrients release. In addition, the impact of key climatic
factors such as temperature and water availability on wetlands has been reviewed. The authors identified the
methodological gaps and weaknesses in the literature and then introduced a new framework for conducting a
comprehensive mesocosm experiment to address the existing gaps in literature to support future climate change
research on wetland ecosystems. In the future, higher temperatures resulting in drought might shift the role of
both constructed wetland and peatland from a sink to a source of carbon. However, higher temperatures
accompanied by more precipitation can promote photosynthesis to a degree that might exceed the respiration
and maintain the carbon sink role of the wetland. There might be a critical water level at which the wetland can
preserve most of its services. In order to find that level, a study of the key factors of climate change and their
interactions using an appropriate experimental method is necessary. Some contradictory results of past experi-
ments can be associated with different methodologies, designs, time periods, climates, and natural variability.
Hence a long-term simulation of climate change for wetlands according to the proposed framework is recom-
mended. This framework provides relatively more accurate and realistic simulations, valid comparative results,
comprehensive understanding and supports coordination between researchers. This can help to find a sustainable
management strategy for wetlands to be resilient to climate change.

carbon density, which makes them play an important role in global
biogeochemical and carbon cycles and climate change (Kayranli et al.,
2010). Wetlands are ecosystems that are vital both for humankind and
nature. They are commonly the most valuable ecosystems in a landscape
providing many beneficial ecosystem services (Table 1). Among all
wetland services, water purification, flood control and climate change
mitigation are the most important services for the human communities
(Mitsch and Gosselink, 2007; Scholz, 2015).

Since the 1950s, global climate systems have shown an unprece-
dented change. The earth’s surface has experienced warmer climate for

1. Introduction

A wetland is an area with a water table, at, near or above the land
surface either seasonally or permanently throughout the year. Wetlands
exist globally in every country (except Antarctica) and also in all
different types of climates. Depending on different definitions and esti-
mates, they cover only about 5-8% of the world’s land surface, but
comprise 20-30% of the world’s carbon pool (2500 Pg) (Mitsch et al.,
2013). Compared to all terrestrial ecosystems, wetlands have the highest
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Notation

AM air moisture
BOD biochemical oxygen demand
CH4 methane

ccv controlled climate variable
Cco2 carbon dioxide

COD chemical oxygen demand
DO dissolved oxygen

DOC dissolved oxygen demand
H humidity

N2 dinitrogen

P precipitation

PAR photosynthetically active radiation
R radiation

RCM regional climate model

RCP representative concentration pathway
SCv simulated climate variable

SM soil moisture

ST soil temperature

T temperature

TOD total oxygen demand

WL water level

each of the past three decades successively. Between 1880 and 2012, the
land and ocean surface temperatures have increased by approximately
0.85 °C (range between 0.65 and 1.06 °C) according to Pachauri et al.
(2014).

Wetlands play an important role in climate change, because of their
capacity to modulate atmospheric concentrations of greenhouse gases
such as methane, carbon dioxide and nitrous oxide, which are dominant
greenhouse gases contributing to about 60%, 20% and 6% of the global
warming potential, respectively (IPCC, 2007).

There are many different factors (biotic and abiotic) that influence
the function of wetlands. Climate change has been identified as a major
threat to wetlands. It can influence a wetland ecosystem by increasing
temperature and also by changing hydrological patterns, which in turn
can alter the biogeochemistry of the ecosystem (Erwin, 2009; Stewart
et al., 2013). Wetlands have been identified as one of the most pro-
ductive ecosystem types; i.e. through photosynthesis, they can actively
sequester and accumulate carbon as plant biomass or organic matter in
soil. The waterlogged condition of wetlands causes inefficient decom-
position that exceeds the rate of production. This anoxic state results in a
vast amount of carbon accumulation in wetlands, which makes them a
sink of carbon (Laiho, 2006).

Since wetlands are often located in a transition zone between an
aquatic and a terrestrial ecosystem, their hydrological fluctuation is
inevitable. Although they have been known to be resilient to change in
general, they may still be highly susceptible to hydrological changes,
especially when this change is exacerbated by other sources of distur-
bance such as climate change, pollution, urbanization and changes in
land use (IPCC, 2007).

Climate change can affect wetlands by direct and indirect effects of
rising temperature, changes in rainfall intensity and frequency, extreme
climatic events such as drought, flooding and the frequency of storms.
Altered hydrology and rising temperature can change the biogeochem-
istry and function of the wetland to the degree that some important
services might be turned into disservices. This means that they will no
longer provide a water purification service and adversely they may start
to decompose and release nutrients to the surface water causing prob-
lems such as eutrophication, acidification and brownification in the
water bodies (Roulet and Moore, 2006; Stets and Cotner, 2008; Corman
et al., 2018).

A higher rate of decomposition than production (photosynthesis) in a
wetland as a result of climate change might result in a shift from a sink to
a source of carbon; i.e., carbon dioxide and methane emissions to the
atmosphere (Laiho, 2006; Flanagan and Syed, 2011). With warmer
conditions, more nitrous oxide emissions from wetlands might happen
due to higher microbial activity and higher nitrification and denitrifi-
cation rate as well (Huang et al., 2013; de Klein and van der Werf, 2014).
To analyse all of these changes in a wetland, a comprehensive moni-
toring system is needed to understand how the system responds to the
stresses and how they can be adapted to future climate change.

The study of climate change impact on a wetland environment is one

of the most critical challenges scientists are facing. According to Stewart
et al. (2013), the impact of climate change on a wetland system can be
predicted by using various approaches such as modelling, field survey
and experiments. A mesocosm experiment is an approach that can be
used for climate change studies on ecosystems. This scale of experiment
can provide a link between microcosm (which is smaller and of limited
realism) and the natural system, which is of high complexity resulting in
difficulties to identify processes and interactions. Moreover, mesocoms
allow for experiments to be conducted with replication at costs
considerably lower than field studies (Kangas and Adey, 1996). Meso-
cosm experiments under controlled conditions provide scientists with
more reliable and consistent findings than field experiments. Isolating
the impact of variables from other confounding variables (i.e. those that
influence both the dependent variables and independent variables,
causing spurious associations) is almost impossible in the field, while
mescosm experiment often provide this possibility. Thus in field ex-
periments, it is difficult to attribute an ecosystem response to a partic-
ular factor (Stewart et al., 2013).

It is not clear how wetlands, as key contributors to global greenhouse
gas budgets, will respond to climate change. There is uncertainty as to
whether wetland functions are positive or negative to climate change. It
is not also clear which climate factors are more important for changing
the role of wetlands from sink to source in terms of greenhouse gases.

Finding a sustainable management strategy that addresses the
negative responses of wetlands to climate change is challenging. Un-
derstanding the response of wetlands to climate change requires pri-
marily a perception of the complexity of wetlands and the interaction of
parameters affecting this ecosystem. In order to develop a comprehen-
sive understanding of the response of wetlands to climate change and
also to identify effective management actions to enhance wetland
resilience in the catchment landscape, an appropriate methodology
needs to be identified. This methodology will help researchers to resolve
controversial discussions and reduce uncertainties regarding the effect
of climate change on wetlands and the management strategies.

In this review paper the authors assess the potential response of
natural wetlands (peatlands) and constructed wetlands to climate
change in terms of gas emission and nutrient release. In addition, the
impact of key climatic factors such as temperature and water availability
on wetlands has been reviewed. The authors identified the methodo-
logical gaps and weaknesses in the literature and then introduced a new
framework for conducting a comprehensive mesocosm experiment to
address the existing gaps in literature to support future climate change
research on wetland ecosystems.

1.1. Aim of the review and method

This review paper aims to assess the possible responses of a wetland
system to climate change. The aim is achieved by the following objec-
tives: (a) investigating the potential response of a natural wetland,
peatland and constructed wetland to climate change in terms of gas
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Table 1

Overview of wetland ecosystem benefits.

Wetland values in the landscapes

Provisioning Regulating Cultural Supporting
- Food: fish - Regulation of - Inspirational and - Soil formation:
production, climate: spiritual: source accumulation of

wildlife and
fruits (Scholz
and Lee, 2005)

Freshwater: -
domestic water
retention and
storage,

agricultural use

and industrial

use (Almuktar

et al., 2018)

Fuel and fibres:
log production,
wood for fuel,
fodder and peat
(Mitch et al.,
2009)

- Biochemical: -
medicine and
material
production
from biota
(Scholz and
Lee, 2005)
Genetic
material:
ornamental
species and
genes for
pathogen plant
resistance

(Clarkson et al.,
2013)

greenhouse gas
sink, altering
local and
regional
temperature
and
precipitation
retention
(Kayranli et al.,
2010; Mitch

et al., 2013)
Regulation of
water
hydrology:
recharge of
groundwater
(Mitch and
Gosselink,
2007)

Wastewater
treatment and
water
purification:
excess nutrient
and pollutant
removal as well
as process of
retention and
recovery
(Kadlec and
Wallace, 2008)
Regulation of
erosion: soil
and sediment
retention
(Mitch et al.,
2009)

Regulation of
natural
hazards:
controlling of
floods and
storm
protection
(Mitch and
Gosselink,
2007)
Pollination:
habitat for
pollinators
(Clarkson et al.,
2013)

for inspiration
and spiritual
functions for
various cultures
(MEA, 2005)

- Aesthetic: source
of beauty and
aesthetic values
with respect to
wetland
characteristics
(Clarkson et al.,
2013)

Educational:
source for formal

and informal
training and
education (Mitch
et al., 2009)

organic matter
and retention of
sediment
(Kadlec and
Wallace, 2008;
Almuktar et al.,
2018)

Cycling of
nutrients:
nutrient
acquisition,
storage,
recycling and
processing
(Scholz and
Hedmark, 2010)

emission and nutrient release; (b) review and outlining the key experi-
mental wetland studies to identify challenges and gaps in conducting a
mesocosm experiment for investigating the impact of the climate drivers
and a sustainable management strategy; and (c) assessing the key
climate factors, temperature and water availability, affecting the
wetland ecosystem.

The knowledge gained by studying the articles about the impact of
climate change on wetlands and the lessons learned from the previous
experiments are used to propose a clear framework for conducting a
mesocosm experiment investigating the impact of climate change sce-
narios and water level management on wetlands.

Review of peer-reviewed publications was undertaken using ISI-Web
of Science, Google Scholar (Google Inc., Mountain View, CA, USA) and
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Scopus for journal articles published between 1990 and 2020. The most
relevant papers in accordance with the objectives of the study were
selected, but the grey literature including many reports were not
assessed in this review. The focus of the literature review was on con-
structed wetlands and peatlands. However, we eliminated the perma-
frost peatlands from the search results.

In order to identify the most important focus of refined papers, we
conducted a bibliometric analysis using VOS-viewer software (version
1.6.15). This analysis helped us to illustrate the trend of the research
regarding wetland ecosystems and climate change over the selected
period. Co-occurrence analysis of the keywords was applied to find the
frequencies of the keywords throughout the papers. In total, there were
387 keywords in 161 papers from which the top 33 keywords were
analysed and mapped with a minimum occurrence number of three
(Fig. 1). The created co-occurrence network map helped us to explore
the most important topics regarding wetland ecosystems and climate
change and take them into consideration in our review paper.

2. Potential response of peatlands to climate change
2.1. Role of peatlands

A peatland is a type of natural wetland characterized by the accu-
mulation of peat (i.e., incomplete decayed plant material), which con-
tains large amount of organic matter. Peatlands cover approximately
3-4% of the world’s land area, and they contain 400-500 Pg of carbon
(Gorham et al., 1991), which is equivalent to half of the carbon in the
atmosphere, indicating the importance of the dynamics in the carbon
cycle (Dise, 2009). For thousands of years, peatlands were persistent
carbon sinks, which is a vital service of a peatland to combat climate
change. Hence, protection and restoration of peatlands is crucial to
preserving their net cooling effect for the atmosphere. Peatlands are
situated in temperate-cold climates in the northern hemisphere and are a
widespread landscape in the boreal and sub-arctic zones, where they
experience a cool and water-saturated state. This state supports an
anaerobic condition that leads to a low decomposition rate, resulting in
carbon accumulation and production of carbon storage. Climate change
is projected to have a serious effect on the peatlands located in boreal
and subarctic regions as global warming is anticipated to be rapid in this
region (Tarnocai, 2006; Dise, 2009). Exposure to warmer temperatures
and drier conditions linked to climate change has been predicted to shift
the balance between the ecosystem photosynthesis and respiration
(carbon dioxide release from plant and microorganisms), which can
reverse the sink function of a peatland to being a source (Flanagan and
Syed, 2011; Lund et al., 2012).

2.2. Peatland decomposition and consequences

Elevated temperature coupled with water level drawdown resulting
from climate change leads to high rate of peat decomposition. This has
some consequences for the aquatic environment, as further export of
organic carbon is predicted to occur, which will deteriorate the surface
water quality (Pastor et al., 2003; Freeman et al., 2004). However, this
consequence is not yet clear, since the export of dissolved organic carbon
(DOC) depends on whether the high temperature is accompanied by
increased or decreased precipitation (Tranvik and Jansson, 2002).

Another consequence of peat decomposition is a higher rate of
respiration of decomposed organic matter by microorganisms, which
leads to the release of carbon into the atmosphere (Frolking et al., 2011).
Peat decomposition is quite a complex process that is dependent on
various parameters such as temperature, moisture, aeration, plant
composition as well as the microbe community. These factors are in
interaction with each other and would change with time and depth.
Temperature and water availability play a key role in the decomposition
of the peat among all those variables (Bu et al., 2011).

The rate of peat decomposition varies between different types of
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Fig. 1. Co-occurrence network map of the top 33 keywords in the papers used for the review paper. The size of the circles is proportional to the weight of occurrence
of the keywords. The strength of the links between the keywords indicates the relationship between the keywords. Similar numbers of co-occurrences of keywords

result in close map locations.

peatland. For example, Sphagnum-based peat has a lower rate of decay
due to the phenolic compounds embedded in the cell walls and also
having the hyaline cells. Therefore, Sphagnum-dominated bogs are the
most productive and efficient peat-forming ecosystems (Turetsky et al.,
2008).

In a peatland bog, the upper horizon of peatland that contains the
living plants known as acrotelm (depth <0.3 m) contains a high amount
of labile organic matter, which is readily decomposable. With higher
temperatures, a more frequent oxic state of this layer is expected to
occur and this state may reach the catotelm layer (deeper anaerobic
layer of peat, depth > 1 m) particularly during the summer, resulting in
decomposition of that layer as well (Malmer and Wallén, 2004). Cato-
telm typically contains recalcitrant organic matter that will be more
gradually decomposed over time (Belyea et al., 2004). An extreme
detrimental consequence of climate change is likely, if peat decompo-
sition combines with a significant decrease in photosynthesis as a result
of drought. This leads to a large amount of carbon dioxide emission into
the atmosphere, while the sequestration of carbon will be limited due to
the low primary production (carbon dioxide capture by photosynthesis)
not being able to offset the carbon dioxide release (Lund et al., 2012;
Lafleur et al., 2009). On the other hand, if the rise in temperature co-
incides with higher precipitation, the primary production may increase
and the peatland can maintain its vital role as a natural carbon sink
stabilizing climate change (Vitt et al., 2000; Backstrand et al., 2010; Bu
et al., 2011).

Indirect effects such as succession have been shown to have signifi-
cant impacts on climate change (Weltzin et al., 2003; Fenner et al., 2005;
Dieleman et al., 2015). The peat can be oxidized and degraded with
elevated temperatures and evapotranspiration and this contributes to
the mineralization of the organic compounds that have been locked up
in saturated peat for a long time and release nutrients (Bell et al., 2018).

The availability of limited nutrients such as nitrogen and phosphorus
facilitates plant growth, particularly the vascular plants, and this will
increase the aboveground gross biomass (Berendse et al., 2001). Some
studies have indicated that in boreal-forested peatlands, where a longer
growing season is expected with climate change, more primary pro-
duction of vegetation can increase the carbon sink and offset for carbon
loss from this ecosystem (Gallego-Sala et al., 2018). However, succes-
sion would replace the moss hummock (mound above ground) with tall
graminoid vegetation. Bell et al. (2018) revealed that Sphagnum-based
peat releases significantly less carbon comparing to dwarf shrubs/-
graminoids, and graminoids produce more labile litters that can be
readily metabolized by microorganisms and produce carbon dioxide and
methane to the atmosphere. On the other hand, those vascular plants are
more productive than Sphagnum moss; i.e. they capture more carbon
dioxide from the atmosphere and this could compensate for the negative
effect of carbon emissions released from the labile litter of vascular
plants (Malmer and Wallén, 2004).

There are, however, uncertainties how climate change will impact on
the productivity and decomposition of peatlands. Hence further studies
are required to reduce the uncertainty regarding their responses Bell
et al. (2018).

2.3. Potential response of constructed wetland to climate change

Constructed wetlands resemble natural wetlands, but they are arti-
ficially engineered systems, which mimic natural wetlands, and have
been used extensively to treat point and non-point sources of water
pollution (Scholz and Lee, 2005; Scholz and Hedmark, 2010). Waste-
water from various sources (municipal and industrial wastewater, do-
mestic wastewater, storm water runoff, landfill leachate, runoff from
agricultural, etc.) can be efficiently treated using constructed wetlands.
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Constructed wetlands are classified typically into free water surface
flow (or surface flow) and subsurface flow systems. The free water
surface constructed wetlands can be further classified into horizontal
subsurface flow and vertical subsurface flow systems. Horizontal sub-
surface flow and vertical subsurface flow can be combined into one
single (hybrid) system to achieve a higher pollutant removal efficiency
(Wu et al., 2014).

Gases such as carbon dioxide, methane, and nitrous oxide can be
produced during the treatment process in constructed wetland (Fey
et al., 1999; Johansson et al., 2003; Teiter and Mander, 2005). The
environmental factors may affect the dynamics of greenhouse gas
emission from constructed wetlands considerably. These factors can
directly or indirectly have an impact on the constructed wetlands,
through changes in vegetation, and the aerobic and anaerobic state of
the constructed wetlands affecting the heterotrophic microbe activities
and consequently greenhouse emissions from this system (Liikanen
et al., 2006; Zhu et al., 2007; Wang et al., 2013).

The potential response of a constructed wetland to climate change
has been investigated by several studies mainly in terms of water
availability (hydro period) and temperature (soil/water), which were
reported as the most significant drivers affecting the emission of
methane, carbon dioxide and nitrous oxide (S¢vik et al., 2006). Teiter
and Mander (2005) found that the production of methane in constructed
wetlands would increase under a high water table due to the anaerobic
condition of the substrate. A low water table in constructed wetlands
might result in a significant increase in carbon dioxide as the state of the
system changes from anoxic to oxic, which promotes aerobic decom-
position and release of carbon dioxide. Vegetation can play a role in the
emission of methane at different water level positions. It seems that
plants at a low water table play a key role in the transport of methane
through aerenchymatous tissue, bypassing the methanotrophic soils at
the upper layer. However, this phenomenon may not play a significant
role when the water level is high. Moreover, the rate of methanogenesis
and methane emission at low water levels might be lower in
non-vegetated constructed wetlands than the vegetated ones (Henne-
berg et al., 2016).

The hydrological regime can have a significant impact on greenhouse
gas emission from a constructed wetland. An intermittent loading
regime (pulsing regime which mimics the natural wetland) in con-
structed wetlands with a fluctuating water table could increase abate-
ment of pollutants and result in the elevated emission of greenhouse
gases (Mander et al., 2011). However, the results of the studies on this
topic are sometimes conflicting. For example, Mander et al. (2011)
stated that intermittent loading with more fluctuation in water table in
horizontal subsurface flow constructed wetlands results in 7-12 times
increase in methane flux compared to a stable water table condition.
This is probably due to methane ebullition during the transition from a
high to a low water level (Maucieri et al., 2017). This finding contrasts
with the results found by Kasak et al. (2016), which indicates that the
hydroperiod had no significant impact on methane emission from hor-
izontal subsurface flow constructed wetlands under either stable or
fluctuating hydraulic loading rates.

The impact of the intermittent and continuous feeding regime on
nitrous oxide emission might vary in different types of constructed
wetlands; e. g., the rate of nitrous oxide emission in free water surface
constructed wetlands can be similar in continuous or intermittent
feeding strategies, while the emission of nitrous oxide from vertical
subsurface flow constructed wetlands can be considerably higher during
continuous feeding compared to the intermittent feeding mode strategy.
This finding in vertical subsurface flow systems can be due to oxidant
conditions, which cause incomplete processes of denitrification leading
to the release of nitrous oxide rather than dinitrogen (N3) (Jia et al.,
2011). The results of the studies on horizontal subsurface flow and
hybrid constructed wetlands demonstrate a higher emission of nitrous
oxide due to a fluctuating loading method (Mander et al., 2011; Kasak
et al., 2016).

Journal of Environmental Management 286 (2021) 112160

Warmer climate may significantly affect the photosynthesis of plants
and the activities of heterotrophic microbes and subsequently the dy-
namics of the greenhouse gases from constructed wetlands. Carbon di-
oxide emission was observed to be at a higher rate during summer when
the temperature increases (Sgvik et al., 2006; Wang et al., 2008). This
relates to the higher rate of respiration in constructed wetlands with
higher air temperature, which promote microbial activity and plant
respiration according to Barbera et al. (2015).

Higher temperature increases the rate of nitrification and denitrifi-
cation processes and consequently nitrous oxide emission. However, no
clear correlation was found between nitrous oxide flux and water/soil
temperature in a study by S¢vik et al. (2006). Temperature might change
the dynamics of methane in the constructed wetland by influencing
methane oxidation and microbial community activities (Wang et al.,
2013). Mander et al. (2015) reported that there is no considerable sea-
sonal effect on methane emission from horizontal subsurface flow con-
structed wetlands, while carbon dioxide and nitrous oxide emission
were significantly higher in summer than in winter. In contrast, Mau-
cieri et al. (2017) and de la Varga et al. (2015) stated that there was a
considerable seasonal variation in methane emission.

Climate change can change the solar radiation in the future. A higher
rate of photosynthesis with higher solar radiation is expected, if drought
would not stress the plants. However, this can stimulate the release of
organic matter in the plant root region, which in turn stimulates
methane and carbon dioxide emission (Picek et al., 2007). Barbera et al.
(2015) and Maucieri et al. (2017) observed a positive correlation be-
tween solar radiation and methane emission in non-vegetated horizontal
subsurface flow constructed wetlands, as well as vegetated ones with
Phragmites australis, Arundo donax, Cyperus papyrus, Miscanthus giganteus,
and Cyperus zizanioides. However, carbon dioxide emission has been
observed to be positively correlated with solar radiation only for the
system planted with C. papyrus indicating that greenhouse gases emis-
sion could be significantly affected by the genotype of plants.

According to a comprehensive literature analysis by Mander et al.
(2014b), emission of carbon dioxide from free water surface constructed
wetlands could be significantly lower than that from the subsurface flow
ones. Moreover, methane emission from vertical subsurface flow con-
structed wetlands can be lower than the horizontal ones and the highest
emission might occur from free water surface systems. However, no
significant differences in nitrous oxide emission from various types of
subsurface flow constructed wetlands have been reported. These results
emphasize the role of soil and sediment oxygen status in the denitrifi-
cation process and nitrous oxide emission, as well as methanogenesis
and methane formation (Maltais et al., 2009).

2.4. Wetland responses to the climate change drivers: experimental studies

Wetland decomposition depends mostly on thermal and hydrologic
regimes (Belyea et al., 2004; Lafleur et al., 2005). There are several
studies that have employed mesocosms to assess wetland responses to a
single (Moore et al., 1998; Tanner et al., 1999; Chimner and Cooper,
2003; Lafleur et al., 2005; Breeuwer et al., 2009; Laine et al., 2014) or
simultaneously two climate variables (Weltzin et al., 2000; Updegraff
et al., 2001; Blodau et al., 2004; Chivers et al., 2009; Mulot et al., 2015;
Bridgham et al., 2019). Rarely, studies have been conducted applying
more than two climate variables at the same time (Blodau et al., 2004;
Lafleur et al., 2005). Moreover, there were also flask experiments, which
were established to determine the effect of the water table position on
peat decomposition (Yavitt et al., 1997; Oquist and Sundh, 1998; Ket-
tunen et al., 1999).

All research studies, which investigated the effect of different climate
variables on wetlands, considered hydrological parameters and tem-
perature (Bubier et al., 2003; Lafleur et al., 2005; Chivers et al., 2009;
Laine et al., 2014; Bridgham et al., 2019) to be the most important
factors, which alter the role of ecosystems not only by changing the
biogeochemistry of a wetland (Klgve et al., 2010; Laine et al., 2014), but
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also by changing the plant community structure of this ecosystem
(Weltzin et al., 2000; Bragazza et al., 2013; Kuiper et al., 2014; Dieleman
et al., 2015).

There are several studies, which have focused on measuring methane
and carbon dioxide gas fluxes from wetlands (mostly peatlands) at
different temperatures and water levels (Bridgham et al., 1992; Bubier
et al., 1998, 2003; Klgve et al., 2010; Maljanen et al., 2001; Updegraff
et al., 2001). Water level draw-down either happens due to the active
drainage of a wetland or during a drought. This might turn the
ecosystem from being a sink of carbon to a source of carbon. Some
studies found that the water table is a strong factor determining
ecosystem respiration and consequently carbon emission (Bridgham
et al., 1992; Silvola et al., 1996; Bubier et al., 2003; Davidson and
Janssens 2006). In contrast, other researchers found that temperature is
the stronger factor, which influences ecosystem respiration (Bridgham
etal., 1992; Glenn et al., 1993; Akinremi et al., 1999; Bubier et al., 1998;
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Maljanen et al., 2001; Updegraff et al., 2001).

Table 2 shows an overview of key experiments that have used mes-
ocosms to assess the function of wetland ecosystems at different treat-
ments. Water table and temperature are the key variables that have been
investigated in those experiments.

3. Main climate change drivers affecting wetland ecosystems
3.1. Water availability

Climate change may cause more evapotranspiration and conse-
quently a water level drawdown and also more flood inundation, which
might critically affect the biogeochemistry, water quality (Waddington
et al., 2015) and gas emission from wetland ecosystems (Moore and
Knowles, 1989).

Chiver et al. (2009) have conducted an experiment in the field and

Table 2
Overview of key experiments, which inspired the proposal for a framework for mesocosm-scale wetland experiments subject to climate change.

Reference Ecosystem Duration of Control Monitored Investigated Mesocosm Replicate Research aim Area of
the variable climate variable volume number origin
experiment variable m>)

(month)

Tanner Constructed - WL WL and T N, TOD (COD, N and 0.145 3 Evaluate nitrogen North Island
et al. gravel-based BOD), DO, pH, removal and New
(1999) wetland conductivity and Zealand

mesocosm redox potential
wetland

Weltzin Bog and fen 36 Infrared WL Above-ground net 1.05-1.47 3 Assess primary Northern
et al. mesocosm loading, primary production; productivity of plant ~ Minnesota,
(2000) WL and T below-ground net species composition USA

primary production;
species composition

Updegraff Bog and fen 24 months WL and T WL, T, SM CO, and CH4 4.24 3 Assess the response Minnesota,
et al. mesocosm (just for and ST emissions of the respiratory C USA
(2001) growing flux, net primary

season) production to
warming and water
level

Chimner Fen 3.5 WL ST and WL Respiration (CO, 0.23 - Evaluate Colorado,
and flux) relationship USA
Cooper between water table
(2003) position and CO,

emissions

Pastor et al. Bog and fen 24 months WL and T T and SM DOC 4.24 3 Investigate the Minnesota,

(2003) mesocosm (just for effect of climate USA
growing warming and water
season) level on DOC export

Blodau Oligotrophic 8 HLT - Carbon 0.09 - Assess carbon fluxes ~ Eastern
et al. peatland and WL: and dissolved Ontario,
(2004) CCcv carbon at two water ~ Canada

table positions

Lafleur Ombrotrophic 1 WL and T,H, R Respiration 393 x107% - Assess relationship East of
et al. bog peat (PAR), P, between ecosystem Ottawa,
(2005) moisture SM and WL respiration, Ontario,

temperature and Canada
water table

Chivers Rich fen 24 WL and T WL, T and CO, flux Plot in the 1 for WL; Assess CO, fluxes Alaska, USA
et al. PAR field of 120 3for T
(2009) m?

Laine et al. Oligotrophic 5 WL P N 0.11 5 Evaluate release of Southern
(2014) peatland (pristine nitrogen Finland

and drained)

Mulot et al. Peatland 24 WL and R T,H, R, P, - 0.02 5 Design and planning  Switzerland
(2015) (Sphagnum) SM and WL support

Leroy et al. Peatland 12 WL, T WL, T, SM CO, and CH4 0.085 6 Investigate the France
(2017) (Sphagnum and AM emissions, and DOC impact of plant

molinia) concentration composition on gas

fluxes and DOC
concentration

Note: AM, air moisture (%); BOD, biochemical oxygen demand (mg/1); CH,4, methane; CCV, controlled climate variable; CO,, carbon dioxide; COD, chemical oxygen
demand (mg/1); DO, dissolved oxygen (mg/1); DOC, dissolved oxygen demand; H, humidity (%); N, nitrogen (mg/1); P, precipitation (mm); PAR, photosynthetically
active radiation (um/s); R, radiation; SCV, simulated climate variable (based on the climate scenario); SM, soil moisture (%); ST, soil temperature (°C); T, temperature
(°C); TOD, total oxygen demand (mg/1), WL, water level (mm/cm); -, information unavailable.
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compared three different treatments of a rich fen: drought, control (no
water level change) and flooding. The corresponding results indicated
weak, moderate and great sinks of carbon, respectively. They have also
discovered that drought causes a lower gross primary production,
whereas the flooded plots had an increased early season gross primary
production mostly because of the raised water level and higher
light-saturated photosynthesis. This implies that the water saturated
condition remains the sink state of the wetland for carbon dioxide.
However, methane emission of the system in the flooded condition has
to be taken into account, which has not been addressed in this study.

The studies have demonstrated that drought stimulates gas emissions
(Maljanen et al., 2001; Clark et al., 2007; Lafleur et al., 2009; Kasak
et al., 2016). However, there is still insufficient discussion of the impact
of severity and duration of periods of drought on gas emission, which
eventually determines the function of wetlands as either carbon a sinks
or sources (Lund et al., 2012).

In peatlands, depending on if they are disturbed or pristine, re-
sponses are different to the hydrological alternation. Laine et al. (2013)
indicated that the drained wetlands would experience more evenly
distributed decomposition over time, which reduced nitrogen after
drought, while the pristine ones experience a higher rate of mineralised
nitrogen over a short period of drought. Moreover, the authors reported
insignificant nitrite and nitrate concentrations during the aerobic con-
ditions, raising the question why oxic conditions did not cause oxidation
of ammonium compared to other studies (Glatzel et al., 2006; Reiche
et al., 2010), where higher concentrations of nitrite and nitrate were
observed due to drying and rewetting processes.

Change in aerobic and anaerobic conditions of the wetland as a result
of climate change determines the rate of methane and carbon dioxide
production. A low water level promotes carbon mineralization and
consequently releases carbon dioxide. However, this might affect the
rate of carbon immobilization in microbial and plant communities
simultaneously (McLatchey and Reddy. 1998).

Blodau et al. (2004) observed in a mesocoms study that all produc-
tion rates drop with depth, suggesting the importance of fresh litter for
release of labile carbon on the top layers of peatlands. In addition, they
revealed that by lowering the water table by 30 cm, the anaerobic rates
of C production would change significantly in deeper zones of peat by a
factor of 2.0-3.5 for dissolved organic carbon, 2.9-3.9 for carbon di-
oxide and 3-14 for methane.

In constructed wetlands, the emission of methane and carbon dioxide
is not necessarily dependent to the hydrological regime. Altor et al.
(2008) demonstrated that hydric soils containing substantial micro-
bially available organic carbon release more methane compared to
non-hydric soil regardless of type of hydrologic regime (intermittent
flooding regime versus continuously inundated conditions). This sug-
gests an important role of substrate in constructed wetlands. Altor et al.
(2008) believe that a wetland in the early stage of development contains
lower levels of available organic matter and alternate electron acceptors,
which limit methanogenesis. Therefore, water level fluctuations might
have more impact when the wetlands are more mature and developed.

3.2. Temperature

Temperature is one of the most determinant factors regulating the
biogeochemistry of wetlands. Increased temperature enhances the rate
of biochemical processes. For instance, the rate of nitrification, deni-
trification, nitrogen immobilization and organic phosphorus minerali-
zation increases when temperature rises (Reddy and Delaune, 2008).

In future, an increase in temperature will affect the dynamic of
greenhouse gases greatly. Both heterotrophic and microbial activity and
plant photosynthesis are thermophilic processes that interact with
methane and carbon dioxide dynamics (Wang et al., 2013). A direct
effect of higher temperature might be an increase in both carbon dioxide
and methane production in the wetland, although, an indirect opposite
effect of rising temperature might be a reduction of aerobic respiration
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of organic matter as the temperature reduces the oxygen-holding ca-
pacity of the water column in the wetland (Schlesinger and Bernhardt,
2013). A warmer climate will also accelerate the loss of water through
evapotranspiration. This leads to a water table drop, resulting in the
exposure of top layers of the wetland to the oxygen where the organic
matter can be oxidized readily (Lafleur et al., 2005).

It has been predicted that exposure to warmer temperatures and
drier conditions associated with climate change will shift the balance
between ecosystem photosynthesis and respiration (Flanagan and Syed,
2011). The literature, however, shows contradictory findings. For
instance, some studies showed that increasing temperature enhances the
respiration of plants to a greater degree than photosynthesis (Chris-
tensen et al., 1999; Updegraff et al., 2001; Dorrepaal et al., 2009). In
contrast, some others reported a higher rate of primary production than
respiration, which helps the wetland to act as a carbon sink functioning
as a climate change decelerator (Vitt et al., 2000; Backstrand et al.,
2010; Bu et al., 2011). Different responses from different types of wet-
lands to the warmer climate could be due to different species charac-
teristics that suggest that peatlands may mediate their energy, carbon
and nutrient budget through potentially differential responses to plant
communities (Weltzin et al., 2000).

Lafleur et al. (2005) found a strong relationship between the respi-
ration of a peatland and temperature. On the contrary, there was a weak
link between the peatland respiration and the water table depth. This
was due to wetter peatlands being more sensitive to water table vari-
ability than the drier peatlands. The temperature sensitivity of carbon
dioxide emissions can be reduced as the degradation rate of labile
compounds has lower temperature sensitivity compared to recalcitrant
organic matter (Davidson and Janssens, 2006). At the same time, the
temperature sensitivity of methane emissions would be increased
implying a possible change in methanogenic communities.

In a study of constructed wetlands by Teiter and Mander (2005), no
significant correlation between water, temperature and nitrous oxide
flux was found despite of substantially elevated emissions observed for
carbon dioxide, nitrous oxide and methane during the warmer periods.
However, Bateganya et al. found a significant positive correlation be-
tween the water temperature and carbon dioxide, methane and nitrous
oxide fluxes in both vegetated and unvegetated constructed wetlands.

4. Methodological gaps and uncertainties in literatures
4.1. Methodological gaps

4.1.1. Lack of a comparative and comprehensive simulation

Researchers undertaking experiments need a proper reference
(benchmark) such as the Representative Concentration Pathway (RCP),
which is used in predicting future climate change scenarios published by
IPCC (2007). Our literature review indicates that the employment of
RCP climate scenarios for prediction of future hydrology (Javadinejad
et al., 2020; Oo et al., 2020) and greenhouse gas emission provides the
modellers with more accurate and reliable comparative results (Galle-
go-Sala et al., 2018). However, the use of RCP climate scenarios has not
yet become common among researchers conducting experiments for
study of climate change on ecosystems. The benefit of this reference is
that it can be used globally to simulate a realistic degree of change in
climate variables for simulation of climate change (see section 7.1.1).
Such a reference is absent for many previous mesocosm experiments
(Lafleur et al., 2005; Breeuwer et al., 2009; Laine et al., 2014). In
addition, there is a lack of comparison between natural and artificial
wetlands in terms of their response to future climate change. This
comparison would not only offer an understanding of the response of
different substrates, but would also determine the direction of future
artificial wetland development for policymakers. Establishing more
constructed wetlands may improve the quality of water, but they may
also contribute to a warmer climate through greenhouse gas emissions.

Furthermore, the authors have not found any mesocosm experiments
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in the literature that link wetlands to receiving watercourses. Such a
linkage is needed for understanding the interaction between the wet-
lands and aquatic systems in the catchment scale, facing climate change
(see section 7.1.2).

4.1.2. Lack of accurate and advanced simulators

In order to perform a dynamic simulation in a mesocosm experiment,
an advanced simulator capable of simulating multiple climate variables
is needed (Fig. 2). There might be only small variations in climate var-
iables that will cause a gradual long-term change in the wetland
ecosystem. An advanced and accurate simulator should be run for a long
time to simulate these slight changes (see section 7.1.4). However, the
authors could not find such an experimental technology for wetlands in
the literature.

4.1.3. Lack of all-year-around monitoring

Most of the mesocosm experiments were carried out during the
growing season and all the mesocosm experiments in the reviewed
literature were ceased during the cold season, primarily due to the
malfunction of instruments (Chivers et al., 2009; Mulot et al., 2015). The
exclusion of the cold season might underestimate the effect of snow
cover, snowmelt and seasonal shifts (as a result of climate change) on
wetlands. This may have a significant effect on the wetland biogeo-
chemistry and gas release (see section 7.1.3).

4.1.4. Lack of simulation of management practices

In previous mesocosm studies, temperature and water level manip-
ulation was performed to find the most critical drivers affecting the
wetland ecosystem function (Blodau et al., 2004; Chivers et al., 2009;
Bridgham et al., 2019). However, the examination of the effect of
management practices along with the climate change simulation in an
experimental wetland has not been performed in the past. Hence, the
necessity of management practices for future wetland conservation is
uncertain and needs to be properly studied (see section 7.3).

4.2. Uncertainties in literature

Wetlands are complex and dynamic ecosystems, which are impacted
by climate change that itself is also a complex and dynamic process. By

’C:O‘ Regional climate model
Climate change
simulation

Temperature,

precipitation,

radiation and
humidity

Future RCP climate scenarios
(low, moderate and extreme)
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reviewing the literature, the authors have found out that there are still
controversial debates as to which factors are most critical in changing
the response of a wetland to climate change (see section 4). The question
then arises whether, in the face of climate change, wetlands maintain
their greenhouse gas sink capacity or become a source of greenhouse
gases.

In section 7, the authors will address the literature gaps and limita-
tions by suggesting a new framework (Fig. 2) for future climate change
simulation of wetland mesocosm experiments. The new comprehensive
framework aims to answer some controversial questions and also to
investigate the impact of water level management on wetlands and the
associated aquatic systems facing climate change.

5. A new framework for future study of climate change on
experimental wetland mesocosms

5.1. Key considerations for future experimental wetland mesocosms

The new literature-backed framework addresses the gaps listed in
section 6 to support the execution of future mesocosm experiments
assessing climate change impacts on wetland ecosystems. The schematic
illustration in Fig. 2 promotes the framework suggested for future
research on the impact of climate change scenarios on wetland meso-
cosms and related watercourses receiving wetland outflows (if avail-
able). The suggested framework can be used for peatlands and
constructed wetland mesocosm experiment. However, in order to
develop a comprehensive understanding of the efficiency of different
levels of management on wetland water quality, the integration of an
aquatic systems as the ultimate recipient of pollution in the landscape
will be suggested (Kingsford 2011; Martin-Ortega et al., 2014). Hence, a
simulated lake (stagnant water) ecosystem was incorporated into the
proposed mesocosm experimental framework as well (Fig. 2). This
integration helps researchers to not only measure the direct effect of
climate change on the aquatic system (Wise et al., 2009), but also
evaluate the effect of wetland management on the aquatic system
quality (Whitehead et al., 2009; Alvarez-Mieles et al., 2013).

In the suggested framework (Fig. 2), the authors outlined the steps
that should be taken to identify the essential factors that have the
greatest effect on wetland climate change mitigation. To understand
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Fig. 2. A new framework for future wetland mesocosm experiments studying the impact of climate change scenarios and water level management. The steps in this
framework have been described in section 7 and in the corresponding subsections.
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how different factors might change the main function of a wetland such
as purifying the water and carbon sequestration, monitoring of water
quality and gas emissions is essential. The essential parameters that
should be measured for each method of monitoring are shown in Fig. 2.
Methods for the analysis of the generated data include statistical anal-
ysis, physical modelling and machine learning techniques. Ultimately,
the output of the mesocosm experiment should be validated with the
field data. Water level management as an example of a suitable man-
agement strategy can be used along with the simulation of climate
change scenarios (see section 7.1.3). Sustainable wetland management
should ensure that wetlands are resilient to climate change. Moreover,
the suggested sustainable management needs to be evaluated for the
economic constraints and efficiencies to provide policymakers with the
best possible management alternatives (Fig. 2).

5.2. Climate change scenario simulation

To promote consistency between different climate change research
studies, the application of appropriate references for benchmarking
purposes is required. The experimenters can use climate change sce-
narios adopted by the Intergovernmental Panel on Climate Change
(IPCC) for future simulations; for instance, the simulation of future
climate scenarios can be based on the climate models using the RCP
scenarios released in the IPCC Fifth Assessment Report (AR5, IPCC,
2013) (Fig. 2). In addition, the climate model data have to be down-
scaled to the scale of the study area to obtain more reliable and realistic
results. Furthermore, if mesocosm climate change research is planned to
be scaled-up to the regional scale, the Regional Climate Model (RCM)
data have to be utilized to create an optimal climate scenario in the
experiment. The application of RCP scenarios allows the researchers to
generate comparable results. Moreover, RCP scenarios have been and
will be used for modelling ecosystems responding to climate change
(Spahni et al., 2013; Schneider et al., 2016; Helbig et al., 2020). This
allows for a comparison between the model and experimental results as
well.

5.2.1. Catchment-scale simulation in mesocosm studies

The dynamic of the wetland connection to the receiving surface
water at the catchment scale can be considered in mesocosm experi-
ments in a simplified manner. Understanding the fate of the nutrients
exported from the wetland ecosystem at the catchment level is crucial as
the leachable nutrients would be ultimately transported to the surface
water downstream (Pastor et al., 2003; Freeman et al., 2004; Laine et al.,
2013). Moreover, the dynamics of other water system connections to the
wetland has to be taken into account as well. The hydrological buffer
function of a wetland can be different for various types of wetlands being
fed in the catchment from different sources of water (Aurela et al.,
2004). For instance, a fen (minerotrophic peatlands) is fed from both
rainwater and groundwater, while bogs (ombrotrophic peatlands) are
solely dependent on precipitation, which make them more vulnerable to
drought (Riutta et al., 2007; Lund et al., 2012). Since nutrient dynamics
and gas emissions are highly dependent on hydrology, it is important to
simulate all water sources that may affect the wetland system, and
vice-versa (Sulman et al., 2010).

In a mesocosm experiment, the simulation of a catchment scale is
possible by including lake mesocosms, which receive the outflow of the
wetland (Fig. 2). This linkage permits a researcher to estimate the load
and exports of nutrients to and from the lake mesocosm. Additionally,
potential surface water issues such as eutrophication, acidification and
brownification caused by wetland outflow can be investigated (Freeman
etal., 2001; Clair et al., 2002; Stets and Cotner, 2008). Understanding of
mechanisms and magnitude of changes in nutrient fluxes from wetlands
to receiving waterbodies helps researchers to more effectively adapt
their catchment management policies to climate change (Price et al.,
2003; Klgve et al., 2017).
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5.2.2. Simulation of cold season

The cold season should not be ignored in climate change research on
wetlands as higher levels of gas emissions could occur in cold conditions
than expected (Klgve et al., 2010). Alternation in the cycle of freezing
and thawing during winter and spring has an influence on the dynamics
of nutrient cycles and also gas emissions from wetlands.

True responses of wetlands to climate change can be evaluated only
when the seasonal shift and variations are taken into consideration in
the simulation. Seasonal variations have an influence on microbial ac-
tivity, wetland nutrient composition and gas flux (Fenner et al., 2005).
Higher temperature during winter changes the water balance through
the change in snow cover, which has some consequences on factors such
as plant reproduction and growth (Aerts et al., 2004; Dorrepaal et al.,
2004; Bu et al., 2011).

In addition, higher temperatures during the cold season might lead to
more winter run-off causing an early winter flood. This leads to changes
in water availability during spring and summer (Dawson et al., 2003).

In constructed wetlands, temperature and oxygen transfer play an
important role in water treatment. The effect of one factor can be
compensated by another during the seasonal cycle. During winter, the
function of the plant-mediated oxygen transfer is more pronounced for
water treatment as it offsets lower microbial activity caused by cold
temperatures (Stein and Hook. 2005). In addition, in both natural and
constructed wetlands, cold seasons play an important role in gas ex-
change and the annual carbon balance. (Zhang et al., 2009; Sgvik et al.,
2006). The role of cold season events (for instance, freeze-thaw activa-
tion in peatlands) should not be underestimated, as it leads to a rapid
increase in methane and carbon dioxide emissions, which has to be
taken into account in the carbon balance estimation (Panikov and
Dedysh 2000; Aurela et al., 2004). It follows that the authors recom-
mend to consider the cold season by simulating frozen soil and snow
cover in mesocosm experiments.

5.2.3. Climate control chambers

In order to have an advanced experiment with proper controls of
variables, the employment of control technology is recommended. One
solution to offset the constrains associated with the simulations of dy-
namic climate change scenarios is to include more climate variables
simultaneously by using advanced climate chambers. These types of
chambers are computer-supported programmable facilities, which allow
researchers to simulate high resolution data for the climate scenario by
accurately regulating key climate variables such as temperature, pre-
cipitation, relative humidity and radiation (Verdier et al., 2014). A
closed climate chamber system permits the researcher to estimate the
water balance of both the climate chamber and the mescosm. In addi-
tion, the climate chambers are normally equipped with sensors that
would monitor simulation accuracy of the climate variables. Therefore,
any possible malfunctioning and simulation errors can be detected,
measured and calibrated.

5.3. Monitoring of wetland mesocosms

5.3.1. Multi-variable monitoring

In most wetland mesocosm experiments, researchers have defined
different treatments of variables like water table and temperature, and
they tried to keep some environmental boundary conditions constant, so
that different treatments can be compared with each other (Dalva and
Moore, 1993; Blodau et al., 2002; Laine et al., 2014). The challenges
with these experiments are that those constant conditions rarely happen
in reality, and the fluctuations of the water level, which have an effect on
leaching of the substances, might be ignored (Laine et al., 2013).
Application of only one or two climate variables would ignore the
interaction effect of other variables such as radiation and humidity,
while they are of relative importance along with the key variables
(Verdier et al., 2014; Barbera et al., 2015).

Ultimately, wetland mesocosm experiments aim to understand the
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underlying mechanisms, which change the role of the wetland in
response to climate change. This understanding helps engineers to
regulate the factors, which have the most impact on the main beneficial
services of the wetlands such as water purification and climate change
mitigation.

The authors recommend to monitor numerous variables in wetland
mesocosm experiments, as this facilitates engineers to have a better
understanding of wetland functions from different point of views. The
study of a single parameter might provide a researcher only with a deep
understanding of the mechanisms governing a specific variable in
response to climate change, but lacks the understanding of interactions
and relationships between variables. Fig. 2 shows examples of various
biological and physicochemical variables that can be monitored for
investigation of water quality and gas emission in an experimental
wetland. The advantage of this multi-variable quantification is that it
allows the scientists to detect the trend of different types of changes in
wetlands responding to climate change over time and ultimately identify
the most appropriate management strategy accordingly (Clark et al.,
2001; Moomaw et al., 2018). Moreover, various datasets generated in
the experiment can be used for the models which simulate the
complexity of the ecosystems. These models normally require a high
resolution and various parameters to provide a more reliable prediction
(Cools et al., 2013).

5.4. Monitoring of methane and carbon dioxide

In order to maintain negative climate feedback (i.e. carbon seques-
tration in form of biomass) of wetlands (particularly peatlands), which is
the largest terrestrial carbon store, it is important to understand the
processes regulating the emission of both carbon dioxide and methane,
as the influence of the climate drivers might act differently for these two
gases; for instance, increasing the water table might decrease the carbon
dioxide emission, but it might increase the methane emission, which is
23 times more potent as a heat-trapping gas in the atmosphere (Kayranli
et al., 2010). Therefore, both carbon dioxide and methane should be
taken into account in the proposed framework to determine whether the
ecosystem will act as a sink or source of carbon in response to the climate
change scenarios (Updegraff et al., 2001). In most cases, the studies
demonstrated that wetland water saturation often results in a decrease
in the rate of decomposition and lower carbon dioxide emission, though
this could increase the emission of methane. In order to find an optimal
level of water management to adapt the wetlands to future climate
scenarios, quantification of the different biological and physicochemical
parameters along with gas emission measurements at different water
levels is recommended (Fig. 2).

5.5. Simulation of water level management

Monitoring wetland hydrology is essential as it has been demon-
strated in literature as the most important factor controlling wetland
functions (Bridgham et al., 1992; Silvola et al., 1996; Davidson and
Janssens 2006). An investigation of the impact of water level manage-
ment is proposed for the mesocosm experiment under different climate
scenarios. This helps engineers to determine the optimal water level
required to maintain the wetland services under different climate sce-
narios. The most appropriate water level management strategy should
eventually benefit the human communities by improving water quality,
water regulation and climate change mitigation services at the same
time (Klgve et al., 2017).

In some studies, the water level is found to be the best indicator of
carbon dioxide and methane emissions (Christensen et al., 1999; Bubier,
1998). There is a critical depth in a certain wetland system at which the
maximal emissions occur, for instance Moore and Dalva (1993) and
Moore and Roulet (1993) reported in their experiment that at water
levels greater than 18 cm, methanogenesis (methane production) de-
creases and instead methanotrophy (methane consumption) increases.
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Although the water table has been considered as the best indicator for
carbon dioxide and methane emissions in some studies, other research
concluded the opposite (Lloyd, 2006). For instance Jacobs et al. (2007)
compared Dutch grassland located on peat soil, and found a temperature
association for all sites, but high variations in respiration between sites.
This variation was due to soil moisture differences. The local water table
might have relatively large variations, but the soil moisture variations
might remain small. The volumetric water content at the root zone can
be high even at a low water table. Therefore, soil water would not be a
limiting factor for plant transpiration (Kramer et al., 1997). However,
Parmentier et al. (2009) pointed out that shallow water table fluctuation
has an effect on ecosystem respiration only if the water level lowering is
persistent and thus results in a lowering of the soil moisture content.
Otherwise, the respiration of the ecosystem and gross primary produc-
tion would not vary with the water table. The effect of the water level
fluctuation might be different in constructed wetlands. According to
Tanner et al. (1999), more frequent water level fluctuation leads to
oxygen release in the plant root zone causing higher rate of ammonium
oxidation (nitrification) and also microbial oxidation of chemical oxy-
gen demand (COD). Considering the possible differences between the
response of peatlands and constructed wetlands, the authors recommend
to assess both of them concurrently as the type and degree of the water
level management may be entirely different between these two systems.

Overall, optimum wetland services are unlikely to occur during
flooding events or during low flow as both circumstances have a nega-
tive impact on biomass production. However, this negative impact can
be adapted in the long-term mainly due to alternation in plant compo-
sition. Additionally, a slightly lower inflow into the wetland causes
aerobic conditions, resulting in a low degree of decomposition, which
makes nutrients available to plants, promoting their primary produc-
tivity (Berendse et al., 2001).

It has been shown in peatlands that the response of carbon dioxide
emissions to different water levels may not be proportional along the
peat profile since the availability of labile carbon pools in deeper layers
would be substantially limited, which results in no further increase in
carbon dioxide emission with depth (Chimnar et al., 2003).

Given all these complexities behind the responses of wetlands to
different hydrological regimes, finding a sustainable water management
strategy is challenging. Hence, it would be logical to identify the hy-
drological thresholds for the wetland mesocosms in the experiment. This
requires an examination of different water management scenarios under
different climate scenarios to find the most appropriate and sustainable
water management strategy for these valuable ecosystems.

6. Discussion, conclusions and key recommendations
6.1. Discussion and conclusions

With a warmer climate in the future, the upper part of the peatland
would experience more water loss than the lower part. This former is
more vulnerable to moisture as it is more exposed to oxygen, making it
more susceptible to decomposition (Updegraff et al., 2001). The rate of
heterotrophic respiration in the lower part of the peatland profile de-
pends to some extent on how much oxygen can be diffused and oxidize
the organic matter. The amount of oxygen diffusion in the peat profile
mainly depends on the peat water content. However, the rate of the
autotrophic respiration might be relatively independent of water con-
tent. The rate of carbon dioxide emission relies on how primary pro-
duction and respiration competes in the future. Mitsch et al. (2008)
claimed that in future the general positive role of wetlands in terms of
carbon sequestration will be more pronounced compared to negative
methane emission with climate change. However, climate change in the
future might result in droughts that can increase the ecosystem respi-
ration substantially and decrease primary production (Lafleur et al.,
2009). Therefore, it will be difficult to predict the role of wetlands in
climate change without the consideration of drought.
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Our critical review concludes that drought might decrease primary
production of the system and elevates aerobic respiration. However, a
wetter condition accompanied by a warmer climate might promote
photosynthesis to a degree that might exceed the respiration and
maintain the role of a peatland as a sink. In another review study, Bu
et al. (2011) noted that climate warming would have negative effects on
the role of peatlands as carbon sinks due to lower water availability and
higher temperatures, which would increase the rate of peat decompo-
sition more than net primary production. Moreover, they reported that
climate change would be resulting in succession, shifting from Sphagnum
to vascular plants, and this would lead to an increase in methane and
carbon dixiode emission in the long-term.

A higher production of methane is linked to a high water table and
anaerobic conditions. Higher temperatures on the other hand might
lower the production of methane through methane oxidation. Concur-
rently, higher microbial activity in the water and sediment due to higher
temperatures can result in higher emissions of methane. A substantial
decline in water level, which influences the deeper zone of the peatland,
can significantly reduce methane emissions (Blodau et al., 2004).

This literature review indicates that the response of methane to
climate change may vary greatly from one type of wetland to another,
and the combination of biotic and abiotic factors makes the peatland
response to methane emissions rather unpredictable and complex
(Updegraff et al., 2001). In line with our review, another critical liter-
ature review by Kayranli et al. (2010) shows that the role of many
wetland plants and microorganisms in carbon turnover and methane
emission is unclear and needs further study. They suggested that more
process-level research is needed to predict methane emissions from
wetlands. Moreover, they indicated that the differentiation between the
production and consumption processes of methane is essential.

The assessment of constructed wetlands showed that the potential
contribution of free water surface constructed wetlands to global
warming in the future is considered to be small as they have been linked
to the lowest carbon dioxide and nitrous oxide emissions compared to
other types of constructed wetlands. However, it has been shown that
free water surface constructed wetlands can have a high methane
emission compared to other types of constructed wetlands due to their
predominant anoxic condition. Therefore, the rapid increase in the
number of free water surface constructed wetlands should alarm
stakeholders and designers to manage these systems properly. Mander
et al. (2014b) proposed future studies focusing on hydrological regimes
and the development of vegetation and microbial communities to
improve the efficiency and management of constructed wetlands in the
face of climate change. In addition, Kayranli et al. (2010) found in their
literature review that constructed wetlands have a higher carbon
sequestration capacity than natural wetlands. They did, however, state
that if they were not properly designed and managed, they would
function as sources of greenhouse gasses to the atmosphere.

Contradictory results regarding the impact of water levels on
methane emissions in constructed wetlands demand further studies. In
addition, the impact of vegetation on constructed wetland gas emission
has to be studied more as assessments have shown that they can both
increase and decrease the carbon sink role of constructed wetlands
(Maltais-Landry et al., 2009). It seems that the role of vegetation in
constructed wetland gas emission is more important when the water
level drops (Henneberg et al., 2016). Therefore, with a higher risk of
drought in the future, it would be important to select more suitable plant
species with an adequate density to tolerate water shortage and combat
climate change through carbon sequestration. After reviewing 224 ar-
ticles, Maucieri et al. (2017) found that the presence of vegetation in-
creases constructed wetland greenhouse gas emissions relative to
non-vegetated ones. However they assumed that vegetated con-
structed wetland could absorb atmospheric carbon by photosynthesis
and act as a carbon dioxide sink and mitigate climate change, but they
were uncertain about the impact of plant species on methane emissions.

A comprehensive consideration of the most important wetland
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services, such as climate change mitigation and water purification, is
essential to suggest sustainable and efficient management. However,
conducting experiments to find such an approach will often be chal-
lenging, mainly because of financial and time constraints (Cools et al.,
2013). One way to overcome this challenge is to use process-based
models and/or machine learning techniques to analyse experimental
data (Olden et al., 2008) (Fig. 2). If the numerous datasets generated in
the experiment can be sufficiently representative of the pattern of
change in the systems, then a sophisticated algorithm should be capable
to recognize and predict the response of the system properly and save
money, time and resources (Maleki et al., 2019). Machine learning ap-
proaches are flexible in capturing the complexity of the interactions and
relationships between variables, making it an ideal approach for
modelling a wetland ecosystem (Berry et al., 2003). In a literature re-
view, Blodau et al. (2002) also suggested the development of models
capable of capturing interaction dynamics and processes for predicting
greenhouse gas emissions from wetland. However, the improvement of
model parameterization is supported by the result of a robust and so-
phisticated experiment.

Consistent with the suggested framework (see section 7), Bu et al.
(2011) indicated that mesocosm experiments involving multiple factors
and allowing environmental conditions is important for understanding
of mechanistic relationship between variables in the wetland. Therefore,
it can be concluded than conducting our suggested mesocosm experi-
ment allows for the simulation of more realistic (based on RCP) and
high-resolution (based on RCM) climate variables. Employment of an
advanced simulator will simulate dynamics of climate change; i.e. the
simulation of various climate variables as well as the cold season. This
coordinated mesocosm experiment facilitates consistency and provides a
more valid comparison between different mesocosm experiments. Any
uncertainty about the impact of change in temperature and water level
as well as their interactions might be resolved over time using the pro-
posed framework. In addition, multi-variable monitoring provides a
comprehensive insight into both positive and negative feedback from
wetlands on climate change. This helps to find appropriate management
actions that can be used by the environmental managers to maintain the
wetland services and mitigate climate change. However, it is important
to note the limitations of our proposed framework associated with the
mesocosm experiment, as it is performed on a limited spatial and tem-
poral scale. Simplification is unavoidable in most forms of mesocosm
experiments. Therefore, they cannot represent all the complexities of
natural ecosystems. Hence, researchers should use the results of meso-
cosm experiment cautiously for generalization purposes.

6.2. Key recommendations

- One method to study the effect of climate change on wetland func-
tion is to monitor wetlands along a latitudinal gradient, evaluating
and comparing their response to different climates. However, this
type of study demands a lot of time, effort and coordination between
scientists, conducting the experiments in different locations across
the latitudinal gradient. Therefore, a long-term simulation of climate
change in a rigorous mesocosm experiment, which addresses the
gaps and challenges mentioned earlier in section 6, would be
recommnnded instead.

The hybrid-constructed wetlands have been identified as a valuable
approach for controlling water quality improvement as well as
mitigating greenhouse gas emissions. Pulsing water regime,
enhancing the growth of aquatic macrophytes and controlled har-
vesting of them are the most recommendable methods for mitigation
of methane (Mander et al., 2014b). However, the response of nitrous
oxide emission due to these methods is not yet clear as studies report
conflicting results. Furthermore, carbon dioxide emission can be
stimulated by a pulsing approach. Hence, monitoring of both nitrous
oxide and carbon dioxide emissions during this process would be
highly recommended.
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- The impact of constructed wetland age on greenhouse gas emissions
needs to be studied further as some research indicates that the
developed wetlands can function as carbon sink with climate change
(Whitting and Chanton 2001), whereas some other studies report a
higher rate of carbon dioxide and methane with age as a result of
more accumulation of organic matter and unchanged nitrous oxide
emission (Altor et al., 2008; de la Varga et al., 2015).

Drought is the most deleterious climate phenomenon, which might
considerably damage the wetland ecosystem especially for peat-
lands. This may trigger a shift from the dominant plants, Sphagnum
mosses, to the more drought-tolerant vascular plants. Therefore,
studying the succession of vegetation in peatlands before any man-
agement action would be recommended. The management strategy
should protect Sphagnum mosses, which have a low decay rate,
maintain the optimal water level to avoid peat decomposition and
promote the rate of photosynthesis.

In our proposed framework, water level management has been sug-
gested to be examined along with climate scenarios simulation
(Fig. 2); it would be highly recommended to examine different levels
of management to monitor the response of the wetland intensively.
This close evaluation of the system benefits researchers in finding a
critical water level at which the wetland maintains its vital services
and negative climate feedback role; i.e. a higher rate of primary
production than respiration in the ecosystem. The definition of the
critical water level, accompanied with reasonable knowledge about
the succession in vegetation and biogeochemical characteristics of
wetlands, helps researchers to suggest a practical plan for optimal
management, adapting wetlands to future climate change scenarios.
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