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• Wetlands are currently viewed by society
as nature-based solutions to a range of soci-
etal problems

• To identify incompatibilities between ob-
jectives for wetland re-establishment, we
reviewed ecosystemand cultural objectives

• Multifunctionality is inconceivable at the
level of individual wetlands due to
tradeoffs between objectives

• Multifunctionality can instead be achieved
at the landscape level, where objectives
are optimized in different wetlands
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Wetland area in agricultural landscapes has been heavily reduced to gain land for crop production, but in recent years
there is increased societal recognition of the negative consequences fromwetland loss on nutrient retention, biodiver-
sity and a range of other benefits to humans. The current trend is therefore to re-establish wetlands, often with an aim
to achieve the simultaneous delivery of multiple ecosystem services, i.e., multifunctionality. Here we review the liter-
ature on key objectives used to motivate wetland re-establishment in temperate agricultural landscapes (provision of
flow regulation, nutrient retention, climatemitigation, biodiversity conservation and cultural ecosystem services), and
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Biodiversity conservation
Cultural services
their relationships to environmental properties, in order to identify potential for tradeoffs and synergies concerning the
development of multifunctional wetlands. Through this process, we find that there is a need for a change in scale from
a focus on single wetlands to wetlandscapes (multiple neighboring wetlands including their catchments and surround-
ing landscape features) if multiple societal and environmental goals are to be achieved. Finally, we discuss the key fac-
tors to be considered when planning for re-establishment of wetlands that can support achievement of a wide range of
objectives at the landscape scale.
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1. Introduction

The need for land to increase food andfiber production has dramatically
changed agricultural and forest landscapes across the globe, with strong re-
ductions particularly in the areal extent of wetlands (Davidson, 2014; Dixon
et al., 2016; Davidson et al., 2018). Historically, wetlands provided impor-
tant resources, but the need to feed a growing human population resulted in
the removal of large wetland areas (Strandin Pers, 2012). This change was
also motivated by the perception of wetlands as low productive habitats of
no use to humans, wastelands and home of infectious mosquitoes, and
therefore of no loss if removed. As a consequence, less than 10%of the orig-
inal wetland area remains today in heavily populated areas such asWestern
Europe (EPCN, 2007).

Even though land use conflicts in relation to wetlands continue to pose
great challenges inmany parts of theworld (Kingsford et al., 2016), the tide
has started turning. Current societal attitudes towards wetlands are more
positive due to the recognition that wetlands provide valuable regulating,
provisioning and cultural services to society (Davidson et al., 2019; Cheng
et al., 2020). There are accordingly increased efforts to restore and create
wetlands as nature-based solutions to help address problems such as eutro-
phication, climate change, biodiversity loss, floods and droughts (Zedler,
2003; Natuhara, 2013; Griscom et al., 2017; Thorslund et al., 2017;
Jaramillo et al., 2019; Cheng et al., 2020; Bradfer-Lawrence et al., 2021).
Thus, the international community has responded through conventions
that involve wetland preservation and re-establishment (e.g., CBD/Aichi,
IUCN, WFD, Ramsar), and 38 % of all countries currently have wetland
protection included in their environmental policy (Peimer et al., 2017). In
the EU, the new Common Agricultural Policy (for 2023-7) urges member
states to consider wetland protection and functionality in their national
plans, and some countries such as Sweden and Denmark have initiated
subsidy programs for landowners interested in increasing the area or qual-
ity of wetlands (Andersson, 2012; Graversgaard et al., 2021). However,
achievements on the ground to date are still far short of objectives
(Naturvårdsverket, 2019).

This growing awareness of wetland benefits has supported a shift
towards thinking about multifunctionality of individual wetlands and the
simultaneous delivery of multiple ecosystem services (Zedler, 2003;
Acreman et al., 2011; Blackwell and Pilgrim, 2011; Maclean et al., 2011;
Natuhara, 2013). A key challenge, however, is that structural and spatial
2

wetland properties for delivering specific services may not be best suited
for delivering other services (Rouquette et al., 2011; Xu et al., 2018). For ex-
ample, efficient nutrient retention in a wetland may speed up vegetation
succession and lead to changed species abundance and reduced biodiver-
sity (Doherty et al., 2014; Jessop et al., 2015). On the other hand, some eco-
system services may be more easily co-produced, e.g., the capacity for
denitrification may positively relate to water storage potential (Jessop
et al., 2015). Understanding these synergies and tradeoffs between pro-
cesses is key to improving guidelines for wetland construction andmanage-
ment.

Another key challenge concerns the different objectives among societal
actors for re-establishing wetlands, where landowner interests often devi-
ate from governmental objectives, and include a focus on recreational ben-
efits (e.g., aesthetics, birdwatching, hunting, skating; Söderqvist, 2003;
Hansson et al., 2012). Similarly, administrative stakeholdersmay formulate
targets concerning water flow regulation and biodiversity improvements,
but landowners may hesitate to construct wetlands that increase flood
risk on other productive parts of their land such as crop fields. Landowners
therefore construct ponds with steep edges and small flood zones that pro-
vide low qualities for biodiversity conservation. Moreover, fear that wet-
lands support mosquito reproduction may shape the attitudes of
landowners and neighbors to planned wetlands (Hanford et al., 2019).
Whereas landowner interests are often connected to the size of financial
subsidies (Graversgaard et al., 2021), a top-down implementation of wet-
lands by authorities may be hindered by stakeholder opposition (Gann
et al., 2019) and outcomes may depend on what types of behavior are in-
centivized (e.g., Drescher et al., 2019). Landowner interest is pivotal be-
cause long-term interest and management is needed to preserve the
functioning of restored or created wetlands.

Some research has considered wetland multifunctionality
(e.g., Hansson et al., 2005; Doherty et al., 2014; Jessop et al., 2015;
Boughton et al., 2019), including the Wetland Evaluation Technique
(WET) whichwas developed four decades ago to assess multiple, often con-
flicting functions of individual wetlands (Adamus et al., 1987). Similarly,
decision support systems such as systematic conservation planning
(Cimon-Morin et al., 2021) or social multi-criteria evaluations (Doyle,
2020) are specifically designed to evaluate tradeoffs during planning of
conservation actions based on the demand and supply of different benefits
to humans. However, we argue that the inherent tradeoffs and synergies
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that limit multifunctionality related to both the ecological and the social di-
mensions of wetlands have not been fully explored. In the present study, we
therefore go beyond the existing studies by, first, reviewing the evidence
behind the wetland properties that lead to particular functions, and second,
analyzing the relationships between these properties to identify potential
tradeoffs and synergies. We also note that it has been debatable if focusing
on individual wetlands to improve their multifunctionality is the most ra-
tional way forward for reaching multifunctionality at the landscape scale
or whether wetland planning and management should increasingly con-
sider developing and maintaining wetlandscapes, i.e., wetlands including
their catchments and surrounding landscape features (Zedler et al., 2012).
At this larger scale, which is relevant for delivery of ecosystem services to
society, a more fruitful strategy may be to aim for heterogeneous arrays
of multiple, but not necessarily individually multifunctional, wetlands.

Three main reasons may explain the paucity of empirical studies on
multifunctionality. First, the spatial scale needed to estimate tradeoffs is
broad (e.g., Jessop et al., 2015), requiring major research efforts involving
collaborations with stakeholders at multiple levels (e.g., Boughton et al.,
2019). Second, wetland functionality is the result of complex, intertwined
social-ecological processes (Dawson et al., 2021), making it difficult to dis-
entangle tradeoffs or synergies in the presence of multiple environmental
factors that vary among sites and with different effects on target variables
(Bennett et al., 2009). Testing tradeoffs between wetland processes there-
fore either requires experimental manipulations of wetland properties, or
detailed monitoring of a relatively large number of comparable objects.
Third, evaluating tradeoffs necessitates a cross-disciplinary approach that
is challenging to accomplish at a sufficiently detailed level to quantitatively
evaluate process tradeoffs (Johnston et al., 2013). In the literature, the
main approaches for examining tradeoffs and synergies of ecosystem
services involve mapping co-occurrence patterns by clustering different
services across habitat types (e.g., Gomez-Creutzberg et al., 2021) or the
identification of negative/positive associations across multiple services in
the same habitat type varying in environmental conditions (e.g., Jessop
et al., 2015).

To address these open questions and research gaps involving
multifunctionality, we organized a workshop involving the coauthors of
this paper, whose collective expertise covers both ecosystem (hydrological,
ecological, biogeochemical) and societal aspects of wetlands. Using this
workshop as a starting point, we reviewed the literature on four overarch-
ing objectives associated with wetland re-establishment – (i) water flow
and nutrient regulation, (ii) climate change mitigation, (iii) biodiversity
conservation, and (iv) cultural ecosystem services. Following the Ramsar
convention, we define wetlands as including shallow lakes and small
ponds but not shallow coastal waters. For each objective, we identifiedwet-
land properties that contribute to functions and ecosystem services whose
delivery supports these objectives. We further assessed relationships be-
tween structural and spatial properties and ecosystem services with the
aim to identify potential tradeoffs and synergies in service delivery pro-
vided by wetlands and to derive possible mechanistic connections as basis
for identifying limitations or opportunities for multifunctionality across
scales, where a great challenge is that different fields use different terms
for the same wetland properties. Finally, based on our analysis we discuss
approaches for empirically evaluating tradeoffs and synergies and how to
implement this information in planning and decision making at the
wetlandscape level.

2. Wetland properties in support of key objectives

2.1. Methodology

We used a three-step process, supported by a literature review, to
identify wetland properties connected to different objectives of wetland
re-establishment. First, during the workshop, participants identified a pre-
liminary list of properties of importance for four main groups of objectives
(cf. Maltby, 2018), at local and wetlandscape scales, linked to: (i) water
flow and nutrient/pollutant load regulation, (ii) climate change mitigation,
3

(iii) biodiversity conservation and (iv) cultural ecosystem services
(Table 1). Within each group, specific objectives were identified, e.g.
emission reduction for climate mitigation objectives or support of specific
species groups for biodiversity conservation objectives. Structural proper-
ties of individual wetlands and whole wetlandscapes were grouped in
four main properties: biophysical properties (e.g., area or depth), water
properties (e.g., residence time or nutrient concentration), biological prop-
erties (e.g., vegetation or fish presence), and landscape properties
(e.g., catchment size or visitor accessibility). Participants then completed
a matrix linking properties with identified objectives, as ‘+’ (positive
impact), ‘−’ (negative impact) or ‘+/−’ (variable) (Table 1). In the second
step, the same experts cross-checked each other's assessments and added
supporting references. Finally, Table 1 was distributed to colleagues within
each field for deliberation to identify missing relationships and additional
references.

Below, we first describe the main connections between environmental
properties and the four groups of objectives associated with wetland re-
establishment, examining tradeoffs and synergies within groups of objec-
tives. Thereafter, we use Table 1 to identify potential tradeoffs and syner-
gies between groups and finally review empirical studies that examined
such tradeoffs and synergies.

2.2. Regulation of water flows and waterborne nutrient/pollutant loads

Hydrological processes including retention, runoff and evaporation
are logical starting points for the wetland analysis because they control
water availability in the landscape and govern the transport and reten-
tion of waterborne nutrients and pollutants. Key objectives for wetland
re-establishment therefore include their capacity to buffer high flow
events by attenuating flood peaks, to safe-guard water availability dur-
ing extended droughts by storing water in the landscape and to increase
water quality by reducing nutrient or pollutant loads downstream
(Brody et al., 2007) (Table 1). The flow modulating capacity of individ-
ual wetlands is directly related to wetland size, or the volume of its sur-
rounding topographic depressions, which determines how much excess
water can be stored during flood events. To which extent this capacity
will be utilized at each flood event additionally depends on the current
water level and the magnitude of runoff from the surrounding landscape
elements (Acreman and Holden, 2013; Fossey et al., 2016; Åhlén et al.,
2022). Wetland prevalence and storage capacity also impact long-term
runoff generation over the wetlandscape, which can act in different di-
rections (increasing or decreasing runoff) and evapotranspiration de-
pending on ambient conditions, including hydro-climatic conditions
(e.g., Quin et al., 2015; Fossey and Rousseau, 2016; Åhlén et al., 2021).

Nutrient retention varies widely over time, and between wetlands and
regions depending on retention target (Land et al., 2016), hydro-climatic
conditions, and the characteristics of individual wetlands (Richardson,
1985; Braskerud et al., 2005) and whole wetlandscapes (Quin et al.,
2015; Thorslund et al., 2017) (Table 1). For individual wetlands, retention
of nutrients and other pollutants can be estimated in three ways depending
on purpose: total mass retention, area-specific retention and retention effi-
ciency (% of load). The total mass and area-specific retention generally in-
crease whereas retention efficiency decreases with the nutrient load
(Table 1, Kynkäänniemi et al., 2013; Weisner et al., 2016; Audet et al.,
2020; Mendes, 2021). The nutrient mass removed is therefore higher in
wetlands with high nutrient loads, close to the nutrient source, as in land-
scapes with intensive agricultural production, but also depends on soil
type (Kyllmar et al., 2014).

Water residence time (WRT=water volume/throughflow) plays an im-
portant role in nutrient retention, and is typically estimated as hydraulic
load (HL = inflowing water volume/wetland area), which is inversely re-
lated to WRT, or the wetland size to catchment area ratio (Aw:Ac), which
is proportional to WRT. In general, a higher HL (or lower Aw:Ac) tends to
lower retention efficiency but increase the area-specific retention (Audet
et al., 2020; Mendes, 2021), below a possible threshold abovewhich higher
HLwill reduce both retention efficiency and area-specific nutrient retention



Table 1
Identified relationships between environmental properties of wetlands and targets of wetland construction and restoration showing the main trends from the literature (ref-
erences in Appendix A). The signs indicate positive (+), negative (−) or mixed (+/−) effects but variations beyond these relationships also occur. Included relationships
should be interpreted as mainly direct, but may be indirect when an intermediate property is not included, andmixed effects include both nonlinear relations and where the
direction of the effect depends on otherwetland properties. Some environmental properties are typically correlated, and the sign then indicates the unique effect of each prop-
erty (see footnotes for details). For instance, a wetland with a larger surface area is by necessity shallower at a given volume but some targets respond more to the area and
others respond more to the depth. For objectives Hgmethylation, CH4 emissions and N2O emissions, signs are reversed to show reductions to fit the pattern that ‘+’ is some-
thing positive. The strength of support is weak if indicated in brackets.

Physical properties Water properties

Volume Areaa Deptha Hydraulic
efficiencyb

Shore
complexityb

Open
water

Flood
zonec

Residence
time

Nutrient
concentrationd

Flow regulation Flood control + (+) +
Water storage + +
Area-specific N retention
(g per wetland area)

− − + (−) − + + +

Relative N retention
(% removed)

+ + + (−) − + + (−)

Area-specific P retention
(g per wetland area)

(+)/− (+)/− + (−) − + +i +

Relative P retention
(% removed)

+ (+) + (−) − + + (−)

Hg retention + + − + − + +/−
Prevent Hg metylationj − + − + − +/− +/−

Climate mitigationk Reducing CH4 emissions + + − − − −
Reducing N20 emissions +/− + − −
C sequestration − − + +

Biodiversity conservationl Emergent vegetation − (+) + + +
Submerged macrophytes + − (−) + +/−
Amphibians +/− − (−) + (−) + +/−
Water birds + +/− (+) +/− +/− + +/−
Shorebirds + − + (+) + +
Aquatic
macroinvertebrates

+ − + +/−

Spiders/carabids + + (+)
Pollinators (bees) +/−
Mosquitoes + − + − + +

Cultural ecosystem
services

Recreation and ecotourism + + −
Aesthetics + +
Inspiration
Education
Sense of place +
Cultural heritage
Spiritual and religious
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(Braskerud et al., 2005; Land et al., 2016). Retention efficiency also in-
creaseswith hydraulic efficiency (HE, Persson et al., 1999),which describes
how well bulk flow is distributed within the wetland volume and depends
on wetland shape and distance between in- and outlet. HE is lower if
water flows mainly through a central channel and higher when complex
flow patterns force more water to flow through vegetated wetland parts
where denitrification is higher (Kadlec, 2008). Another important shape
feature is bottom topography, where deep parts increase particularly P re-
tention (Geranmayeh et al., 2018). Finally, wetlands dominated by event-
driven discharge typically show lower retention efficiency than wetlands
4

with a controlled hydraulic loading rate because high flood events such
as spring floods coincide with low WRT, high nutrient transports and low
biological activity (Land et al., 2016).

Total nutrient retention depends not only on properties of single wet-
lands, but also on the distribution of wetland area within catchments. At
the wetlandscape level, Aw represents the total wetland area while Ac is
the combined multi-wetland catchment area encompassing the same wet-
lands. Nutrient retention at this scalemay be high even for lowAw:Ac ratios
if a major part of total Aw is located close to the outlet of the catchment
(Thorslund et al., 2017), or is efficiently distributed over the catchment



Water
properties

Biological properties Wetlandscape properties

Water
fluctuationsc

Emergent
vegetation

Submerged
vegetation

Shore
grazing/Hay
makinge

Fish
presence

Naturalnessf Catchment
sizeg

Total
wetland
areag

Nutrient
loadd

Visitor
accessibilityh

+/− + +/− +
+/− + +

+ + + +/(−)
+ − −
+ + + +/(−)
+ +/−

− +
− − −
+/− +/− + − +/− −
+/− (+) + (−) (+) +/−
+ + − + +
+ NA −
+/− NA +
+/− (+) + + − +
+/− +/− +/− + +/− + (+)
+ (−) (−) +/− +
(+) + + − +
+/− (+) + +

+/− +/− + (+)
+ + (+) − −

+ +
+ +/− + + −

+
+

+
+

a At a given volume, area and depth are by necessity negatively correlated. For flow variables, an important variable is hydraulic load (= inflowing water volume/wetland
area) which suggest an opposite relationship to wetland area and catchment size. Depth is also correlated with vegetation, and the effect of depth here is for a comparison
when vegetation is the same.

b Both hydraulic efficiency and shore complexity describe aspects of heterogeneity. Hydraulic efficiency includes properties such as shape and presence of islands that
makes water flow over larger or smaller parts of the wetlands, whereas shore complexity accounts for undulated shorelines or variation in shore steepness that differentially
affects many organisms.

c Flood zone describes the presence of shallow areas around the wetland where water could spread during high water tables whereas water fluctuations describe the
frequency and amplitude of actual floods but also the occurrence of temporary drought conditions.

d Nutrient availability describes the actual concentration of nutrients in the water whereas nutrient load describes the amount of nutrients being leaked from the catchment.
e Shore management involves actions keeping shore vegetation short.
f Naturalness is a perceived property.
g Totalwetland area and catchment size concerns the effect of these properties on processes in the individualwetlands. It relates to the amount of inflowingwater, affecting

the hydraulic loading, for flow regulation objectives. However, total wetland area has another meaning for other objectives, and for biodiversity conservation it concerns
connectivity to other similar habitats.

h Accessibility includes proximity to urban areas, parking lots, boardwalks and other features increasing visitor pleasure.
i Comparing equally large inflows.
j Focussing on MeHg producing wetland systems, ignoring the set of wetlands that also act as sinks.
k Greenhouse gas emissions concern per unit wetland area.
l Main targets include total abundance and/or total species richness.
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area so that a large fraction of total runoff, and thereby also the nutrient/
pollutant load, goes through several wetlands in the catchment (Åhlén
et al., 2020). Nutrient retention may also be low at a higher Aw:Ac ratio if
Aw is distributed such that most of the total water discharge does not flow
through the wetlands in the wetlandscape (Quin et al., 2015). Finally, the
temporal variation of retention at the wetlandscape scale depends on source
type (currently active sources at the surface, or long-lived legacy sources re-
maining from earlier inputs). Active sources at the surface yield relatively sta-
ble average load and variable concentrations, whereas legacy sources yield
more stable average concentrations (Chen et al., 2021; Destouni et al., 2021).
5

Wetlands can be hotspots for pollutants such as mercury (Hg),
microplastics and pesticides which can contribute to a poor environmental
status in rivers and lakes (St Louis et al., 1996; Vymazal and Březinová,
2015; Qian et al., 2021). Hg pollution is a concern primarily in aquatic sys-
tems, where methylmercury (MeHg) accumulates up the food chain and
reaches toxic levels, and the Hg burden to these systems increases with
the relative wetland coverage in the catchment (Chasar et al., 2009;
Glover et al., 2010). Hg problems may increase with wetland restoration
by turning sites into “hot-spots” for bacterial methylation of inorganic diva-
lent Hg (St Louis et al., 1996; Tjerngren et al., 2012a; Tjerngren et al.,
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2012b), but wetlands can also trap total Hg and limit inorganic Hg avail-
ability for methylation in downstream systems (Kronberg et al., 2012;
Tjerngren et al., 2012b). However, Tjerngren et al. (2012b) found that
the risk of MeHg production is mostly greater in restored wetlands than
the potential benefit for total Hg retention. Studies on MeHg production
in wetlands suggest that net methylation is highest at intermediate nutrient
concentrations (Tjerngren et al., 2012a; Tjerngren et al., 2012b), but also
varies with sulphate deposition (Åkerblom et al., 2013) and the microbial
community (Schaefer et al., 2020; Xu et al., 2021). Redox changes (caused
bywater fluctuations)may also promoteHgmethylationwhile photochem-
ical demethylation may remove MeHg (Table 1).

In summary, wetlands play a vital role in water, nutrient and pollutant
fluxes. The wetland capacity to modulate (extreme) flows depends on its
size, or more specifically the storage volume of its surrounding depression.
The extent to which a wetland may modulate flows generated by specific
precipitation events depends on (i) the extent to which event flows actually
pass the wetland, which is governed by its catchment size and the presence
of consolidation drainage (McCauley et al., 2015), and (ii) the extent to
which the wetland's volume is already filled, as reflected by its pre-flood
water level. The total nutrient retention is similarly higher in voluminous
wetlands and increaseswith themeanwater residence time.Whereas reten-
tion at the individual wetland level can be predicted based on these proper-
ties, retention at the wetlandscape level is more affected by the position of
wetlands across the catchment where it is important that major nutrient
flows are channeled through one or more wetlands.

2.3. Climate mitigation and feedback processes

Wetlands, including shallow lakes and ponds, play globally important
roles in carbon cycling and greenhouse gas (GHG) emission by acting as
sources and sinks of methane (CH4), carbon dioxide (CO2), and nitrous
oxide (N2O), even though estimates are uncertain and vary with wetland
definition (Raymond et al., 2013; Saunois et al., 2020; Tian et al., 2020;
Rosentreter et al., 2021). However, wetlands also have the capacity to se-
quester and bury large volumes of C in soils and sediments, which is partic-
ularly apparent for Sphagnum-rich peatlands (Mitra et al., 2005; Downing
et al., 2008). Hence, targets for wetland re-establishment may be to reduce
GHG emissions and increase C sequestration (Table 1).

Wetlands are on average net CO2 sinks because waterlogging limits de-
composition of organic matter and store very large amounts of carbon, but
wetlands may turn into CO2 sources due to drainage and disturbance
(Bridgham et al., 2006; Hugelius et al., 2020; Evans et al., 2021). Although
occupying little space, small permanently inundated wetlands and ponds
can be important for C sequestration at the landscape scale by holding dis-
proportionately large stocks of C in soils and sediments (Gilbert et al.,
2021). Conventional thinking is that eutrophication increases aquatic pri-
mary production, thus enhancing the C sink (Pacheco et al., 2014), but
some studies of small agricultural waterbodies show the opposite; that ele-
vated nutrient inputs lead to higher CO2 emissions (Ollivier et al., 2019;
Peacock et al., 2021). Plant species can also affect the C sink, and particu-
larly emergent vegetation such as reeds and bulrushes may be key to en-
hancing C accumulation in constructed wetlands and ponds (Moore and
Hunt, 2012).

CH4 production is an anaerobic process, while oxidation is an aerobic
process. CH4 emissions are therefore lower in sites where shallow water
depth allows oxygenation of the full water column or where deeper anoxic
zones are overlain by oxygenated water tables or soil layers where CH4 pro-
duced at depth can be oxidized before reaching the atmosphere (Evans
et al., 2021). Emissions are also generally larger from eutrophic ecosystems
and at higher temperatures because these conditions favor for CH4-
producing microbes (Gedney et al., 2004; Johansson et al., 2004;
Beaulieu et al., 2019), and varies with the wetland vegetation type. Some
plant species enhance emissions by transporting CH4 from anoxic soils
and sediments to the atmosphere through their aerenchymatous tissue
(Dacey and Klug, 1979; Sebacher et al., 1985) or by releasing labile sub-
strates that fuel CH4 production (Ström et al., 2012). On the other hand,
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free-floating plant species can limit emissions by reducing gas exchange
and trapping CH4-rich gas bubbles before reaching the water surface
(Kosten et al., 2016). These effects may be counteracted by herbivorous an-
imals grazing water plants (Winton and Richardson, 2017), and even fish
may affect emissions by consuming zooplankton that otherwise prey upon
methanotrophic microbes (Devlin et al., 2015).

N2O emissions are similarly controlled by the depth to water table in
non-inundated wetlands, with larger emissions from drier sites due to
increased N mineralization, although this effect may be modulated by
high nutrient levels with minimal effects in ombrotrophic wetlands
(Martikainen et al., 1993). Elevated nutrient levels, specifically N, result
in higher N2O emissions, but emissions may also increase at low organic
C:N (Søvik et al., 2006; Peacock et al., 2017; Webb et al., 2021). However,
emissions are not always large even from N-rich wetlands, and some wet-
lands even act as N2O sinks (Webb et al., 2019; Mander et al., 2021).

In summary, GHG emissions and C storage in wetlands and small
waterbodies are mostly controlled by the same drivers: depth to water
table, nutrient status, food web structure, vegetation and wetland type
(mineral wetlands versus peatlands). However, drivers do not always act
in the same direction in an overall C budget but an optimal water level
for GHG reduction is suggested to be 10–30 cm below the surface (Evans
et al., 2021). In some wetland types, emergent vegetation may enhance
CH4 emissions but also increase C sequestration. Although comparisons of
the three GHGs is not straightforward due to their differing atmospheric
lifetimes (Forster et al., 2021), calculations suggest that the wetland CO2

sink “wins out” against the CH4 source on longer time scales, with a net re-
ducing effect on climatic warming (Günther et al., 2020). Regardless of the
timescale andmetric used for evaluation, wetland management should aim
to enhance CO2 uptake, minimize N2O emissions, and accept that CH4 re-
lease is an inevitable function of all wetlands.

2.4. Biodiversity conservation

Biodiversity conservation objectives set by authorities and landowners
during wetland re-establishment are often vague and limited to broad indi-
cator species groups such as birds or amphibians (e.g. Everard, 2008). Here,
we include those groups but add less well-studied target groups where data
are accessible (Table 1). These added groups include taxa whose habitat is
open water (aquatic macroinvertebrates and submerged plants) and taxa
thriving inwetlandswithout openwater (spiders, carabids and pollinators).
We do not separate total abundance and species number, because these typ-
ically correlate and we mostly lack information on the processes determin-
ing biodiversity in and around wetlands beyond the consensus that
heterogeneity is good. Moreover, studies on wetland biodiversity in rela-
tion to environmental variables seldom separate species depending on
their wetland affinity. Additionally, whereas estimated relationships are
typically linear, true habitat requirements are often hump-shaped relative
to environmental variables (indicated by +/− in Table 1).

That wetlands are important for biodiversity almost goes without say-
ing, given that many species need water bodies directly or indirectly for
their development. Re-establishing wetlands in homogeneous agricultural
landscapes always leads to establishment of species that are unable to sur-
vive otherwise, and even small ponds that are created for reasons other
than biodiversity support may harbor considerable diversity of aquatic
macroinvertebrates, birds and amphibians (Knutson et al., 2004; Sanchez-
Zapata et al., 2005; Hsu et al., 2011; Strand and Weisner, 2013;
Johansson et al., 2019a). It is equally established that larger habitats gener-
ally increase species number, as is also shown for most wetland taxa
(Pearman, 1993; Hansson et al., 2005; Le Gall et al., 2018; Kačergytė
et al., 2021a), because larger areas support larger population sizes and
are also typically more heterogeneous (Datry et al., 2014). Beside size, wet-
lands also differ in quality to different species depending on nutrient condi-
tions, topography, soil properties, management, etc. This environmental
variation is important because it increases dissimilarity in species composi-
tion between wetlands where mixtures of wetland types result in higher di-
versity at the landscape level (Scheffer et al., 2006; Thiere et al., 2009;
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Żmihorski et al., 2016). Hence, it may be advantageous if the total wetland
area is split up into multiple entities (see the SLOSS-debate, Fahrig, 2020)
becausemultiple small wetlandsmay containmore habitat types than a sin-
gle large wetland and thus increase both β and γ-diversity (Kačergytė et al.,
2021a).

Although most taxa benefit directly from larger habitat sizes, other pro-
cesses correlated with wetland size may complicate patterns of
biodiversity-wetland size relationships. For instance, small and isolated
ponds are more likely fish free because fish are less able to colonize these
waters,whichmay favor predator-sensitive groups such as amphibians, sev-
eral macroinvertebrates and some birds (e.g., Scheffer et al., 2006;
Semlitsch et al., 2015; Kačergytė et al., 2021b). Because aquatic taxa such
as dragonflies and many midges spend adult stages above the water, fish
predation may even affect abundance of terrestrial organisms that feed on
or are consumed by these taxa (Nakano et al., 1999; Baxter et al., 2005;
Knight et al., 2005), and draining ponds during winter to remove fish
may thereby benefit arthropod diversity (Lemmens et al., 2013). Finally,
small and shallow wetlands are warmer on average, which may enhance
development rates and abundances of amphibians and macroinvertebrates
(Greig et al., 2012; Rannap et al., 2020), acting in an opposite direction to
the positive species-area relationship.

Emergent vegetation (reed Phragmites, cattails Typha, etc.) commonly
develop in undisturbedwetlands with shallow edgeswhichmay benefit an-
imal taxa by providing food, nesting habitat, and by serving as refuges
against predation from fish and other predators when occurring at interme-
diate coverage (Cazzanelli et al., 2008; Ma et al., 2010; Shulse et al., 2012).
Because emergent plants generally have strong dispersal capacity and colo-
nize even isolated wetlands, local conditions such as shallow water, high
nutrient concentrations and shoreline grazing may be more important
than the number of wetlands in the landscape for their abundance
(Vretare et al., 2001; Santamaría, 2002; Weisner and Strand, 2002). Sub-
merged plants aremore negatively affected by high nutrient concentrations
because algal blooms in nutrient-rich ponds increase turbidity, cause peri-
phytic overgrowth and reduce light availability (Weisner et al., 1997).
More nutrients in the water typically also benefit higher order consumers
through the increased primary productivity both in the water and through
emergent insect biomass on nearby shores (Greig et al., 2012), but the algal
soup at extreme nutrient loads seems less attractive to birds and other ani-
mals (Hansson et al., 1998; Strand and Weisner, 2001). In wetlands with
high P-loads, blooms of toxic cyanobacteria may affect populations of in-
sects, such as bees, as well as livestock (May and McBarron, 1973;
Delaney and Wilkins, 1995; Stewart et al., 2008).

Although high plant biomass provides food for herbivores, overgrown
wetland shores with high biomass are typically dominated by emergent
vegetation that may support a lower plant and animal diversity than more
open shorelines (e.g., Ma et al., 2010; Lehikoinen et al., 2017; Weilhoefer
et al., 2017) even though older areas of emergent vegetation can have a di-
verse and specialized fauna (Andersen et al., 2021). Therefore, riparian
grazing or other management actions that reduce plant biomass, and in-
crease heterogeneity, within the wetland may provide better habitats
with more flowering plants for pollinators and higher food availability for
predatory arthropods and birds (Żmihorski et al., 2016; Lehikoinen et al.,
2017; Lewis-Phillips et al., 2020; Walton et al., 2021). Accordingly, inter-
mediate grazing intensities or mowing in wetlands support a high diversity
of both arthropods and birds (Cattin et al., 2003; Smart et al., 2006; Cole
et al., 2015; Żmihorski et al., 2016), whereas too heavy grazing is generally
negative for both plants and insects because vegetation is cut very short and
because cattle entering the water at high densities increase nutrient loads
and turbidity (Knutson et al., 2004; Declerck et al., 2006; Durant et al.,
2008). At very high grazing intensities, arthropod species may even benefit
from fenced buffer strips along waterways (Cole et al., 2012).

Water table fluctuations may additionally enhance habitat conditions
and increase habitat heterogeneity for wetland arthropods, birds and am-
phibians through nutrient inputs and by exposing bare ground (Porej and
Hetherington, 2005; Smart et al., 2006; Datry et al., 2014; Lafage and
Petillon, 2016; Żmihorski et al., 2016; Daniel et al., 2019). A natural
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hydrological regimemay even be more important than vegetation manage-
ment because extreme events of both high and low flood events often favor
habitat generalist species and not those of highest conservation value (Bonn
et al., 2002; Lambeets et al., 2008; Lafage and Petillon, 2016). Many terres-
trial species are wetland specialists, even though most species are poorly
adapted to floods and need to recolonize when the water subsides (Plum,
2005; Rothenbucher and Schaefer, 2006; Lambeets et al., 2008; Batzer
and Wu, 2020). This harsh environment leads to the exclusion of ground-
nesting species such as ants and many bees (Batzer and Wu, 2020).

Mosquito larvae develop in stagnant and standing waters (Becker et al.,
2010) and wetland establishment therefore benefits mosquitoes (Yadav
et al., 2012). Even though most biodiversity is viewed positively by land-
owners, worries about mosquito infestations may reducewillingness to cre-
ate wetlands (Hanford et al., 2019). However, mosquitoes are not a
homogeneous group (Schäfer et al., 2004) andmost species in temperate re-
gions occur in permanent waters where their numbers are regulated by
predator populations and rarely reach nuisance numbers (Becker et al.,
2010), but some species may vector mosquito borne infections (Kampen
and Walther, 2018). The current main worries instead concern flood
water mosquitoes (e.g., Aedes sticticus), that lay eggs on regularly flooded
soils and may reach extreme densities in some areas with high summer
floods, but where grazing and other management that reduce vegetation
height seem to reduce their abundance (Lindström et al., 2021).

In summary, heterogeneity within wetlands and at the wetlandscape
level is generally considered to increase species diversity. Seasonal floods
and droughts at an appropriate frequency and intensity seem to be of key
importance for many wetland specialist species, whereas wetlands with
too high or too low flooding experience a shift to species assemblages
with a higher proportion of habitat generalists. Grazing is also positive at
intermediate levels by creating spatial heterogeneity in vegetation height
with an abundance of resources for pollinators and other arthropods,
whereas high grazing intensities lead to very short grass that may benefit
some wading birds but few arthropods. Finally, it seems evident that fish
presence generally reduces the diversity of other species groups and
methods to control fish abundance may be necessary for maintaining high
diversity in small wetlands. In either case, future evaluations of biodiversity
values should include a larger range of taxa than birds, amphibians andfish,
because different groups are favored by different wetland properties.
2.5. Cultural ecosystem services

Wetlands provide benefits to human mental and physical wellbeing,
and support important economic activities such as tourism. Development
and management of cultural ecosystem services (CES) are therefore often
important objectives for wetland re-establishment (Table 1), particularly
when located in urban or peri-urban areas close to human populations
(Blicharska and Johansson, 2016; Johansson et al., 2019b; Pedersen
et al., 2019). Consequently, considerations regarding wetland accessibility
for human visitation, including proximity to urban centers, rights of access,
and availability and condition of visitation infrastructure such as paths,
signs and car parking, are important for many wetland re-establishment
projects (Ghermandi and Fichtman, 2015; Jensen et al., 2019; Johansson
et al., 2019b). Education is also linked to accessibility, especially visitation
infrastructure such as information boards and signs as well as the presence
of guides and organized tours (Ghermandi and Fichtman, 2015; Margaryan
et al., 2018), but educational CES have also been linked to the proximity of
urban centers and to the history of usage for educational purposes (Moore
and Hunt, 2012).

While many types of CES may be indirectly linked to structural wetland
properties, via properties such as biodiversity and the presence of specific
taxa, direct relationships are little studied. Wetland birds provide perhaps
the most prominent example, and are frequently linked to recreation, inspi-
ration, education, sense of place and cultural heritage (Manuel, 2003;
Söderqvist, 2003; Green and Elmberg, 2014; Blicharska and Rönnbäck,
2018). Similarly, recreational fishing and hunting are often linked to
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specific groups of target species or taxa, and thereby indirectly to structural
elements and biodiversity assemblages supporting these species.

Although recreation and aesthetics are arguably the most directly per-
ceived andmost studied CES (e.g., Plieninger et al., 2013), less is known re-
garding how wetland properties influence these services (Alikhani et al.,
2021). Stretches of open water are often perceived as positive, particularly
for recreational activities such as ice-skating, bird-watching and hunting
(Wahlroos et al., 2015; Margaryan et al., 2018), and, along with a relatively
complex shoreline and fluctuating water levels, are often associated with
higher aesthetic appreciation (Manuel, 2003; Johansson et al., 2019b;
Pedersen et al., 2019). Similarly, goodwater quality is important for several
recreational pursuits (Ghermandi and Fichtman, 2015), and algal soups
caused by high nutrient loads may reduce aesthetic appeal. The relation-
ship between emergent vegetation and aesthetic value is less clear.Whereas
preferences can be related to mirroring water surfaces (Margaryan et al.,
2018), emergent vegetation may also contribute to the relative complexity
of the wetland landscape, resulting in higher aesthetic value (Pedersen
et al., 2019). Additionally, the perceived naturalness or wildness of a wet-
land, including the presence of natural sounds and scents, is key to its aes-
thetic appeal (Manuel, 2003; Wahlroos et al., 2015). The presence of
modern infrastructure to facilitate accessibility may therefore decrease
the aesthetic benefits (Pueyo-Ros et al., 2019), whereas wetland manage-
ment using traditional methods such as hay-cutting and shore-grazing in-
stead increase both aesthetic and cultural heritage service provision
(Naturvårdsverket, 2019). The properties of areas surrounding wetlands,
such as riparian forests, may similarly improve the provision of recreational
services (Scholte et al., 2016) by an aesthetic appeal or by providing shaded
conditions, and peatlands may represent important historical archives on
past climates and vegetation.

Beyond recreational activities and aesthetics, wetlandscapes are often
perceived as sources of inspiration (Blicharska and Rönnbäck, 2018;
Margaryan et al., 2018). Sense of place, local identity and place attachment
are linked to more natural wetlands compared to constructed wetlands
(Alikhani et al., 2021), and to more complex and diverse wetlands
(Wahlroos et al., 2015), however there is little research covering these
issues.

3. Tradeoffs and synergies within individual wetlands

In this section, wefirst identify and discuss potential tradeoffs (opposing
signs along columns in Table 1) and synergies (same signs) between wet-
land properties and objectives for wetland re-establishment. We then re-
view studies that explicitly explored the existence of tradeoffs or
synergies within and between objectives through observational studies or
experiments at relevant scales, and finally suggest approaches for better un-
derstanding tradeoffs and synergies acting either through chains of causal
relationships or because processes interact directly (Fig. 1).

Table 1 identifies potential tradeoffs between objectives aimed at reduc-
ing GHG emissions and those promoting biodiversity conservation, and,
thus, indirectly, with several cultural services that are strongly linked to
biodiversity or to the availability of specific taxa. Even though production
processes vary between GHGs, emissions are generally higher in flood
zoneswithin wetlands and increase due to shore grazing and nutrient avail-
ability, whereas these same properties at intermediate levels tend to in-
crease the abundance and species richness of plant and animal taxa.
Traditional management methods such as shore grazing and haymaking
are linked to provision of aesthetic and cultural heritage services whereas
processes to promote biodiversity conservation may negatively impact on
GHG mitigation because animals grazing on aquatic vegetation may in-
crease CH4 emissions (e.g., Winton and Richardson, 2017).

Tradeoffs between objectives to reduce GHG and those to reduce recip-
ient nutrient loads may occur because higher nutrient loads in wetlands
typically increase CH4 and N2O emissions. However, the net effect on cli-
matemitigationmay be positive because of increased C sequestration in nu-
trient rich wetlands. High nutrient loads can also have both positive and
negative impacts on biodiversity, depending on spatial scale (Chase and
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Leibold, 2002). For instance, the very high nutrient concentrations
achieved in efficient nutrient retention wetlands may cause fast succession
towards less biodiversity-friendly vegetation states, both in the form of
algal soups in the water and dominance by large emergent plants along
shorelines, and indirectly affect several forms of aquatic recreation nega-
tively. One approach to balance this effect may be to distribute the nutrient
loads over more wetlands, but that may reduce the efficiency of each wet-
land, decrease cost-efficiency and remove more productive land.

A tradeoff is also apparent between biodiversity conservation objectives
and the interest of landowners tomaintain fish populations for recreational
fishing, because many taxa are vulnerable to fish predation and competi-
tion and because fish may increase resuspension and internal P loading. Fi-
nally, the issue of water table fluctuations is generally contentious. A
natural hydrological regime with seasonal flooding seems essential for
many taxa, including arthropods and birds, but may cause problems for
landowners, who respond by constructing ponds with steep slopes without
flood zones. A natural hydrological regime may also not be optimal for
water retention and flood peak mitigation.

Even though tradeoffs are common, evidence of synergies and co-
production of ecosystem services are also apparent (Table 1). Partial syner-
gies are linked to the mostly positive impact of emergent and submerged
vegetation at intermediate densities on many key objectives, including nu-
trient retention, reduction of GHG, and biodiversity conservation. Simi-
larly, properties relating to wetland area appear to have largely positive
impacts on flood control, water storage, nutrient retention, reduction of
CH4, and biodiversity conservation objectives. Given the many indirect im-
pacts of biodiversity on cultural ecosystem services such as recreation and
inspiration, it seems likely that increases in wetland area may support in-
creased provision of these services. Shoreline complexity is similarly
shown to havemostly synergetic impacts on both biodiversity conservation
and cultural services.

Although our study indicates that tradeoffs and synergies between ob-
jectives forwetland re-establishmentmay be common, as implicated in pre-
vious papers, few studies provide quantitative data (for overview see
Table 2) and patterns have mainly been treated phenomenologically.
Jessop et al. (2015) provided perhaps the most comprehensive analysis
by estimating proxies for nutrient retention, carbon sequestration, water
storage and biodiversity (birds and amphibians) in 30 mitigation wetlands
across Illinois (USA). Their study confirms one finding from Table 1, that
carbon storage (measured as soil organic matter content) and nitrogen re-
tention (measured as denitrification potential) are positively related,
whereas both are negatively related to bird abundance and perhaps to am-
phibian abundance because high primary production leads to high emer-
gent vegetation and algal production that result in reduced opportunities
for foraging and reproduction. The study did not connect these objectives
and wetland properties, making conclusions about underlying mechanisms
difficult. However, they estimated that land use in the surrounding land-
scape, especially greater proportions of agricultural land use, seemed to de-
crease both amphibian and bird abundances. Other studies are narrower in
scope, focusing on fewer objectives. For instance, Boughton et al. (2019) ex-
amined tradeoffs between flood control and biodiversity objectives in Flor-
ida (USA). They showed that improvedwater retention to reduceflood risks
downstream also increased emergent vegetation, decreased amphibian
densities and that aquatic macroinvertebrates were most abundant at inter-
mediate water tables. Similarly, Herring et al. (2021) showed that reduced
water use in rice paddies negatively affected waterbirds by decreasing the
time available for chick developments.

Our review indicates that current knowledge of tradeoffs and synergies
is insufficient for firm conclusions. Several key properties are not suffi-
ciently studied to develop more precise predictions on when and where
tradeoffs and synergies are more or less likely. This lack of studies is partic-
ularly evident for wetland cultural ecosystem services, where many knowl-
edge gaps exist. Additionally, relationships may be complicated and non-
linear, which points to the necessity for additional studies where multiple
response variables are estimated simultaneously in large-scale observa-
tional or experimental studies. Some processes, such as grazing, may be



Fig. 1. Flow chart showing tentative causal relationships between structural and hydrological properties of wetlands andmeasures of biodiversity and greenhouse gas (GHG)
emissions.
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possible to manipulate by fencing parts of a wetland whereas other pro-
cesses, e.g., hydrological functions, necessitate that entire wetlands are ma-
nipulated. Such large scale manipulations may for instance be performed in
constructed wetlands where in- and outlets can be controlled, and may be
needed to observe effects on animal densities. Such studies would also ben-
efit from adopting a transdisciplinary approach, given the need to integrate
different types of knowledge concerning wetlands functions, not only
across multiple scientific disciplines but also practical knowledge concern-
ing land-uses from a diversity of potential beneficiaries (as suggested by
Cimon-Morin et al., 2021). Dynamic simulation modelling may similarly
play an important role in developing the knowledge base, and lead to
quantitative predictions on interactive effects, but requires the careful de-
velopment of theories concerning causal relationships and underlying
mechanisms (Fig. 1). Finally, it is apparent that measurements of some pro-
cesses in previously performed studies were quite coarse, which made eval-
uations imprecise. Future studies would benefit from carefully considering
the type of measures for estimated processes.

4. Multifunctional wetlandscapes – conclusions

Our findings show that, despite increasing demands, the ability of indi-
vidual wetlands to delivermultiple societal objectives is typically limited by
inherent tradeoffs. We therefore argue that a more effective strategy, offer-
ing several potential advantages, may be to aim for multifunctional
wetlandscapes featuring an array of potentially interconnected wetlands
with each wetland configured to optimize delivery of specific objectives
based on its unique set of properties and position in the landscape
(Fig. 2). First, control of larger floods is best accomplished by large wet-
lands or lakes situated low in the landscape yet upstream of urban popula-
tions and infrastructure where demand for flood control is highest, because
wetlands higher up in the catchment are more often saturated and less able
to buffer high water flows (Acreman and Holden, 2013). However, small
Table 2
Empirical studies examining relationships between different types of objectives.

Objective 1 Objective 2 Relation Mechanism

Nutrient retention Waterbird abundance − Higher nutrient
birds.

Carbon storage Waterbird abundance − Higher nutrient
affect birds

Waterbird abundance Nutrient retention − Waterbirds incr
Nitrogen retention Carbon storage + Higher nutrient
Hunting intensity Waterbird abundance 0
Water retention to reduce flooding Emergent vegetation + Less drought inc
Water retention to reduce flooding Amphibian abundance − Unclear mechan
Water retention to reduce flooding Macroinvertebrate

abundance
+/− Maximum abun

Water retention to conserve water Waterbird abundance − Water saving m
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wetlands dispersed through the catchment may also be important for con-
trol of smaller andmore localized floods (Dadson et al., 2017) and to reduce
the rate at which water moves through the landscape during severe flood
events (Bullock and Acreman, 2003). Second, nutrient leakage is highest
downstream of major nutrient sources such as productive agricultural
fields, which are typically found at relatively low elevation in the land-
scape. Retention leading to less runoff into streams, lakes and oceans may
therefore be best accomplished by wetlands clustered close to nutrient
sources, upstream of outlet points into large waterbodies, and along
major water flow paths (Quin et al., 2015; Thorslund et al., 2017). Third,
the demand for reducing GHG leakage caused by human disturbance is
highest in peatlands with high amounts of stored C. Therefore, rewetting
drained peatlands high up in the catchment wouldmost efficiently decrease
CO2 emissions andmaintaining a stable water table just below the peat sur-
face (10–30 cm) would minimize CH4 emissions (Evans et al., 2021). Fi-
nally, current wetland restorations with the aim to promote biodiversity
have a strong focus on nutrient rich wetlands in agricultural areas because
of their value for birds and amphibians, a value that is often promoted by
allowing cattle to graze along shorelines. While this focus is commendable,
maximized regional diversity may be best achieved by increasing heteroge-
neity through a mixture of wetland types (Datry et al., 2014; Swartz and
Miller, 2021), and by restoring a natural hydrological regime (Lafage and
Petillon, 2016).

Evaluatingmultifunctionality at the landscape scale relies on proxies for
objectives, often combined into multicriteria scores (Cimon-Morin and
Poulin, 2018) and underlying decision support tools such as systematic con-
servation planning (Cimon-Morin et al., 2021). As an example of the type of
statistics and analytical tools needed for such analyses, Odgaard et al.
(2017) used publicly available data (including proxies for biodiversity con-
servation, nutrient mitigation, public use and flood risks) at a 15 ha catch-
ment scale, through a combination of scenario testing and hotspot analysis,
to analyze optimal and realized distributions of wetland reconstruction
Reference

availability leads to high vegetation that negatively affect (Jessop et al., 2015)

availability leads to high plant production that negatively (Jessop et al., 2015)

ease nutrient transport from cropland to water (Kitchell et al., 1999)
s increase gross primary production (Jessop et al., 2015)

(Hagy et al., 2017)
reases vegetation growth (Boughton et al., 2019)
ism (Boughton et al., 2019)
dance at intermediate maximum water depths (Boughton et al., 2019)

ethods in rice farming reduce pond availability (Herring et al., 2021)



Fig. 2. The placement for wetland re-establishments depends on objectives. Net reduction of GHG radiative forcing is maximized when rewetting C-rich peatlands to a state
with stable hydrological regimes,most easily achieved high up in thewetlandscape. Nutrient retention ismaximizedwhenwetlands are downstream fromhigh nutrient loads
in the agricultural landscape. Flood control is maximized by the placement of large wetlands low in the catchment and cultural values (not explicitly shown in figure) are
largest when wetlands are accessible from urban areas. Biodiversity conservation is place-dependent because wetlands in different parts of a wetlandscape house different
species, but restoration efforts mainly target nutrient rich wetlands where vegetation is kept short through grazing in order to promote bird diversity. Illustration: L.D.
Schneider.
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sites (see also Rapinel et al., 2016 for a case using satellite data). An alter-
native approach involves quantitative modelling with the same goal of
identifying spatial mismatches (Thorslund et al., 2017), although such an
approach is only possible for a subset of objectives. For instance, Brandt
et al. (2009) used quantitative hydrological modelling to show that many
wetlands are poorly placed for high nutrient retention, which necessitates
the development of novel tools for modelling water and nutrient load in
order to estimate wetland area and potential nutrient retention as devel-
oped by Djodjic et al. (2020). Moreover, analyses of nutrient retention in
particular should focus not only on current sources but also on legacy nutri-
ents that have loaded soil and huge groundwater volumes over decades
(Basu et al., 2022) where they slowly leak to recipients in a diffuse manner
causing failed attempts to reduce nutrient loads (Destouni et al., 2021).
When constructing wetlands, such legacy effects can be reduced by remov-
ing topsoil (Audet et al., 2020), but wetland re-establishment can also spe-
cifically target legacy-sources identified from water quality monitoring
data (Destouni and Jarsjö, 2018). These analyses indicate the need of not
only evaluating the effects of single restoration objects but also to relate
10
effects and spatial configurations to key demands from society (Cimon-
Morin and Poulin, 2018). In particular, re-establishments of wetlands
should be planned to complement already present landscape features and
may involve both restoration efforts and preservation of pristine sites
(Goyette et al., 2021).

Beyond newknowledge and tools, the development andmanagement of
multifunctional wetlandscapes over time also implies an engagement with
the socio-political dimension of wetlandscapes and an application of collab-
orative governance approaches that identify benefits and priorities among
stakeholders (e.g., Doyle, 2020).Where wetland re-establishment is mainly
based on voluntary landowner interests, catchment officers acting as advi-
sors in wetland constructions assist in this respect; an assessment of the ef-
ficiency of existing wetlands in a given catchment can help identify which
additional wetland types could optimize multifunctionality at the
wetlandscape scale. Additionally, existing social and governance arrange-
ments define the range of actions that may be taken, including how they
are financed and implemented, e.g. through different policy instruments
(Lindahl and Söderqvist, 2004), as well as determine the degree to which
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various actors may participate in decision-making processes. New actors,
e.g. NGOs, can provide important new perspectives and resources for wet-
lands re-establishment, but their participationmay be limited due to the hi-
erarchical structure of existing governance arrangements (e.g., Dawson
et al., 2017; Dawson et al., 2021). Finally, governance and management
of the complex social-ecological systems at thewetlandscape scales requires
additional resources (time, money, human) and multi-competent leaders
but also careful developments of long-term learning-focused collaborations
among diverse groups of land-owners and government bodies separately
involved in specific objectives. For this reason, programs and other policy
instruments operating at the wetlandscape scale are likely to be more
challenging to implement than the current suite of policy instruments
supporting local wetland re-establishment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.160746.
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