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ABSTRACT

Worldwide, peatlands suffer from land subsidence and greenhouse gas emissions due to artificial drainage
inducing peat decomposition. Under anthropogenic climate change, these issues require measures to reduce the
emission of greenhouse gases and protect low-lying areas from increasing flood risk. Tighter control of
groundwater levels is required, both within existing agricultural systems and through the development of new
agricultural systems suitable for farming under high groundwater levels or inundation. The complexity and
value-laden nature of the issue warrants the development of a comprehensive overview of potential and side
effects of measures. In this paper such an overview is synthesized based on a mixed-method approach for a
special case, The Netherlands. The Dutch peatlands comprise extensive land areas in the low-lying west and
north of The Netherlands. The case is exceptional as most of these peatlands lie below sea level, sustain world-
class intensive dairy farming and are subject to multiple other environmental, economic and societal challenges.
Here, land subsidence increases flood risk, salt-water intrusion and the costs of water management, particularly
under global climate change. To mitigate land subsidence, both technical measures and alternative land uses can
be envisaged. However, the literature about these is fragmented, complicating a careful identification and se-
lection of measures. To address this knowledge gap, we review 27 technical measures and alternative land use
options and synthesize evidence and insights for 15 effects. Technical measures allowing continuation of existing
dairy farming provide relatively low-risk interventions for farmers, but will only reduce, not stop land subsidence
and greenhouse gas emissions. Alternative land-use options, particularly paludiculture, are in a start-up stage of
development and can stop land subsidence. However, more research is required to reduce and control methane
and potential nitrous oxide emissions during inundation required for crops such as (narrowleaf) cattail and
azolla. Paludiculture can provide ecosystem services related to water management and nutrient status, as well as
raw materials for a bio-based economy. Gradual transitions in space and time between farming and nature can be
envisaged, providing incentives to diversify land use in the Dutch peatlands. This case study identifies key
questions and provides valuable insights for peatland management worldwide. Reducing land subsidence and
greenhouse gas emissions from peatlands is feasible, but requires thoughtful interventions that cautiously make
and align trade-offs between various interests and uncertainties.

1. Introduction

anthropogenic warming for centuries if not millennia (Ruddiman et al.,
2020). In particular, drainage of peatlands causes peat oxidation, hence

Large-scale land use changes have caused and intensified global the release of carbon dioxide into the atmosphere. It is estimated that
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peatlands worldwide store 500-700 Gt of carbon (C), compared to 860
Gt C in the atmosphere, and release 645 Mt C yr_1 (401-1025 Mt C yr_l)
through soil respiration (Ma et al., 2022). This equates to approximately
5 % of global annual anthropogenic carbon emissions, of which the
majority is caused by the burning of fossil fuels.

Under drainage conditions, emissions from peatlands are dominated
by carbon dioxide (CO3) formed during peat decomposition (Aben et al.,
2024; Couwenberg et al., 2011; Evans et al., 2021; Tiemeyer et al.,
2020). Wetter conditions will reduce oxidation and hence CO, emis-
sions, but may at the same time increase methane (CH4) emissions (Zak
and Mclnnes, 2022). Moreover, minerotrophic (nutrient-rich) and
fertilized peatlands are potentially dramatic sources of nitrous oxide
(N20), a potent greenhouse gas (GHG) (Butterbach-Bahl et al., 2013).
Non-fossil CH4 and N3O have a 20-year CO»-equivalent (CO2-eq) global
warming potential (GWP) of 79.7 and 273 (GWP-20), respectively; and a
100-year COz-eq GWP of 27.0 and 273 (GWP-100), respectively (Forster
et al., 2021). There is some debate on which GWP should be used in
reporting. GHG emissions due to land use changes tend to be reported
using GWP-100, though this may be inappropriate if short-term and
dramatic aspects of climate change are considered.

Apart from drainage, peat decomposition is enhanced by anthropo-
genic warming itself. Higher temperatures increase microbial activity
and more intense droughts additionally lower groundwater levels (GL),
inducing a positive feedback to this global warming (Ma et al., 2022).
Drainage also causes land subsidence, due to peat oxidation, irreversible
shrinkage in the unsaturated zone of peat soils and partially reversible
deformation in the saturated zone (Frkens et al., 2021; Koster et al.,
2018; Schothorst, 1977). Under global climate change, with more erratic
rainfall and rising sea levels, sinking peatlands increase the risk of
flooding.

Hence, reduced drainage of peatlands will not only mitigate climate
change, but also reduce the need for climate adaptation. Under the Paris
Agreement, GHG emissions need to be cut dramatically, while local and
national policies try to curb land subsidence under climate adaptation
programs. These efforts are essential to breach a vicious spiralling to-
wards ongoing climate warming in increasingly vulnerable areas.

Less variable, high GLs abate land subsidence and GHG emissions. A
recent review on future land use in peatlands suggests that a theoretical
GL of 4 + 3 cm below the surface provides the optimum of relatively low
CO4 and CH4 emissions (Freeman et al., 2022), but variability between
sites is huge (Ma et al., 2022). It is essential not only to raise annual
mean GL, but also to maintain high GLs during dry summers (Boonman
et al., 2022; Erkens et al., 2021). Emissions of N2O from peatlands are
less well understood, but evidence suggests that those tend to be mini-
mized at stable GLs as well, in combination with low or no fertilization
(Freeman et al., 2022). Peatlands that have been cultivated for centuries,
like the Dutch peatlands, tend to be rich in nitrogen, causing large NoO
pulses during GL fluctuations and acute inundation. All in all, this sug-
gests that multiple water management strategies can be applied. Boon-
man et al. (2022) propose to keep GL between 20 and 30 cm below the
surface to prevent accidental flooding, while Antonijevic et al. (2023)
provide initial evidence that CH4-emissions from inundated fields can be
reduced dramatically by cultivating CH4-oxidizing plant species, such as
cattail and sedge.

To achieve less variable and higher GLs, Freeman et al. (2022) sug-
gest two types of wetland agriculture systems, that is, reduced drainage
in conventional systems and crop cultivation fully adapted to wet con-
ditions: paludiculture (Wichtmann et al., 2016). The first system re-
quires technical measures in need of optimization (i.e., system
optimization), while the second system requires the development of a
completely new agricultural system, including yield control and market
formation (i.e., system transformation). Both systems require (a mix of)
individual measures, intended to reduce land subsidence and GHG
emissions, while retaining or creating profitable agricultural systems
and contributing to positive side effects. Where technical measures can
support existing farmers during and after the transition, paludiculture
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requires time and funding for experimenting, community building and
gradual upscaling of those initiatives that turn out to provide a desirable
contribution to the peatland landscapes of the future. Those landscapes
will be more diverse than at present (Freeman et al., 2022), including
various types of agriculture alongside (semi-)natural, urban, horticul-
ture and permaculture initiatives.

Land subsidence and GHG emissions in peatlands constitute a wicked
problem (Van den Ende et al., 2023) as advocated by Rittel and Webber
(1973). Although strong reductions in land subsidence and GHG emis-
sions can be regarded as a collective good, disagreement about how and
how much this should be strived for is rife. Also, the uncertainties with
respect to the performance and side effects of technical measures and the
opportunities of paludiculture are large. Any action taken can irrevers-
ibly change aspects of and perspectives on the problem, and may miti-
gate, increase or create other environmental and societal challenges.
Hence, it is essential to accept the wickedness of the problem and learn
from societal opposition (Pesch and Vermaas, 2020) through interaction
with a diverse group of stakeholders, including the least powerful. Such
an approach to addressing land subsidence and GHG emissions in
peatlands requires a comprehensive and transparent overview of avail-
able measures, their potential and side effects.

However, so far the analysis of measures to reduce land subsidence
and GHG emissions in peatlands has been limited to a comparison of a
few technical measures, land-use options or agricultural systems.
Studies tend to focus on specific cases and aim to identify the ‘best’
solution for that case, (explicitly and/or implicitly) assuming a partic-
ular set of objectives and values and the legitimacy of a particular group
of stakeholders (Van Hardeveld et al., 2020; Van Hardeveld et al., 2018;
Van Hardeveld et al.,, 2019; Van Mulken et al., 2023a,b). A more
comprehensive review and synthesis of evidence and insights regarding
individual technical measures and land-use options will clarify the
spectrum of interventions available to reduce land subsidence and GHG
emissions in peatlands, while at the same time addressing other envi-
ronmental and societal challenges. Such an analysis is a prerequisite for
improving the understanding of the potential association between
various measures at the landscape level. It will sketch a horizon of what
reductions in land subsidence and GHG emissions are possible at what
cost or, maybe rather, provide what opportunities, and provide an
assessment of the risks of implementing specific measures. It will iden-
tify key questions for ongoing research and provide a fair baseline for
value-driven interaction with stakeholders and the general public as
advocated by Hegger et al. (2023) and during decision making.

In this paper we present a case study on the Dutch peatlands (Fig. 1).
These peatlands represent an exceptional case of more than a thousand
years of peatland degradation. Today, about half of the coastal-deltaic
plain of The Netherlands lies below mean sea level. With the deepest
point in a former peat excavation site at 6.76 m below sea level, water
management challenges are already severe, including flood risk and salt-
water intrusion. The land continues to subside, with a strong contribu-
tion from oxidizing peat under drained agriculture (Koster et al., 2018).
Hence, if no interventions take place, water management issues will only
increase under sea level rise induced by anthropogenic warming.

The Dutch government is keen to reduce peatland subsidence by
increasing GL (Van den Born et al., 2016). In a recent letter to parlia-
ment, the Dutch Minister of Infrastructure and Water Management
described his intention to raise the priority of water and soil manage-
ment in spatial planning (Harbers and Heijnen, 2022). The Dutch
Climate Agreement states that those peatland areas that are currently in
use as pastures, the so called peat meadow areas, are required to reduce
their GHG emissions by 1.0 Mt COz-eq yr’l (Nijpels, 2019), out of
approximately 4 Mt COo-eq yr ' (19 t COy-eq yr ! ha™!) (Arets et al.,
2019), by 2030. On a national scale, this is intended to contribute to-
wards a reduction of 49 % and 95 % in GHG emissions in 2030 and
2050, respectively. Specific targets for the Dutch peatlands in 2050 have
not been set yet, though the Dutch Climate Agreement indicates that the
targets of 2030 should be achieved by ‘prioritizing’ (Dutch: ‘centraal
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Fig. 1. The Dutch peatlands (graphic design: A.W. Markus, Utrecht University).

stellen’) the outlook to 2050 (Nijpels, 2019).

Besides land subsidence and GHG emissions, Dutch agricultural
peatlands face many other challenges. On the environmental side, water
quantity during dry summers (Ministerie van Infrastructuur en Milieu,
2015), water quality (Van Gaalen et al., 2020), and nitrogen deposition
in Natura 2000 sites (Vink and Van Hinsberg, 2019) require urgent ac-
tion. On the economic and societal side, farmer’s income and strong
dependence of prevailing dairy farming on the world market (Verburg
et al., 2022) in conjunction with urban land claims for housing, recre-
ation and energy production define political tensions (Overbeek and
Terluin, 2006). Reducing land subsidence and GHG emissions in the
Dutch peatlands can be pivotal in addressing multiple of these
challenges.

We have two objectives in this paper:

(1) to contribute to the understanding of technical measures and
alternative land-use options to reduce land subsidence and GHG
emissions in peatlands worldwide by reviewing those in the
Dutch peatlands;

(2) to construct a framework for research and decision making in
peatland management by synthesizing evidence and insights on
intended and side effects of the measures and land-use options as
such and in conjunction with each other.

2. Study area

Peat formation on the coastal-deltaic plain of The Netherlands
peaked between 6000 and 2000 BP (Berendsen et al., 2019; Vos, 2015).
In the western and northern parts of the country, wetlands dissected by
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dynamic river channels developed behind coastal barrier islands. Along
the channels riparian forests and fens allowed the development of
minerotrophic (nutrient-rich) peat, while at some distance from both sea
and rivers ombrotrophic (nutrient-poor), Sphagnum peat was formed in
mires. Depending on the distance from marine and fluviatile sources of
sediment, the peat layers are intercalated with and/or covered by clay
layers. In the most recent millennia clastic sedimentation increased in
response to deforestation in Germany (Erkens, 2009).

Systematic cultivation of the Dutch peatlands began in the 10th
century (Borger, 2010). Colonists started cultivation along river chan-
nels and gradually extended their fields further into the peatland. As
field width was stated in the contract with the landlord, highly regular
landscapes consisting of rectangular fields bordered by ditches devel-
oped. Originally, crops could be cultivated, but as water extraction led to
land subsidence and hence higher GL, land use changed to meadows. In
proximity of major cities commercial dairy farming, including
cheese-making, became the dominant agricultural system.

Between the Late Middle Ages and the late 19th century, most
ombrotrophic peat was extracted and used as fuel (Stol, 2010). Lakes
developed due to this extraction, particularly in the west, and were
subsequently reclaimed. These peat excavation sites are currently pol-
ders at 4 to almost 7 m below sea level (Fig. 1), but as they now have a
marine clay soil they do not belong to the Dutch peatlands anymore. Due
to the excavation of ombrotrophic peat, most of the remaining peatlands
consist of minerotrophic peat, developed in riparian forests dominated
by black alder (Berendsen et al., 2019).

In the remaining peatlands land subsidence of multiple meters
resulted from compaction, compression, shrinkage and peat oxidation
over the centuries (Berendsen et al., 2019). Currently, these peatlands
cover about 274,000 ha (or 6 %) of The Netherlands (Arets et al., 2019).
They are well below sea level and require artificial water management
including pumping stations and dikes. The topsoil has been influenced
by floods, farmers and peat mineralization. In many locations floods left
a clay-rich topsoil, while farmers added sediment available from
clearing ditches.

About 207,000 ha of the Dutch peatlands are used for agriculture,
mostly dairy farming (Arets et al., 2019). The long tradition of dairy
farming is this region contributes to the perceived cultural and historical
value of this type of farming and associated landscapes. Dairy cows
grazing rectangular green meadows, bordered by ditches, in a pano-
ramic landscape with unobstructed views is regarded as ‘typically
Dutch’. At the same time, under government and market pressure in
relation to growing populations and food shortage during World War II,
this dairy farming gradually developed into an intensive and highly
mechanized type of agriculture. According to Verburg et al. (2022),
limited governance in the early 21st century has intensified these de-
velopments, leaving the Dutch peatlands now with a multitude of
environmental problems, including land subsidence, GHG and nitrogen
emissions, and water quality and quantity issues.

Currently, multiple research and innovation programs are underway
to improve the understanding of how to reduce land subsidence and
GHG emissions in the Dutch peatlands, in particular Living on Soft Soils
(LOSS"), Netherlands Research Program on Greenhouse Gas Dynamics
in Peatlands and Organic Soils (NOBVz), Regio Deal Land Subsidence
Groene Hart’ and Peatland Innovation Programme Netherlands
(VIPNLY. LOSS focuses on land subsidence, NOBV and VIPNL focus on
GHG emissions, while the Regio Deal is a regional land subsidence
program in the rural peatland area surrounded by the major cities of
Rotterdam, The Hague, Amsterdam and Utrecht, in the west of The
Netherlands. It is of particular importance to assess the impact of

1 https://nwa-loss.nl/

2 https://www.nobveenweiden.nl/en/
3 https://bodemdalingdebaas.nl/

4 https://vip-nl.nl/
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typically Dutch peat soil characteristics, such as clay covers, high levels
of peat mineralization and soil modification by farmers, on GHG emis-
sions. Any measure studied in these programs will have to be evaluated
on side effects, if it will make any chance for large-scale implementation.
Governance and legal challenges associated with systemic change are
also studied within LOSS (Van den Ende et al., 2023; Van Gils and
Groothuijse, 2021; Van Gils et al., 2021).

3. Methodology and methods
3.1. Methodology

The methodology employed is the case study. A case study can be
defined as “an intensive study of a single unit for the purpose of un-
derstanding a larger class of (similar) units” (Gerring, 2004, p. 342). In
this study, the unit is the nation-state of The Netherlands and the larger
class of (similar) units consists of other governmental entities faced with
land subsidence and/or GHG emissions in peatlands. Intentionally, a
case study differs from a non-case study in several ways, in which these
differences should be understood as tendencies rather than sharp dis-
tinctions. By its very nature a case study provides more in-depth un-
derstanding at the expense of breadth and boundedness (Gerring, 2004).
It is more focused on description and comparability than on causality
and representativeness, more on mechanisms than on effects (Gerring,
2004). Through their characteristic exploratory strategies case studies
play a key role in theory generation, where non-case studies tend to
focus on verification or falsification of existing theory (Gerring, 2004).

This case study is fundamentally explorative, bringing together a
wide variety of initiatives, ideas and policy considerations with the aim
of clarifying the playing field for agricultural and landscape transition in
the Dutch peatlands. It does not have the intention to identify a ‘best’
solution through a positivist approach, but rather tries to understand the
nature and value of the existing and developing diversity in solutions
through an interpretivist approach (Harrison et al., 2017). Inherent of a
case study, the research studies the Dutch situation in its own right and
at the same time as an example of the more general transitions in
peatlands worldwide. Where relevant it draws in evidence from loca-
tions outside The Netherlands.

3.2. Research plan

First, 27 measures to reduce land subsidence and GHG emissions
were selected for evaluation through literature review, discussions with
experts and stakeholders, and a survey of ongoing projects and pilot
studies in The Netherlands (Fig. 2). It is intended to be comprehensive,
that is, to include most, if not all, measures with at least some experi-
mental history in The Netherlands, and beyond if possibly relevant for
the Dutch context. If recent research on specific measures has outdated
previous publications, focus has been given to recent publications. As
many of the publications on projects and pilot studies in The
Netherlands are grey literature reports or even websites in Dutch, the
search for evidence and insights has been intense and multifaceted.

Discussions among the authors and with experts and stakeholders
and an analysis of the website of the International Mire Conservation
Group (IMCG, https://www.imcg.net/) yielded a group of key publica-
tions to start from. These included NOBV documents (Boonman et al.,
2022; Erkens et al., 2021; Hoogland et al., 2021; Kloosterman et al.,
2021; Pijlman et al.,, 2021; Scholten and Troost, 2021; Speet and

Document analysis

A

Validation by panel of

X stakeholders

Discussions with experts
and stakeholders

Fig. 2. Schematic visualization of the methodology.
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Honkoop, 2021; Verhagen et al., 2021), a review on responsible agri-
culture in mid-latitude peatlands by Freeman et al. (2022), a book on
paludiculture (Wichtmann et al., 2016) and initial work on water
(drainage and) infiltration systems (WIS) by Van den Akker and Hen-
driks (2017) and Hoving et al. (2018, 2021, 2022). From these publi-
cations a first snowballing exercise was done using their references and
the ‘cited by’ and ‘related articles’ options in Google Scholar.
Subsequently, the set of studies on paludiculture was extended by
searches in Google Scholar using keywords such as “paludiculture”, the
names of the crops and descriptions of the effects, e.g. “paludiculture
cattail greenhouse gases”. Due to variable terminology, similar searches
for WIS proved more difficult, but keywords such as “submerged drains”
and “subsoil irrigation” have been applied. Additional searches were
conducted using keywords such as “land subsidence”, “ombrotrophic

»

mire”, “minerotrophic fen” and “riparian forest”, in combination with
effect descriptions such as “carbon sequestration”, “carbon balance” and
“carbon sink”. To capture the grey literature, websites of relevant Dutch
ministries and research organizations were scanned and in Google
searches were conducted using Dutch keywords such as “Louis Bolk
Instituut”, “veenweide innovatie”, “klei-in-veen”, “natte teelten” and
“weidevogels”.” From relevant publications more work was found using
snowballing as described before. Also, newly found publications often
identified new keywords and unknown stakeholders. Continuous inter-
action with stakeholders helped to find small and ongoing experiments,
and to better understand the dynamics of debates in the literature and
community.

The selected measures were grouped into four categories. First, there
are technical measures to improve the control on the groundwater level
or to change physical or chemical properties of the soil, which more or
less allows the continuation of the current land use, mostly intensive
dairy farming. Second, there are paludiculture options where crops or
cattle more suitable for wet conditions are being cultivated. Third, there
are alternative semi-natural and highly technical options already pre-
sent in the Dutch peatlands. Fourth, there are options to (re)develop or
expand natural ecosystems.

Subsequently, 15 effects of those measures were identified, again
through the literature review, discussions with experts and stakeholders,
and preliminary results of ongoing projects and pilot studies described
above, but also through a survey of agricultural topics receiving major
political attention as well as recent, current and future urban land claims
reported in national newspapers such as Trouw and de Volkskrant.
Similar to the measures, this list of effects is intended to reflect all
relevant major issues concerning the Dutch peatlands. The first effect
considered is the influence of each measure on groundwater level, which
has a major impact on the subsequent environmental, economic, societal
and political effects considered.

For each measure, the available evidence on each effect was classi-
fied using labels indicating the degree or nature of the contribution or
the adverse impact the measure provides to the particular effect
(Table 1). For readability, the labels presume an intended direction of
change for each effect, based on prevailing policy documents. The
available evidence to be classified was collected using document anal-
ysis and discussions with experts and stakeholders (Fig. 2). All state-
ments in this paper are based on documented evidence as referenced in
the Results section, but experts provided guidance and identification of
biases during the complex reviewing process. For clarification the kind
of underlying evidence of each individual label is indicated in Table S1,
distinguishing between direct and associated field evidence, direct lab
evidence, derived from modelling, logical inference (from related evi-
dence or by definition) and expert assessment (based on the combined
evidence presented in this paper). For GHG emissions, balance estimates

5 These keywords refer to relevant institutes (e.g. Louis Bolk Instituut), ini-
tiatives (e.g. veenweide innovatie), measures (e.g. klei-in-veen, natte teelten)
and effects (e.g. weidevogels).
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Table 1
Explanation of the qualitative labels assigned to the various combinations of
intervention and effect in Table 2.

Label  Abbreviation Explanation

c contribution The available evidence converges towards the
notion that the intervention does provide a
substantial contribution to the intended effect.
sc strong contribution The available evidence converges towards the
notion that the contribution of the intervention is
substantially stronger than the contribution of
other measures in this study.

The available evidence converges towards the
notion that the intervention does not provide a
substantial contribution to the intended effect.

The available evidence converges towards the

n no contribution

a adverse impact
notion that the intervention has an adverse impact
on the intended effect.

sa strong adverse The available evidence converges towards the

impact notion that the adverse impact of the intervention

is substantially stronger than the adverse impact of
other measures in this study.

The available evidence converges towards the

notion that whether the intervention provides a

substantial contribution to or has an adverse

impact on the intended effect depends on the way

of implementation.

c/a contribution or
adverse impact

n/c potential The available evidence converges towards the
contribution notion that whether the intervention provides a
substantial contribution to the intended effect
depends on the way of implementation.

? inconclusive The available evidence is inconclusive with regard
to the intervention’s potential contribution to or
adverse impact on the intended effect.

I inundation The intervention requires (the risk of) inundation.

R land rise The intervention does not just reduce land
subsidence, but will initiate rebound by renewed
peat formation and/or sedimentation.

L life-cycle dependent The net GHG balance of the intervention depends
on the life cycle of the produced natural resources.

S possible GHG sink In the long term the intervention can develop into

a net GHG sink.

were made for CO,, CH4 and N2O combined under (hypothetical) opti-
mized conditions. These optimized conditions were derived from suc-
cessful pilot studies or, if unavailable, theoretical considerations, and
may not be feasible in all parts of the Dutch peatlands. Changes in the
risk of N2O emissions can also be derived indirectly from the evidence
available for the side effect ‘fertilization’, as reduced fertilization will
decrease the amount of nitrogen available, hence the potential for NoO
formation. Please note that field evidence does not necessarily provide
the most robust evidence, as it often represents only one or a few cases
for highly complex and variable effects, while for example logical
inference can simply be a matter of how the measure is defined.

Though all measures are in a phase of testing and optimization, the
evidence on technical measures, alternatives and nature is more
consistent than that on paludiculture options. Some of this difference is
illustrated in the labelling, e.g. the use of ? and /. However, where
paludiculture options received unambiguous labels, the variability in
the underlying evidence tends to be higher than that of the labels for the
other three groups of measures.

Results were validated by a panel of 26 stakeholders involved in the
LOSS project on land subsidence (Fig. 2). The LOSS project is a Dutch
Research Agenda (NWA) project, of which a strong link between society
and science is an essential part. The consulted group of stakeholders
included policy makers at various governmental levels, representatives
of interest groups, experts and consultants. This group of stakeholders
validated the key findings and their input led to only minor textual
amendments in the manuscript.
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3.3. Measure identification

The measures to reduce land subsidence and GHG emissions selected
for evaluation are listed in Table 2. Technical measures aimed at
increasing groundwater level include trench infiltration, passive water
(drainage and) infiltration systems (WIS), active WIS, raised ditch water
level and dynamic ditch water level. Raising ditch water levels, either by
active intervention or as a result of gradual land subsidence without
ditch water level adjustment (Van den Born et al., 2016), can be
considered as a first step towards increasing groundwater level. How-
ever, during dry summers the water table will still drop substantially in
the centre area of the meadows, while during wet winters the meadows
may flood. WIS try to reduce both effects by installing drainage pipes at
approx. 20 cm below ditch water level, allowing drainage under wet
conditions and infiltration under dry conditions (Kiwa, Nederland,
2021; Van den Akker and Hendriks, 2017; Van den Akker et al., 2018).
To improve the performance of these WIS, the system of pipes has been
integrated with a pump and a reservoir (Hoving et al., 2018). The water
level in the reservoir can be lowered or raised to respectively drain in
wet periods or infiltrate in dry periods to maintain a stable high
groundwater level; these systems are called active WIS (Boonman et al.,
2022). Attempts to reduce costs have given rise to the introduction of
infiltration through trenches parallel to the ditches and to dynamic ditch
water level strategies including high levels during summer (Erkens et al.,
2021; Pijlman et al., 2021).

Technical measures aimed at changing the physical or chemical
properties of the soil include clay-in-peat, mineral clay or sand cover,
acidification and salinization. Clay-in-peat is an innovative technique
trying to develop clay-peat complexes, which may be more resistant to
decay than the existing peat soil, through the illuviation of specific clay
types available from dredging at nearby sites (Van Agtmaal et al., 2019).
The application of a mineral cover, either sediment dredged from nearby
ditches, channels or harbours or obtained from sandy layers below the
peat itself, may in combination with an adequate groundwater level
protect underlying peat from oxidation (Bakema et al., 2022; Dijk, 2025;
Speet and Honkoop, 2021). Acidification and salinization may decrease
microbial activity and soil processes, hence reduce peat mineralization
(Speet and Honkoop, 2021).

Paludiculture options include a wide range of crops and cattle. For
this review crops and cattle have been selected that provide a varied
overview of the potential of paludiculture in The Netherlands, providing
construction material (cattail, reed, elephant grass, willow, black alder),
fodder (azolla, wild rice), biofuel (elephant grass), food (wild rice,
cranberry, water buffalo, food forest) and substrate (peat moss)
(Bestman et al., 2019a; Crouwers and Harleman, 2025; Ferguson and
Lovell, 2014; Gremmen et al., 2022; Huth et al., 2018; Koornneef, 2021;
Mettrop and Oosterveld, 2019; Moons, 2021; Pijlman et al., 2021; Speet
and Honkoop, 2021; Wichtmann et al., 2016). Most of the selected op-
tions have already been or are currently being piloted in the Dutch
peatlands.

Alternative semi-natural and highly technical options include semi-
natural meadows, greenhouses, solar panels and urban area. Semi-
natural meadows are wet, oligotrophic meadows that can attract so-
called ‘meadow’ bird species. Construction of greenhouses, fields of
solar panels and urban area is currently taking place in the heavily ur-
banized west of The Netherlands. Greenhouse cultivation of fruit, veg-
etables and flowers has a long history in areas close to The Hague,
Rotterdam and Schiphol Airport. Solar panels contribute to the ongoing
transition to a sustainable energy regime, while soaring housing prices
have given rise to a house building boom and expansion of urban areas.

Options to (re)develop or expand natural ecosystems include the
development of ombrotrophic mires, minerotrophic fens and riparian
forests. Historically, the coastal-deltaic plain of The Netherlands was
dominated by riparian forests and minerotrophic fens along the river
channels and ombrotrophic Sphagnum mires beyond (Berendsen et al.,
2019). Due to the extraction of mainly ombrotrophic peat for fuel
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production, most of the remaining peat is minerotrophic. The excavation
sites transformed into lakes, which were often reclaimed or developed
into minerotrophic fens. Hence, the development of ombrotrophic
mires, minerotrophic fens and riparian forests as nature reserves can be
considered a re-creation of native ecosystems. In fact, all four National
Parks (NP) in the Dutch peatlands are either regenerating excavation
sites consisting of lakes and surrounding fens (NP De Alde Feanen, NP
Weerribben-Wieden) or mires (NP De Groote Peel), or freshwater tidal
riparian forests (NP De Biesbosch). Additional Natura 2000 sites are
regenerating excavation sites as well.

3.4. Effect selection

The effects of measures to reduce land subsidence and GHG emis-
sions selected for evaluation are listed in Table 2. The impact on GL is
the first effect considered, being a key variable to understand multiple
other effects. As both the average GL and its variability, particularly
summer GL, are of importance, the labels represent the degree to which
average, summer and stability of GL are increased. Subsequently, the
impact on land subsidence is considered, being the key variable under
concern. Here, the labels reflect an assessment of the combined effect of
the measure on reducing peat oxidation, shrinkage, compression and
peat formation.

Labels for GHG emissions reflect an assessment of the combined ef-
fect on reducing CO,, CH4 and N3O emissions. The potential impact of
the measure on the availability of water, water quantity, is of particular
importance in dry summers. Water quality and fertilization are inter-
related, as a reduction in fertilization can improve water quality.

The main biodiversity issue in the Dutch peatlands concerns so called
‘meadow’ bird species, such as the black-tailed godwit (Limosa limosa),
northern lapwing (Vanellus vanellus), common redshank (Tringa tetanus),
ruff (Calidris pugnax), Eurasian oystercatcher (Haematopus ostralegus)
and Eurasian skylark (Alauda arvensis) (Pijlman et al., 2021). These
meadow birds, near threatened or of least concern worldwide, are
characteristic of the cultural Dutch peatland landscape, but their
numbers have been strongly falling since the 1970s.

Rewetting of peatlands can increase the risk of disease for both cattle
and humans. For example, the parasite Fasciola hepatica, dwelling in
freshwater conditions, causes liver fluke (fascioliasis) on infection of
cows, sheep and goats (Pijlman et al., 2021), and can also be transferred
to humans (Aksoy et al., 2005). This disease has dire consequences for
animal well-being, produce (milk, meat) and resistance to other dis-
eases. Also, the development of extensive wetlands in proximity of major
cities poses a risk of mosquito breeding, which may, particularly under
global warming, increase the incidence of mosquito-borne diseases.

The technical feasibility of a measure depends on the degree to which
its anticipated effect has already been proven in practice, whereas the
economic viability refers to the expected cost-benefit balance. The
impact of a measure on world food production and potential increases in
(the intensity of) agricultural land use elsewhere have been evaluated,
taking account of the worldwide concern over food security in the near
future under a growing world population and increasing environmental
pressure (Mora et al., 2020).

From an urban perspective, the opportunities for recreation in newly
developed landscapes are of importance, while from a cultural
perspective, the historical value of those landscapes require consider-
ation. Finally, based on the full analysis, an assessment was made of the
long-term viability of each measure.

4. Results

In this section we describe the results of classifying the available
evidence for 27 measures on 15 effects.
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Table 2
Comparison of technical measures and land-use options to reduce land subsidence and GHG emissions.

Labels are qualitative classifications of evidence available for or applicable to conditions optimized for reducing land subsidence
and GHG emissions in appropriate locations.
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The labels assigned to 15 intended effects indicate (strong) contribution (c, sc), no contribution (n), (strong) adverse impact (a, sa) and inconclusive (?). Special cases
are indicated by a capital letter, that is, inundation (I), land rise (R), life-cycle dependent (L) and possible GHG sink (S, in the long term; in the short term there may be
increases in N,O and CH,4 emission). Phase of development is indicated by gold shading, based on ranking and grouping of the ranks in four equal classes, where darker
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colours indicate more advanced stages of development (see Discussion for explanation). Labels are qualitative classifications of evidence available for or applicable to
conditions optimized for reducing land subsidence and GHG emissions in appropriate locations.

4.1. Technical measures

Technical measures are intended to reduce land subsidence and GHG
emissions, while mostly retaining existing land use and farming in-
tensity. Hence, these measures tend to contribute to reducing land
subsidence and GHG emissions, with no effect on water quality, fertil-
ization, land use elsewhere and recreation (Table 2). The measures
contribute to the technical feasibility of addressing land subsidence and
GHG emissions and to historical landscape conservation (Table 2).
However, there is some debate on the effectiveness and the other effects
of those measures.

In particular, fierce debate has arisen over the effectiveness of WIS
(Couwenberg, 2018a,b; Van den Akker et al., 2018). These discussions
emphasize the crucial importance of adequate ditch water level for
correct operation of passive WIS, as infiltration can only occur if water
pressure is high enough. In itself WIS have been designed to reduce GL
during winter and increase GL during summer, to improve access to the
land during winter, and reduce peat oxidation during summer. Hence, as
a technical measure to reduce land subsidence and GHG emissions, WIS
affect summer GL, not necessarily mean GL. By reducing GL drops during
dry summers, WIS can reduce land subsidence and GHG emission, but to
achieve a more substantial effect WIS should be considered in combi-
nation with raised ditch water level. In such arrangement, WIS pre-
dominantly serve to improve the precision of water management,
allowing a raise in ditch water level without regular flooding.

Evidence shows that WIS do indeed reduce intra-annual variability in
GL, particularly in dry-summer years, and that this reduces irreversible
shrinkage in the unsaturated zone and partially reversible deformation
in the saturated zone of the peat soil (Erkens et al., 2021). This reduces
land subsidence. Increased GLs in summer also reduce peat oxidation,
hence land subsidence and GHG emissions. Reductions in GHG emis-
sions, up to 28 + 15 % (6.6 + 6.2t CO, ha! yr’l) at a site in Vlist in
dry-summer year 2020, have been reported, but obtained results vary
strongly (Aben et al., 2024; Boonman et al., 2022; Erkens et al., 2021;
Weideveld et al., 2021). Some of this variation relates to differences in
ditch water level. For example, in the study by Weideveld et al. (2021)
ditch water levels were kept at —60 cm, which is anyway too low to
reduce GHG emissions to acceptable levels (Erkens et al., 2021; Evans
et al., 2021; Freeman et al., 2022). Aben et al. (2024) demonstrate that
the GHG emission effect of WIS predominantly relates to their effect on
summer and mean GL.

Natural causes of variability relate to seepage and meteorological
variability. In the study by Erkens et al. (2021), CO2 fluxes are compa-
rable for the test and control site at their paired site in Rouveen. This
relates to a hydrological situation of seepage, where passive WIS pre-
dominantly drain rather than infiltrate. Such a key role of seepage in the
success or failure of WIS was also deduced by Boonman et al. (2022)
when comparing results for paired sites in Vlist and Assendelft. By far,
the best results were obtained in years with dry summers, particularly in
2020 (Boonman et al., 2022).

More variability is induced by variations in soil parameters, such as
peat type, mineral fraction and ambient conditions (Kechavarzi et al.,
2010; Van Asselen et al., 2009). These may explain strong variability in
performance of WIS between different paired sites and years with
apparently comparable meteorological conditions. For example,
WIS-derived reductions in GHG emissions in Vlist and Assendelft were
much higher and more consistent than those at paired sites in Zegveld
and Aldeboarn (Frkens et al., 2021). As soil microbial communities tend
to thrive under moist, warm and nutrient-rich conditions (Kechavarzi
et al., 2010), the intensity of peat oxidation is particularly sensitive to
the water-filled pore space (WFPS). Attempts to model the net ecosystem
carbon balance using soil temperature and WFPS, based on observations
from Vlist and Assendelft, obtain best fits when assuming peat oxidation

to peak at WFPS fractions between 0.6 and 0.8, with a very sharp in-
crease in peat oxidation from 1.0 (saturated) to 0.8 (Boonman et al.,
2022). Hence, small variability in soil properties influencing WFPS in
the unsaturated zone of the peat soil can have large impacts on WIS
performance. Also, infiltration of warm surface water through WIS raises
soil temperature, which may limit the obtained reduction in peat
oxidation (Boonman et al., 2022), but this was not confirmed by Aben
et al. (2024). Though soil parameters play a complex role in influencing
WIS performance, the net effect seems to be dominated by the degree to
which WIS manage to control GL during dry summers.

A concern with the application of WIS in combination with high
ditch water levels is the potential emission of N3O due to intense
fertilization in dairy farming. Though GLs are much more controlled
under WIS, high ditch water levels increase GL and are likely to increase
the frequency of flooding during rain storms that are more erratic under
global climate change. Nitrogen-rich soils that are wet but not inundated
or that are acutely inundated are known to have high N;O emissions
(Butterbach-Bahl et al., 2013). However, evidence on N5O emissions
under WIS, high ditch water levels and fertilization is currently very
limited. N2O emissions are very difficult to measure due to the erratic
nature of the emissions themselves and of the inducing rain storms.

To improve the performance of WIS, active WIS have been devel-
oped. These systems have been shown to control GL more precisely
(Hoving et al., 2018, 2021, 2022), to the extent that during dry periods
actual GL very closely matches ditch water level at sites in Assendelft
and Zegveld (Erkens et al., 2021). A target GL above ditch water level
can even be achieved. Spectacular reductions in GHG emissions up to 83
+25% (15.8 5.6t CO ha™! yr™!) in dry-summer year 2020 have
been reported for Assendelft, but those numbers require further scrutiny
(Boonman et al., 2022; Erkens et al., 2021). It has been suggested that
even more precision can be obtained by anticipating drought using
weather forecasts and data on crop transpiration (Faber, 2022). At the
same time, concerns over the high costs of WIS have given rise to pilot
projects using trench infiltration. These projects have had limited suc-
cess and may pose an increased risk for CH4 emissions and animal dis-
ease (Erkens et al., 2021; Gremmen et al., 2022; Hoving et al., 2022).

A major problem of WIS and trench infiltration is that, if land sub-
sidence and GHG emissions are intended to be reduced to close to zero,
those measures tend to perform best at high ditch water levels, while
resulting high GLs can reduce grass yields and trafficability. This reduces
food production and economic viability. Hence, for the long term active
WIS that can control GL precisely enough to both mitigate land subsi-
dence and GHG emissions, and allow continuation of intensive dairy
farming seems more promising than passive WIS.

Also, WIS and trench infiltration in combination with raised ditch
water level pose a substantial demand on water quantity, particularly in
dry summers. Increasing summer GL by 30-40 cm would increase
overall water demand by about 18 % (Rozemeijer et al., 2019), though
variability between sites is substantial. This implies an influx of
nutrient-rich water from outside the peatlands, raising peat oxidation
through enhanced microbial activity (Erkens et al., 2021; Kechavarzi
et al., 2010). Also, water quality can be reduced through phosphorus
leaching and erosion of ditch banks under higher GLs (Pijlman et al.,
2021). However, positive effects can be expected for meadow birds.
Increased GLs, particularly in spring, provide better conditions for
hatchlings to survive (Faber, 2022; Visser et al., 2017).

Research into technical measures aimed at changing the physical or
chemical properties of the soil has been very limited. Clay-in-peat lab
tests did deliver evidence on reduced peat oxidation (Van Agtmaal et al.,
2019, 2020), but ongoing pilot studies (e.g. Proeftuin Krimpenerwaard,
2025; Veenweiden Innovatiecentrum Zegveld, 2025) did not yet yield
promising field evidence. Clay-in-peat will not stop peat oxidation, but
may contribute to its reduction while improving crop yield, particularly
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in combination with other measures.

Application of a mineral cover can greatly improve the agricultural
qualities of the soil, also in the long term. Though it causes compression
of the underlying peat, it can subsequently protect the underlying peat
from oxidation, hence stop further land subsidence and GHG emissions.
According to Bakema et al. (2022), for clay a cover of at least 30 cm and
for sand a cover of at least 50-70 cm may be able to prevent oxygen from
entering the underlying peat, depending on potential cracking of the soil
during summer droughts. However, recent work comparing an experi-
mental and control site in Switzerland did not find a statistically sig-
nificant reduction in peat oxidation at the site with a mineral cover and
suggests that it is essential to concurrently raise GL to saturate the un-
derlying peat (Paul et al., 2024). Sediment transport is very expensive
and causes GHG emissions, so if an adequate source of sediment is not
available from beneath or from a nearby site, this measure does not seem
economically viable.

The potential of acidification and salinization requires research into
finding the optimum of minimum peat oxidation and maximum crop
yield. Using saline water can reduce the demand for freshwater during
dry summers, but may also corrode pumps and other metal parts of the
drainage system.

4.2. Paludiculture

Paludiculture options employ crops and cattle suitable for cultivation
under strongly increased GLs or inundation required to reduce land
subsidence and GHG emissions (Tanneberger et al., 2021; Wichtmann
et al.,, 2016). This kind of agriculture does only have a very limited
commercial history in The Netherlands. These measures tend to
contribute strongly to reducing land subsidence, but have adverse im-
pacts on historical landscape conservation, while technical feasibility
and economic viability are currently difficult to assess (Table 2). With
only a few pilot studies in The Netherlands, paludiculture is still very
much in a start-up phase, which distinguishes this group of measures
from the other groups.

A major problem of paludiculture is the emission of CH4 (and
potentially N2O) if fields need to be inundated (Erkens et al., 2021;
Gremmen et al., 2022; Zak and McInnes, 2022). This emission can be
aggravated by submerged plants (Convention on Wetlands, 2021), crops
that act as a bypass for CH4 (‘shunt species’, possibly e.g. cattail)
(Couwenberg and Fritz, 2012), the decay of organic matter on-site and
an influx of warm and carbon-rich water to maintain water levels
(Antonijevic et al., 2023). On the other hand, it can be reduced by
limiting the duration of flooding, particularly during summer (Drosler
et al., 2013; Evans et al.,, 2016), or instead regular flooding with
sulphate-containing (e.g. slightly brackish) water (Vile et al., 2003). It
can also be reduced by cultivating crops, or non-commercial plants
among the crops, that sequester carbon and oxidize CHy4, such as cattail
and sedge (Antonijevi¢ et al., 2023), although cattail may also act as a
bypass for CHa, aggravating emissions (Couwenberg and Fritz, 2012).
Recent studies (Buzacott et al., 2024; Van den Berg et al., 2024) ach-
ieved negative GHG balances for cattail cultivation near Zegveld and
Assendelft in The Netherlands. Where emissions remain during culti-
vation, these may be balanced in the lifecycle if resulting products, such
as cattail, reed, willow and black alder, are processed to construction
material (Huth et al., 2018; Lahtinen et al., 2022). This construction
material itself stores carbon and the use of bio-based construction ma-
terial evades much of the GHG emissions associated with the production
of conventional construction material. Lahtinen et al. (2022) report net
negative GHG balances of —6t COz-eq ha! and —3t COy-eq ha™,
based on GWP-100 factors, for paludiculture product systems of cattail
board and reed growing media, respectively.

Ongoing experiments are trying to increase crop yield for pal-
udiculture, in which invasive species and foraging geese can be a
problem. More research to achieve a better optimum between CH4 (and
other GHG) emissions and crop yield is required. Reed has a high
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tolerance for changing GLs and can generate high yields without inun-
dation (Fritz et al., 2014; Geurts et al., 2019). Broadleaf cattail may also
be cultivated successfully without inundation (Geurts and Fritz, 2018).
Other crops that do not need inundation, such as elephant grass, willow,
cranberry, black alder and peat moss, have no, only very limited or a not
yet successful experimental history in The Netherlands (Bestman et al.,
2019a,b; Crouwers and Harleman, 2025; Mettrop and Oosterveld,
2019). Another (native) crop not requiring inundation, but without
experimental history in The Netherlands, is sedge (Wichtmann et al.,
2016).

More research is also needed to understand the effects of variable GLs
on survival and yield of various paludiculture crops and on GHG emis-
sions (particularly N5O), both to reduce CH4 emission and to explore the
flexibility of crops to deal with variation in water availability. Pal-
udiculture arrangements that can store water to mitigate drought and
provide a transition zone between intensive dairy farming and wet na-
ture need to be developed. Alternatively, poor water management in
paludiculture, including increased evapotranspiration, can reduce water
availability. Similar to WIS, this would increase the need for inflow of
nutrient-rich water from outside the peatlands.

Paludiculture crops (e.g. cattail, reed, azolla) can be used to remove
nitrogen and phosphate from existing soils and residual flows (Geurts
et al., 2017; Gremmen et al., 2022). These applications are suitable in
temporal or spatial transition zones between intensive dairy farming and
(semi-)natural landscapes. Such arrangements will also improve water
quality.

An issue during transition to paludiculture is the potential need to
remove the topsoil, which may improve yield and reduce GHG emis-
sions. Such removal generates an immediate reduction in surface level
(Bestman et al., 2019b). Also, depending on the subsequent use of the
removed topsoil, this may generate fast CO, emissions. However, with
no intervention this land subsidence and GHG emissions will happen
anyway. Harpenslager et al. (2015) report laboratory experiments in
which the removal of the topsoil actually reduced GHG and nutrient
emissions, and suggest to reuse the removed topsoil in adjacent sub-
siding agricultural areas. On the contrary, Van den Berg et al., (2024))
report reduced crop yield and high CH4 emissions after topsoil removal.

Edible paludiculture crops contribute to world food production, but
paludiculture crops that are used for construction material, biofuel or
substrate may cause land use elsewhere to intensify, particularly in our
world of ongoing population growth (Mora et al., 2020). Paludiculture
has the potential to reduce land subsidence and GHG emissions to
approximately zero, or even provide land rise and a carbon sink, hence is
probably more viable in the long term than intensive dairy farming. The
effects of paludiculture on biodiversity, meadow bird population and
recreation need more research, though observations of e.g. breeding
stilts and the Dutch tundra vole in an experimental cattail field close to
Amsterdam are promising (Buijs, 2023). The risk of water-borne disease
may be reduced by adequate separation of dairy farming and pal-
udiculture, though large-scale inundation of fields close to major cities
may pose human risks, such as diseases transferred by mosquitos.

Eccentric paludiculture measures include water buffalo and food
forest. Water buffalo may provide a more recreational alternative to
intensive dairy farming (Boer 'n, 2025), as well as grazing in wetlands
(Wiegleb and Krawczynski, 2010). Food forests, or food swamps, can
provide experimental space to explore new paludiculture crops, as well
as opportunities for community building and natural science and per-
sonal growth education (Albrecht and Wiek, 2021; Ferguson and Lovell,
2014; Moons, 2021).

All in all, paludiculture can provide multiple ecosystem services and
societal benefits. Rather than market formation as suggested by Speet
and Honkoop (2021) and Verhagen et al. (2021), paludiculture is in
need of governance. It is not yield that can currently be optimized to
commercial demands, but rather ecosystem services that need to be
improved, diversified and monetarized. Only then an assessment can be
made whether it is at all worthwhile to optimize yields, and if so whether
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any of the options can be economically viable in an open world market.
Alternatively, paludiculture can provide its ecosystem services and so-
cietal benefits, with some commercial income to cover costs.

4.3. Alternative options

The alternative options listed in Table 2 reflect existing initiatives in
the Dutch peatlands that may not be originally intended, but can be
shaped to reduce land subsidence and GHG emissions. Semi-natural
meadows, with higher GLs, are a first attempt to reduce the intensity
of dairy farming, while retaining the historical landscape and boosting
meadow bird population (Pijlman et al., 2021). However, the limited
control over GL in such systems still poses the risk of strong drops in GL
during dry summers, causing land subsidence and GHG emissions.
Greenhouses provide another type of high-tech farming, but with a
higher degree of precision that may constrain land subsidence and GHG
emissions better. Solar panels contribute to sustainable energy genera-
tion, but require full control over the GL and appropriate construction to
prevent land subsidence and GHG emissions. In this respect, more
research is required on how microclimates amended by solar panels
affect peat decomposition. To save space, they can be integrated in
greenhouses and roofs of buildings. Expansion of urban areas into
peatlands needs to be done properly to reduce land subsidence and GHG
emissions to a minimum.

4.4. Natural ecosystems

Options to (re)develop or expand natural ecosystems provide op-
portunities to reverse land subsidence and GHG emissions into land rise
and carbon sinks (Dybala et al., 2018; Wichtmann et al., 2016). Also,
they provide opportunities to improve general water management,
including water quality, as well as recreational areas, particularly within
the heavily urbanized west of The Netherlands. Currently, most of the
nature reserves in the Dutch peatlands consist of minerotrophic fens,
where paludiculture crops like cattail, reed and sedge are naturally
occurring. The development of ombrotrophic mires may be difficult
given currently high levels of nitrogen deposition (Vink and Van Hins-
berg, 2019) and the limited success of peat moss cultivation in The
Netherlands (Mettrop and Oosterveld, 2019). On the other hand, ri-
parian forests can provide additional flooding space for the main rivers,
reducing flood risk of urban areas and allowing both sedimentation and
peat formation for land rise (Van der Deijl et al., 2019). More research is
required on optimizing the GHG balance and hydrological consequences
of such natural ecosystems, both during transition and in the long term.
Considerations discussed in the context of paludiculture, such as vege-
tation effects and the removal of the topsoil on GHG emissions, are also
relevant here.

Expansion of natural ecosystems will boost biodiversity, but not
necessarily meadow birds adapted to grasslands rather than swamps. In
the long term it provides a more resilient landscape that, particularly in
the west, may meet urban needs such as recreation better than agri-
culture. It makes sense to develop those natural ecosystems in the lo-
cations of their original occurrence, that is, along river channels riparian
forests and minerotrophic fens, and beyond ombrotrophic mires.
Blending with paludiculture seems obvious, where riparian forests can
host food forests, while minerotrophic fens and ombrotrophic mires can
produce specific paludiculture crops, such as cattail, reed, sedge and
peat moss.

5. Discussion

In this paper we reviewed 27 measures for 15 effects (Table 2). We
identified 4 groups of measures, that is, technical measures, pal-
udiculture, alternatives and nature. It became evident that there are
major differences in the nature of measures with regard to their phase of
development and potential economic and societal benefits. In this
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section we compare the measures (5.1-5.4), integrate and conceptualize
the interactions between issue and intervention diversity (5.5-5.8) and
explore the generalizability of this study (5.9-5.10).

To allow comparative analysis, we ranked the measures along two
axes, that is, from fairly developed to start-up stage and from intensive
farming (or urban) to nature. The ranks along the former axis reflect
uncertainties due to knowledge gaps, including lack of evidence on or
understanding of inter-site variability and optimal implementation. The
ranks along the latter axis reflect the degree to which a particular
measure is intended to and capable of employing natural (agro)
ecological processes, as opposed to measures that are primarily intended
to support existing intensive farming (or urban demands) through the
use of advanced technological interventions. The results of this ranking
are visualized in Table 2 and Fig. 3.

5.1. Actual or anticipated effects of technical measures

Technical measures intend to modify current intensive farming to-
wards less unsustainable practices. Measures that successfully raise and
control GL (Table 2, measures 2-5) are relatively far in their develop-
ment. There is convincing evidence that stabilizing GLs reduces
shrinkage and deformation of the peat soils (Erkens et al., 2021). Peat
oxidation requires further understanding through process modelling to
fully grasp the role of local hydrology, substrate and ambient conditions
during peat oxidation. Seepage can disturb the functioning of WIS
(Boonman et al., 2022; Erkens et al., 2021), while peat oxidation varies
among substrates of varying peat type, mineral fraction and clay cover
thickness (Van Asselen et al., 2009). Peat oxidation tends to peak at
moist, warm and nutrient-rich conditions (Kechavarzi et al., 2010) and
can be highly sensitive to minor fluctuations in WFPS (Boonman et al.,
2022), but it has not yet been mapped extensively under what circum-
stances and at what frequency such conditions arise. WIS are particu-
larly effective during dry summers and can support a transition to higher
GLs. Evans et al. (2021) suggest that every rise in GL by 10 cm within a
peat layer would reduce CO, emissions by at least 3t CO, ha ! yr~ 1.
Following this line of argument, a GL rise of 10 cm in all cultivated
Dutch peatlands would reduce CO, emissions by 0.6 Mt yr~1, achieving
60 % of the Dutch Climate Agreement target for 2030. Aben et al. (2024)
confirm the order of these numbers based on experiments in the
Netherlands.

Ongoing (NOBV) research has quantified the amount of peat oxida-
tion in the unsaturated zone of peat soils managed by passive or active
WIS in the Subsurface Organic Matter Emission Registration System
(SOMERS) (Boonman et al., 2022; Erkens et al., 2021, 2022). Within
SOMERS, distinction is made between three Dutch regions representing
different hydrological conditions. For each region, CO, emissions have
been modelled for up to eight soil archetypes, six parcel widths
(40-140 m) and three types of measure (no measure, passive WIS, active
WIS). These initial results suggest approximately linear relationships
between GL and GHG emissions similar to those reported by Evans et al.
(2021). Upward seepage influences the functioning of WIS negatively,
while clay covers and high mineral fractions reduce CO emissions. So
far SOMERS does not distinguish between different peat types, nor is it
able to adequately predict variations in soil moisture content, temper-
ature and nutrient status. As SOMERS represents a modelling approach
it smooths out some of the local and incidental extremes, as evidenced
by the underlying data (Erkens et al., 2021) and sharp rises in CO,
emissions when GL drops below —20 cm observed by Couwenberg et al.
(2011) and Tiemeyer et al. (2020).

Measures aimed at changing the physical and chemical properties of
the soil (Table 2, measures 6-9) vary with respect to their development.
Enhancing the mineral cover and salinization are treatments that reflect
existing situations in the current peatlands, hence do not present a high
risk of unexpected outcomes. Clay-in-peat and acidification reflect
actual variations in mineral fraction across the peatlands and natural
differences between ombrotrophic and minerotrophic peat
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Fig. 3. Approximate position of all 27 measures listed in Table 2 if ranked for development phase and farming intensity. Where points overlap, they have been

slightly offset along the y-axis.

environments, respectively. However, as a measure to reduce peat
oxidation and hence land subsidence and GHG emissions, their experi-
mental record is small and differs from natural counterparts. This im-
plies some risk of unexpected outcomes if widely implemented. More
experimental evidence is warranted. As enhancing the mineral cover
and clay-in-peat will improve agricultural soil quality, these measures
more strongly support intensive farming than the chemical treatments
that reduce agricultural soil quality.

5.2. Actual or anticipated effects of paludiculture

Paludiculture (Table 2, measures 10-20) intends to achieve a more
pronounced application of ecological processes in agriculture, hence
improve the agroecological integrity, by turning agricultural peatlands
into wetlands and employing the potential of wet environments to grow
particular crops. Because cattail and azolla tend to thrive at high levels
of fertilization, these crops are particularly suitable for purifying resid-
ual flows from intensive dairy farming (Geurts et al., 2017; Gremmen
et al.,, 2022). Cattail can also be employed to remove nitrogen and
phosphate from soils during transition from highly intensive dairy
farming to less intensive farming or nature. Though agroecologically
more sound, the cultivation of cattail and azolla seems to be an integral
part of a system of intensive farming. Where topsoil is removed before
cultivation of cattail, initial land subsidence and emissions of GHG can
be substantial, depending on whether and how it is recycled (Geurts and
Fritz, 2018). Moreover, experimental studies show high emissions of
CH4 and potentially N2O emissions if these crops require inundation
(Erkens et al., 2021; Gremmen et al., 2022). However, these emissions
can be reduced by improved GL control and intercropping of CHy4
sequestering and oxidizing plants such as sedge (Antonijevi¢ et al.,
2023), as well as compensated within the lifecycle for cattail (Lahtinen
et al., 2022).

Wild rice, water buffalo, cranberry and peat moss cultivation
represent the gradual change from intensive farming towards full ag-
roecological integrity. Experimental evidence for these measures is
however very limited. Initial evidence and handbook logic suggest that
wild rice and water buffalo can only be a variation within a landscape of
intensive farming, as they require and emit fertilizers (Bestman et al.,
2019b; Deverel et al., 2016). Also, due to inundation high CH4 and
potentially N2O emissions can be expected for wild rice. Cranberry and
peat moss on the other hand require a very low nutrient status, while
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high GLs without inundation reduce land subsidence without substantial
CH4 and N30 emissions (Crouwers and Harleman, 2025; Mettrop and
Oosterveld, 2019). If a low nutrient status can be maintained, quite a
challenge within a highly urbanized landscape of intensive dairy
farming, then these paludiculture crops may prove a valuable agroeco-
logical approach that may even be fully economically viable.

Cattail, reed, elephant grass, willow, food forest and black alder can
be fully integrated within a (semi-) natural peat environment. They can
be employed to develop hydrological transition zones between (rela-
tively) intensive farming and nature reserves, urban spaces and flood-
plains. However, variation of GL, including inundation, within these
transition zones to prevent flooding and anticipate drought elsewhere
may give rise to substantial CH4 and N2O emissions (Butterbach-Bahl
etal., 2013; Freeman et al., 2022). More research is required on how and
to what extent these GHG emissions can be reduced by precise water
quantity and quality management, and cultivation of specific plants. The
economic viability of the cultivation of above-mentioned crops depends
on the dynamics of their value in developing bio-based market chains
and on the degree to which ecosystem services with regard to hydrology
and GHG emissions are priced (Geurts et al., 2019). Food forests within
semi-natural transition zones may be enriched by swampy peat forming
environments and non-food crops. They can provide a place of innova-
tion, where the potential of new crops can be discovered, and also a
place of community building and education, supporting natural science
education, emotional well-being and personal growth (Albrecht and
Wiek, 2021; Ferguson and Lovell, 2014; Moons, 2021). The economic
viability of such a concept depends on the degree to which funds for
innovation, social cohesion and education are allocated.

Ongoing (NOBV) research intends to quantify CH4 emissions during
the cultivation of various paludiculture crops in relation to intended
effects, such as crop yield and water storage or withdrawal. As mitiga-
tion of hydrological dynamics, including the retention of water during
wet spells and provision of water to WIS during dry spells, may be an
important ecosystem service that paludiculture can provide, such an
understanding of the impact of dynamic water levels on GHG emissions
is essential.

The cultivation of paludiculture crops is in a start-up stage. Major
progress has been made in mitigating GHG emissions, integration in
landscape transitions, upscaling of plots to fields, field management
techniques and market development. Further reductions in GHG emis-
sions and improved harvest control are important, as well as thoughtful
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economic integration. So far, most experiments are aimed at eutrophic
crops that associate well with intensive dairy farming, such as cattail,
reed and azolla. Also, there is a tendency to aim for commercial
monoculture production of a particular crop. This has given rise to an
inadequate and incomplete perspective on the potential of paludiculture
crops in The Netherlands. Narrowleaf cattail and azolla may not have a
long-term, widespread potential because of fertilization requirements
and CH4 emissions, while reed has a very low market value, hence is
unlikely to ever provide a profitable business model. The cultivation of
wild rice has some history in California, while there are some successful
water buffalo farms in The Netherlands, but both are also associated
with fertilizer requirements or emissions. On the other extreme, cran-
berry and peat moss cultivation have been implemented, but require a
low nutrient status, which is very difficult to achieve in the current
environment. More experimental evidence is required for paludiculture
crops and arrangements that are primarily selected for the provision of
ecosystem services with regard to hydrology and GHG emissions, such as
elephant grass, willow, food forest and black alder. Also, more emphasis
on engineering the paludiculture fields in such a way that GHG emis-
sions are reduced as much as possible, e.g. by smart employment of
water management and vegetation effects, is warranted. Considering the
distinction between intensive farming and nature as a gradual scale, as
exemplified in Fig. 3 and by Mettrop et al. (2022), will be key in finding
an adequate balance between agricultural production and wider envi-
ronmental and societal benefits.

5.3. Actual or anticipated effects of alternative options

Semi-natural meadows (Table 2, measure 21) are historical alter-
natives to the highly fertilized meadows used in intensive farming. In
that respect they are an integral part of the system of intensive farming
and pose a low risk for unexpected outcomes. However, if GL is not
managed properly, high peat oxidation can still be expected during dry
summers. The main advantages of semi-natural meadows are the fairly
nostalgic protection of historical landscapes and meadow birds. It is less
intensive farming in the old-fashioned way.

The other alternative measures (Table 2, measures 22-24) represent
expansion of urban activities into rural peatlands. They do not improve
the ecological integrity of the peatlands, but may result from urban
pressures. Any implementation requires careful attention to limit envi-
ronmental damage, including land subsidence and GHG emissions.

5.4. Actual or anticipated effects of natural ecosystems

Nature reserves (Table 2, measures 25-27) provide the opportunity
to change land subsidence into land rise, in which the newly developing
peat acts as a GHG sink. In the highly urbanized country of The
Netherlands, new or extended nature reserves are essential to improve
the ecological functioning of peatland landscapes, including enhanced
water management and biodiversity, and to provide more space for
recreation. Historically the coastal-deltaic plain of The Netherlands was
characterized by riparian forests and minerotrophic fens in the flood-
plains, and ombrotrophic mires beyond. In the current environment,
being minerotrophic due to agricultural and urban pollution, develop-
ment of ombrotrophic mires may not be realistic. Rather it makes sense
to focus on the development of riparian forests and minerotrophic fens.
However, research on the implementation of these developments is very
limited, particularly with respect to riparian forests. There is no evi-
dence on GHG balances during the transition from current highly
fertilized agricultural land towards such ecosystems. As inundation and
fluctuating water levels are inherent of these systems, CH4 and N,O
emissions can be expected. Within the scope of the NOBV, studies into
GHG balances of peatland nature reserves are foreseen, though GHG
balances during transition to nature are only studied indirectly through
paludiculture experiments.
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5.5. Phase of development

The evaluated measures vary in phase of technical and economic
development. Although for most measures some field evidence is
available, it remains very difficult to assess economic viability. For
technical measures, continuation of existing land use provides some
kind of framework to assess cost-benefit balances, but only under the
assumption of current market conditions. Any potential costs for
remaining GHG emission or other environmental damage (such as land
subsidence) are not considered in such a case. For paludiculture options,
multiple variables are at stake. If paludiculture options would be opti-
mized for the world market, it is unclear what bottom line should be
taken for delivery of which ecosystem services. Here the question turns
around, from whether the change in land use still allows economically
viable agriculture under world market conditions to how much we
appreciate which ecosystem services are being delivered.

To some degree this uncertainty and value of ecosystem services can
be quantified in terms of financial risk and environmental (e.g. carbon,
blue) credits (Geurts et al., 2019). On the other hand, enforcement of
environmental norms may reduce land prices or turn existing land use
unviable, leaving no other option than paludiculture or extensive use.
Land can be owned by farmers, who taking advantage of environmental
credits still try to run a profitable business. Land can also be owned by
other organizations, such as nature organizations, that employ farmers
to manage the landscape. These processes may provide some support in
nurturing and steering change. However, at the same time they may
obscure a true assessment of societal values and ignore advantages or
disadvantages that remain unquantified, such as the innovation poten-
tial of particular measures in the face of the agroecological transition.
These processes may also favour adverse or hamper favourable spatial
processes. For example, displacement of dairy farming to non-peatland
areas can be a political choice, but should not be an artefact result of
a complex governance approach. Stakeholder involvement will be
essential to develop a regional assessment framework that provides
guidance on the best matches between measures, effects and landscapes.

5.6. Landscape diversity

The diversity of potential measures discussed in this paper matches
well with the diversity of issues prevalent in Dutch rural peatland areas.
If land subsidence and GHG emissions from peat are to be reduced
substantially, rather than halted or reversed, technical measures provide
relatively low risk options. For example, the COs-emission reduction of
1.0 Mt aimed for in 2030 by the Dutch Climate Agreement (Nijpels,
2019) may be achieved by controlled raising of GL over the entire Dutch
agricultural peatlands by 15-20 cm. However, in the long term, when
land subsidence and GHG emissions may have to be reversed to adapt to
rising sea levels and reduce atmospheric GHG concentrations, wide-
spread implementation of measures that are currently in a start-up stage
of development may be required. Also, the current context of strong
challenges in water management, nitrogen emission and urban pressure
already demands interventions that cannot be achieved by technical
measures only.

An increase in diversity of land-use practices in the Dutch peatlands
will allow more effective mitigation of environmental issues, including
land subsidence and GHG emissions, particularly in the long term. Such
an increase has been coined as an increase in the solution space (Fig. 4) by
Haasnoot et al. (2020), essential for addressing slowly developing
(“creeping”) crises and wicked problems (Van den Ende et al., 2023). It
provides future generations with a larger variety of options beyond the
start-up stage. Landscape diversity compares in this regard well to bio-
logical, economic and societal diversity. More diversity yields a more
dynamic, agile and resilient system, able to learn, adapt and change in
response to internal and external factors (Mealy et al., 2019; Oliver
et al., 2015). Hence, increasing landscape diversity in the Dutch peat-
lands can be a policy aim in itself.
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Fig. 4. Potential solution space for mitigation of environmental issues in the
Dutch peatlands, illustrating the various options for dairy farming, pal-
udiculture, nature and combinations or gradual transitions between them. The
choice between the various options is negotiated by attributing value and/or
interest to the perspectives in the outer rim of the diagram, while the flexibility
of these perspectives adds to the solution space itself.

Efforts to address environmental issues and norms, urban pressure
and economic constraints can lead to the implementation of different
measures in different areas. Increased water storage to mitigate dry
summers, while at the same time providing enough overflow capacity to
prevent flooding during summer storms, can be accomplished within the
existing system of dairy farming, but may also very well be realized
through the implementation of paludiculture in strategic locations.
Improved water quality can be accomplished through technological
means, but may also be (partly) realized through cultivation of pal-
udiculture crops such as cattail and azolla. Remaining GHG emissions
may be compensated outside the peatlands or by technological means,
but may also be (partly) compensated through a gradual transition of
particular areas towards natural GHG sinks. In locations where envi-
ronmental costs already outweigh the benefits of intensive farming, al-
ternatives have to be sought, while attempts to reduce industrial GHG
emissions and increased prices of raw materials during the Ukraine war
stimulate cultivation of paludiculture crops for a more self-reliant, bio-
based economy.

Implementation of a variety of measures, increasing landscape di-
versity, is an obvious result of addressing a variety of issues in peatlands
that are diverse in physical and societal characteristics. In Dutch
governance, such interventions are negotiated in so-called area-oriented
processes (Dutch: ‘gebiedsprocessen’). These dialogues between
governmental organizations and local stakeholders attempt to prioritize
and integrate a variety of perspectives. In Fig. 4 these perspectives are
indicated on the outer rim. They include environmental aims (such as
land subsidence, GHG emissions and biodiversity), technological and
landscape-ecological concerns, constraints and opportunities, the spe-
cific legal and governmental context, and economical and financial
considerations. Each unique set of perspectives demands unique solu-
tions that can be marked on gradual scales between dairy farming (with
a local choice of technical measures), paludiculture (with a local choice
for specific crops and local priorities for ecosystem services) and nature
(adapted to the prevalent peat type). Initiatives to integrate environ-
mental aims and dairy farming have been explored, for example by
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adapting water management to support the breeding of meadow birds.
They have been coined ‘nature-inclusive’ farming (see e.g. Vermunt
et al., 2022) and constitute a principle that can be extended to include
multiple environmental objectives. The implementation of a diverse set
of measures will also spread the risk posed by the uncertainties in their
performance.

Diversification will reduce the future probability of again ending up
in a lock-in situation like the present, where only one type of land use
dominates the peatlands. However, to some degree it remains a political
choice to what extent this diversification will happen, particularly
because opposing land uses may require technological interventions to
regulate water levels appropriately. Aiming for diversification is also a
matter of scale and economy. Small-scale diversification may be easy
from an entrepreneurial point of view, but can be technologically
impossible, while large-scale diversification, for example the transition
of an entire polder to paludiculture, will require very strong governance.
Here, the willingness of farmers to make the change will depend on
prevailing models of cost-and-benefit sharing between public and pri-
vate entities.

5.7. Upscaling

Most measures imply substantial rises in GL. Large-scale imple-
mentation of WIS and/or paludiculture therefore implies a strong rise in
water demand (Rozemeijer et al., 2019). Some of this increase can be
addressed by retention of water in soils and paludiculture fields during
wet spells. However, when it comes to mitigating summer drought,
which is key in reducing land subsidence and GHG emissions in peat-
lands, this retention will not be enough. More retention will increase
evapotranspiration and downward seepage, particularly during dry
summers when needs are highest. Also, high ditch water levels and GLs
reduce the capacity to store water during occasional intense summer
storms. Water quality may also be impacted, as more retention reduces
the opportunities for water renewal to prevent accumulation of nutrients
in surface waters. Consequently, it will be more difficult to maintain a
delicate balance between influx and removal of nutrient-rich water in
polders. Research on upscaling of measures is currently very limited and
needs urgent attention.

5.8. Key considerations

The findings of this paper converge towards key considerations to
take into account when implementing technical measures and land-use
change, and when addressing the analysed (side) effects. The imple-
mentation of technical measures and land-use change faces questions on
three levels: (i) what is fundamental to achieve technical optimization
for the best results at parcel-level (technical aspects), (ii) what is
essential to make the best match between option and the natural envi-
ronment (landscape fit), and (iii) how do options align with deliberate
strategies regarding associated interests (societal choice)? Key consid-
erations per question are listed for each type of land use in Table 3.
These considerations derive from three different epistemological ap-
proaches to the underlying evidence. Technical optimization is a ques-
tion of engineering, landscape fitting is a matter of logical-empiricist
understanding on landscape functioning, and identification of the
inherent societal choice is based on a critical reading of the body of
relevant research.

Table 3 shows that paludiculture and nature have the potential to
compensate remaining GHG emissions from dairy farming, but require
better understanding and deliberate management to reduce land subsi-
dence and GHG emission as well as careful positioning in the landscape
to make the best hydrological, edaphic and ecological fit. In developing
and implementing a wide variety of options, a broad spectrum of societal
interests are addressed. The existing socio-technical regime and its
associated food production can be reformed gradually, while building a
transformative  biobased economy will provide economic
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Table 3

Overview of key considerations with regard to technical and landscape implementation as well as underlying societal choices for three land use scenarios: dairy

farming, paludiculture and nature.
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epistemology | engineering logical-empiricism critical
categories of
considerations (must be | technical aspects landscape fit societal choice
considered together)
three land-use scenarios
option 1: 1 SOMERS provides guidance at — Allows conservation of historical Allows continuation of the
dairy farming : parcel-level, on whether local landscapes. existing socio-
o conditions are suitable for the — Substantial clay covers limit GHG technological regime.
1 implementation of WIS. emissions. Supports food production.
B : Conditional: GL should be raised — WIS most effective if no or
% | to at least -40 cm. downward seepage
|G
option 2: % : Precise GL control and — Best hydrological fit if upward Contributes to
paludiculture < intercropping of methane seepage transformative biobased
S| sequestering and oxidizing plants — Crops such as peat moss and economy.
§ : are required. cranberry require low nutrient Adds to diversification.
< Intercropping of submerged plants status.
Z and shunt species, decay of organic | — Opportunity: crops such as cattail,
31! matter on-site and influx of warm reed and azolla can mitigate high
3 : and carbon-rich water should be nutrient status.
S . .
Nl prevented. - Opportunity: can be employed in
S Storage of carbon in the lifecycle spatial and temporal transitions
§ : of resulting products should be between dairy farming and nature
Sl considered. - Opportunity: if carbon sink, then
3! potential compensation for
% : surrounding dairy farming
S 1
option 3: o0 | Management should be jointly — Locations where land subsidence Provides opportunities for
nature 5 : based on carbon sequestration, land and/or GHG emissions are urban recreation.
(conservation, § 1 subsidence reduction and particularly problematic. Supports ecological
restoration or 21 biodiversity. — Opportunity: if carbon sink, then dynamics.
development) - : potential compensation for Can improve human-non-
| surrounding dairy farming human relationships.
\

The considerations align with different epistemological approaches. Technical implementation can be optimized using an engineering approach, landscape integration
follows logical-empiricist findings and understanding underlying societal choices derives from critical research.

diversification. Nature development supports societal demands for rec-
reation, improved ecological functioning and restoration of more equal
human-non-human relationships.

Thinking the other way round, addressing the analysed (side) effects
requires a tight alignment between action for reducing land subsidence
and GHG emissions on the one hand and improved management of
water quantity and quality on the other hand (Table 4). Paludiculture
can act as a cost-effective approach to support or be combined with
hydrological interventions of increased storage and overflow capacity,
as well as reduced nutrient-loading of surface waters. Market reform and
development is key to prevent sandwiching of famers between increas-
ingly tight environmental regulations and the merciless demands of
international markets. Among others, this market reform can relate to
protection of regional markets, monetarizing environmental services,
reduction of dairy consumption, alternative ways of milk production
and increasing revenues from recreation. Finally, it is important to at
least partially reframe the nostalgic association of dairy farming with
historical landscapes and associated meadow birds to a more consistent
ecological understanding of the early- and prehistorical peatland land-
scape with its associated biodiversity.

5.9. Generalizability

This paper discussed measures for the Dutch peatlands, character-
ized by intense dairy farming within a highly urbanized landscape. In
other peatlands interests and values can be fundamentally different.
Hence, the applicability of the findings to other peatlands requires a
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process of reflexive (value-conscious) transfer to specific contexts. The
technical measures particularly apply to intense dairy farming, and may
be too expensive or not relevant for less intensive farming. In peatlands
where crops are cultivated, raising GL may impact harvest to such a
degree that existing farming loses its economic viability. In such cases,
there is a strong need for research aimed at enhancing and diversifying
the paludiculture options. The selection of paludiculture crops in this
study is based on ongoing pilot studies that are biased towards crops that
associate well with dairy farming (e.g. cattail, azolla), nearby urban
markets (e.g. cranberry) and horticulture (e.g. peat moss). In more
remote and forested peatlands it makes sense to focus on the cultivation
of raw materials for the bio-based economy, or even biofuels, as well as
the development of large-scale natural GHG sinks.

Existing evidence highlights the importance of meteorology, seepage
conditions and soil clay content in determining the effectiveness of
measures. The frequent occurrence of (warm and) dry periods and
downward seepage increase the urgent need for and potential of inter-
vention. As GHG emissions appear to be negatively related to soil clay
content and cover, peat soils with low clay contents should be given
priority in both research and action. Also, nutrient-rich peat soils may be
more susceptible to oxidation through increased microbial activity.

The peculiarities of the Dutch case imply that what may work in The
Netherlands, may not work elsewhere, and vice versa. At present, Dutch
research and authorities tend to focus on technical measures to achieve
the 1.0 Mt CO,-eq yr! reduction target of the Dutch Climate Agree-
ment, while research in other countries, e.g. Germany, Finland and the
USA, tends to be more focused on paludiculture and peatland restoration
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Table 4
Overview of key considerations concerning the analysed (side) effects.

key considerations

land subsidence & GHG
emissions

Continuation of dairy farming with technical
measures can reduce land subsidence and GHG
emissions substantially, but will not stop land
subsidence, nor meet the Dutch Climate Agreement
target concerning GHG emissions for 2050.
Paludiculture and nature provide more potential to
stop (or reverse) land subsidence and meet the Dutch
Climate Agreement target concerning GHG
emissions for 2050, but require more research to
optimize land subsidence and GHG emissions in
conjunction with other environmental and economic
objectives.

The operation of key technical measures, such as
WIS and raised ditch water level, require storage of
water to anticipate dry summers as well as overflow
capacity in case of summer storms.

Paludiculture and nature have to be designed and
operated in such a way that they can cope with
variable water levels, in response to varying
meteorological conditions and to support correct
operation of technical measures of adjacent dairy
farms.

Paludiculture can be implemented to purify
nitrogen-loaded residual flows from dairy farms and
urban sewage systems, and to reduce nitrogen con-
centrations in soils transitioning to nature.

Dairy farming will continue with technical measures
where historical landscapes and associated meadow
birds require conservation.

Paludiculture and nature provide opportunities to
support a different kind of biodiversity and a return
to early historical and prehistorical landscapes.
Technical implementation and reduction of disease
risk requires site-specific iterative engineering and
further research, particularly with regard to pal-
udiculture and nature.

Dairy farming with technical measures requires
market reform to cover the costs associated with the
implementation of and yield reduction due to the
measures.

Paludiculture requires the development of biobased
market chains that provide a reliable demand for
raw materials.

Additional market developments, such as carbon and
blue credits, a reduction in land price, subsidies
based on farming marginal lands and orientation on
regional markets (that can be manipulated) are
important to strengthen the business model of the
farms of the future.

Reduction in dairy consumption and alternative milk
production (without cows) will reduce land demands
for food production worldwide.

Nature development close to urban centres can
provide additional spaces for recreation.

hydrology & nutrients

biodiversity & historical
landscapes

operationality

concerns at higher scale
level

The effects are grouped in five categories: land subsidence & GHG emissions,
hydrology & nutrients (available water quantity, water quality, fertilization),
biodiversity & historical landscapes (population meadow birds, historical
landscape conservation), operationality (disease risk, technical feasibility, eco-
nomic viability) and concerns at higher scale (food production, land use else-
where, recreation).

(Chimner et al., 2016; Rana et al., 2024; Tanneberger et al., 2021).
Though physical and human factors between The Netherlands and other
countries may differ in a way that legitimates this difference in
approach, it may not be wise to assume an either-or approach.

All in all, this paper highlights the spectrum of choices that are made
when transitioning peatlands to climate resilient and climate neutral
landscapes. Mapping the solution space of any particular regional-scale
peatland area will not only allow better association of measures at the
landscape scale (as also advocated by Hamback et al., 2023), but also
provide a fair baseline for addressing the wickedness of the transition.
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5.10. The case study revisited

This case study consists of a meta study of mostly experiments with a
limited robustness. That is, the results of the experiments are highly
dependent on (only partly controlled) context-specific conditions, (un-
predictable) meteorological events and (partly unconscious) engineer-
ing design choices, which limits the degree to which the experiments can
be replicated. Also, where these experiments tend to strive for confir-
mation of theoretical considerations within a specific context and set-up,
this case study set out to provide a synthesis from which new insights
can emerge. Along with its focus on comparability rather than repre-
sentativeness, it may seem to bear some fuzziness, that is actually an
illumination of the fuzziness of playing field of the agricultural and
landscape transitions in peatlands itself.

Yet, an attribute of the case study methodology is its looseness,
which is essential for new conceptualizations to arise, but which may
also give rise to scepticism (Gerring, 2004; Harrison et al., 2017). Here,
the main question is to what extent branching in the endeavour has
caused a disproportionate focus on particular measures, effects or
contextual variables or even caused blind spots. Stakeholder and expert
involvement strongly reduced this risk. Also, case studies tend to over-
report rather than underreport, which is illustrated by the inclusion of
many minor experiments in this paper. The measures and effects that
have been compared do not need to be a balanced representation of the
current state of affairs, but should rather provide guidance to what can
or might be. Hence, the potential weaknesses of the case study meth-
odology actually generated the most valuable assets of this paper.

Finally, what may be considered as a robust finding is the lack of
robustness in the potential to predict GHG emission in response to the
implementation of specific measures. This is fundamental: the rela-
tionship between GL and GHG emission is very noisy. Some of this noise
can be addressed by intense site investigation and addressing the site’s
peculiarities. However, a substantial part of this noise is persistent, and
can only be mitigated by monitoring and iterative engineering. Addi-
tionally, as the noise is fairly random if measures are implemented
adequately, it will average out over larger areas. This can be understood
as a plea for action, for learning-by-doing, for iterative engineering,
rather than for repeatedly testing an inherently noisy relationship.

6. Conclusion

This paper reviewed and synthesized evidence and insights on
technical measures and alternative land-use options to reduce land
subsidence and GHG emissions in the Dutch peatlands as an exceptional
case of peatland degradation. A matrix listing 27 measures and 15 effects
was constructed that provides a framework for further discussions on the
effectiveness of measures, the complexity of implementation, potential
for interaction between measures at the landscape level and key ques-
tions for future research, both in The Netherlands and beyond. It also
provides a first framework to support discussions between stakeholders,
but should not be used as convincing evidence to justify policy choices.
Any transition of plots or regions requires local, quantitative and qual-
itative research to address the various aspects of the envisioned
transition.

The results show that technical measures have the advantage of
reducing (but not halting) land subsidence and GHG emissions, while
reductions in economic viability are limited. However, understanding
the influence of mineral covers, peat type, mineral fraction, tempera-
ture, moisture and nutrient status on peat oxidation requires more
process-oriented research. Implementation of WIS should carefully take
account of local conditions, as they do not work in certain areas, for
example those areas experiencing strong upward seepage. Though the
best results have been obtained for dry summers, a concurrent rise in
mean annual GL will be essential to meet land subsidence and GHG
emission goals. Here, the main asset of WIS may turn out to be their
ability to prevent regular flooding at high target GLs. Research on WIS in
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other countries than The Netherlands is very limited. The systems may
be too expensive if farming is less intensive.

Paludiculture options can provide water buffers between commercial
agricultural land, nature reserves and cities, mitigate summer drought,
improve water quality and contribute to the development of a bio-based
economy, while halting land subsidence. Reductions in GHG emissions
due to and economic viability of paludiculture options require deliber-
ative action. Engineering approaches with full control over water
quantity and quality, and use of vegetation effects seem to hold the
potential to reduce GHG emissions, while monetarizing ecosystem ser-
vices can improve economic viability. Paludiculture may provide a va-
riety of opportunities in less urban and less intensively managed
peatlands around the world. Unfortunately, available evidence on pal-
udiculture arrangements is currently somewhat biased towards crops
that associate well with dairy farming, urban markets and horticulture.

Though regional association of various measures may generate
conflicting demands on the water system, association can also
strengthen hydrological coherence. Smart association will also increase
landscape diversity of peatlands, increasing the solution space for
environmental issues. Mapping the regional solution space, like in this
paper, provides a fair baseline to address spatial diversity, uncertainty in
performance and future developments, and disagreement based on
diverging interests and values. Hence, it supports stakeholder involve-
ment and entrepreneurship, which will be essential to make the change.
More research on upscaling of measures is urgently required, as well as
on reflexive, international transfer of insights from one peatland area to
another.
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