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Abstract

Drainage has commonly been a pre-requisite for the productive use of peatlands. The biased focus on
agriculture, forestry and peat extraction has long ignored the destructive effects of drainage and the
successive degradation of ecosystem functions of wet peatlands. Accelerated by the climate crisis, the
finite nature of drainage-based peatland use is increasingly recognised. Consequently, productive land
use options for wet or rewetted peatlands (paludiculture) are required as sustainable alternatives. A
wide range of paludiculture plants and options of biomass utilisation are identified as suitable and
promising. Despite the growing interest, experiences with and research on the economic viability of
paludiculture are still rare.

This thesis addresses the lack of knowledge on paludiculture in terms of practical feasibility, costs and
benefits at the farm level, market prospects and framework conditions. I selected the two currently
most advanced paludicultural practices in Europe: a) Harvesting natural reed beds as a traditional ‘low-
input’ paludiculture, i. e. the utilisation of existing ‘wild’ vegetation stands; b) ‘Sphagnum farming’ as
a novel ‘high-input’ paludiculture including stand establishment and water management required for
the active transformation from drainage-based peatland use to paludiculture. In both cases, I
investigate three different biomass utilisation avenues. This thesis adds to the fields of problem-driven
sustainability and land-use science. Procedures and costs of paludiculture were studied in
transdisciplinary research projects in close cooperation with practitioners. Due to the novelty of the
topic, I put special emphasis on the triangulation of methods and data sources: pilot trials, field
measurements, semi-structured expert interviews, structured questionnaires, secondary data from
trade statistics and literature. To account for uncertainty related to costs and revenues, I conduct
stochastic scenario analysis (Monte Carlo simulation) for the extended contribution margin accounting
of harvesting reeds and sensitivity analysis for the investment appraisal of Sphagnum farming.

Paludiculture on fens: harvesting reeds

Paper I investigates harvesting procedures for reed-dominated (Phragmites australis) vegetation
stands. In many European countries special-purpose tracked machinery is applied for large-scale
conservation management and the commercial harvest of thatching reed. Stochastic scenario analysis
reveals a wide range of possible economic outcomes (ca. € — 1000 to € 1500 ha! a'!) and identifies
material use of reed superior to its use as a source of energy. Winter harvest of high-quality thatching
reed in bundles is the most profitable option. Winter harvest of bales for direct combustion is suitable
for low-quality stands and has a limited risk of loss. In the case of summer harvest, revenues for green
chaff for biogas production cannot cover harvesting costs but non-market income via subsidies and
agri-environmental payments may ensure profitability. While biomass for energy generation is limited
to a local market, thatching reed is traded as an international commodity. The market situation for
thatching reed is investigated for Europe (Paper II) and Germany (Paper III). The major reed
consuming countries in Western Europe (Netherlands, Germany, UK, Denmark) rely on imports of up
to 85 % of the national consumption, with reed being imported from Eastern and Southern Europe and
since 2005 also from China. The total market volume for reed for thatching in Northern Germany
is estimated with 3 + 0.8 million bundles of reed with a monetary value at sales prices of € 11.6 *
2.8 million. Most of the thatchers (70%) did not promote reed of regional origin to their customers
due to insufficient availability in the first place and a lack in quality as second reason. The cultivation
of reed in paludiculture may improve quantity and quality of domestic thatching reed. An area of
6000 * 1600 ha with an average yield of 500 bundles per hectare would allow covering the current total
demand of 3 million bundles of the German thatching reed market (Paper III).



Paludiculture on bogs: Sphagnum farming

Sphagnum farming provides an alternative to peatland degradation in two ways: Firstly, Sphagnum
mosses can be cultivated as new agricultural crops on rewetted peatlands. Secondly, the produced
Sphagnum biomass is a high-quality raw material suitable to replace peat in horticultural growing media
(Paper V). Pilot trials have demonstrated the practical feasibility of establishing Sphagnum cultures on
former bog grassland, cut-over bogs and mats floating on acidic waters bodies; Paper IV compares for
the three types of production sites the specific procedures, costs and area potential in Germany. Water-
based Sphagnum farming is not recommended for large-scale implementation due to highest
establishment costs, major cultivation risks and limited area potential. For soil-based Sphagnum
farming, the most important cost positions were Sphagnum shoots to set up pilots, investment for water
management and regular weed management. Bog grassland has the highest area potential, i. e. 90,000
ha in NW Germany. Paper V assesses the profitability of Sphagnum farming on former bog grassland
based on extrapolating five years of field experience data (establishment — management — harvest) to
a total cultivation time of twenty years. Cultivating Sphagnum biomass as founder material for
Sphagnum farming or restoration was profitable even in pessimistic scenarios with high costs, high bulk
density and low yields. Selling Sphagnum for orchid production was economically viable in the case of
medium to high yields with a low bulk density. Cost-covering prices for Sphagnum biomass substituting
peat seem achievable if end consumers pay a surcharge of 10 % on the peat-free cultivated horticultural
end-product. An area of 35,000 ha of Sphagnum farming suffices to meet the annual demand of the
German growing media industry for slightly decomposed Sphagnum peat.

Framework conditions affecting feasibility of paludiculture

The relation of revenues from selling biomass to its production costs is an important piece of the
paludiculture feasibility puzzle. Further aspects effecting the economic viability and competitiveness
of paludiculture encompass the market demand, the availability of mature technology, legal
restrictions, the eligibility for agricultural subsidies, a remuneration of external benefits and the
opportunity costs of present farming activities (Paper I, V). Legal and policy regulations are of major
importance for land use decisions on peatlands — both for keeping up drainage and for shifting to
paludiculture.

Conclusion and Outlook

This thesis provides a first assessment of the costs and profitability of large-scale harvesting of reeds
and Sphagnum farming based on real-life data. The paludicultural practices investigated may be a
solution for a minor share of the more than 1 million ha of peatlands drained for agriculture in Germany.
Future research should also address other biomass utilisation options and other crops. Large-scale
pilots are required to improve technical maturity of procedures and machinery, gather reliable data to
replace assumptions on costs and revenues and study long-term effects on economics and ecosystem
services. The micro-economic perspective needs to be complemented by the societal perspective
quantifying and monetising external effects of peatland restoration, paludiculture and drainage-based
peatland use. There is a high need for intensified research, large-scale implementation and accelerated
adaption of the policy and legal framework to develop paludiculture as an economically viable option
for degraded peatlands.



1 Introduction

While about 85 % to 90 % of the global peatland area is still in a largely natural state (Joosten 2016,
Leifeld & Menichetti 2018), only 54 % of the present-day peatland area in Europe and < 2 % in Germany
are covered by peat forming ecosystems (Tanneberger et al. 2017a). Draining peatlands for agriculture
and forestry has been the major reason for successive peatland degradation. The various negative
consequences have been well known for a long time: Drainage destroys habitats of specialised and rare
species, impacts the water balance of the landscape and the local climate, causes soil degradation and
land subsidence, increases the risk of fire and flooding, and leads to enormous nutrient and carbon
emissions. Rewetting stops degradation, may initiate the restoration of ecosystem functions
resembling those of natural peatlands and benefits biodiversity (Bonn et al. 2016). The economic
efficiency of restoring peatland ecosystem services is increasingly recognised (e. g. Glenk & Martin-
Ortega 2018). The practical implementation, however, has been limited so far. In Europe, less than 1 %
of the total area of drained peatlands has been hydrologically restored (Tanneberger et al. 2017b).

The global climate crisis changed the perception of peatlands considerably, — both in science and in
policy. Peatlands became acknowledged as the largest organic carbon store of the terrestrial biosphere
and key for climate change mitigation despite covering only about 3 % of the global land area (Joosten
2015, Crump 2017, Humpendder et al. 2020, Evans et al. 2021). Expanding drainage has around 1960
turned the global peatland biome from a net sink into a net source of greenhouse gases (Leifeld et al
2019). At the global scale, present-day drained peatlands emit 2.6 %-3.8 % of all anthropogenic
greenhouse gas emissions (Humpendder et al. 2020) and further degradation and a share of 8 % in 2050
are expected (Urdk et al. 2017). At a regional scale, the impact of peatlands is more obvious. In the
northeast German federal state of Mecklenburg-Vorpommern, drained peatlands cause one third of the
total emissions and are the single largest source of GHG emissions (Hirschelmann et al. 2020).

The Paris agreement has set a clear target of limiting global temperature rise to well below 2°C
compared to pre-industrial level, preferably to 1.5°C (UN 2015). Climate-responsible peatland
management requires a)conserving intact wet peatlands, b)rewetting drained peatlands and
¢) adapting peatland use to raised water levels (Biancalani & Avagyan 2014, Evans et al. 2021). In
contrast to the former practice of only protecting and restoring selected peatlands (for Europe cf.
Tanneberger et al. 2017b), every peatland has now become important (Barthelmes et al. 2015). The
Paris climate target translates in a reduction of CO; emissions to net zero around the year 2050 (IPCC
2018) and thus implies for Germany the rewetting of an average of almost 50,000 ha of arable land and
grassland every year within the next three decades (Tanneberger et al. 2021). Obviously, land use
changes of this magnitude can only be managed in cooperation with farmers, landowners and the local
people living in peatland-rich regions and have to take the socio-economic benefits currently derived
from drained peatlands (like income and employment in rural areas, Schaller et al. 2018) into account.
Consequently, paludiculture as a land use concept for rewetted peatlands is receiving increasing
attention, because it addresses the need of both emissions reductions and rural livelihoods.

Paludiculture is the productive use of wet or rewetted peatlands in a way that the peat carbon reservoir
is preserved and CO; emissions are minimized. Paludiculture has the potential to avoid or reduce
manifold dis-services connected to drainage-based peatland use (cf. Wichtmann et al. 2016). The term
‘paludi-culture’ was coined in the 1990ies based on the Latin words ‘palus’ (swamp) and ‘cultura’ (care,
cultivation) in analogy to established terms like ‘agri-culture’, ‘horti-culture’ and ‘silvi-culture’. The
term was initially introduced for growing slightly humified Sphagnum peat on a rotational basis as a
renewable resource for horticulture (Joosten 1998). The definition was later broadened to include all



climate-friendly production of biomass on wet and rewetted peatlands (Wichtmann & Joosten 2007).
In contrast to drainage-based productive use or abandonment after rewetting, paludiculture can
balance provisioning, regulating, and cultural ecosystem services (Luthardt & Wichmann 2016). The
worldwide growing interest in paludiculture is reflected by intensified research activities with the focus
being on Europe (Geurts et al. 2019, Mulholland et al. 2020) and South-East Asia (Tata & Susmianto
2016, Budiman et al. 2020, Uda et al. 2020, Giesen 2021, Tan et al 2021, Ziegler et al. 2021).

Providing sustainable income opportunities for peatland farmers will facilitate the necessary
restoration of degraded peatland functions and ensure a just transition to a climate-friendly peatland
agriculture. In addition, biomass from cultivated wetland plants can provide valuable, renewable raw
materials to contribute to decarbonising the economy. The global ‘Database of Potential Paludiculture
Plants’ (DPPP) currently contains 1128 plant species that thrive under wet conditions and have a
potential to be used as food, fodder, medical plants, raw material for industrial processing, fuel or
growing media. Markets for products made of the above-ground biomass of 250 of these species already
exist (Abel et al. 2013, Abel 2016). Experiences with and research on the economic viability of the
utilisation of wet peatlands are, however, still rare, but are a prerequisite for large-scale
implementation since land users adopt sustainable practices only “if they are practical and financially
viable” (Rawlins & Morris 2010).

This doctoral thesis addresses the lack of knowledge on land use options for wet peatlands, especially
on costs and benefits at the farm level. The economics of paludiculture is an emerging research field
that is so far restricted by the lack of large-scale implementation and long-term practical experience.
Two research areas appeared, however, suitable for economic studies: a) traditional wet peatland use
options, including large-scale conservation management, and b) new paludiculture pilot sites.
Accordingly, I selected the two most promising and currently most advanced paludicultural practices
on fen and bog peatlands, respectively; in Europe:

a) Harvesting natural reed beds (Paper I, II, III)
b) Cultivating Sphagnum mosses (Paper IV, V).

At this stage, research can hardly build up on established procedures or standard cost data but needs
to follow explorative approaches. To answer the overarching question “Can paludiculture be an
economic alternative to drainage-based peatland use at farm level?” this thesis focused on the
following issues:

1) Practical feasibility: What procedures, methods and techniques are required to implement reed
and Sphagnum paludiculture?

2) Profitability: What costs and benefits occur? How can economic viability be assessed?

3) Market prospects: What are the prospects of the biomass produced for different utilisation
avenues? What area potential for paludiculture can be derived from the market demand?

4) Framework conditions: What further aspects affect decisions on peatland utilisation?

Chapter 2 explains data collection and the methodological approaches applied to explore the
economics of paludiculture. The results for fen paludiculture (reed) are presented in Chapter 3 and for
bog paludiculture (Sphagnum) in Chapter 4, — both chapters address the specific procedures, costs,
profitability, market prospects and area potential. Chapter 5 looks beyond the determinants at the
farm level and discusses how legal and policy regulations affect the profitability and feasibility of
paludiculture. Chapter 6 provides an outlook on research needs and next steps for implementing
paludiculture.



2 Materials, methods and study areas

2.1 The triangulation of data sources and methods

This thesis adds to the field of problem-driven interdisciplinary ‘sustainability science’ (Kates et al.
2001) and its central component ‘land-use science’, which studies land use (change) at the interface
of social systems and ecosystems and its implications for the global environment (Miiller & Munroe
2014). Exploring the economic feasibility of paludiculture required an interdisciplinary approach,
combining quantitative and qualitative methods from economics, social sciences and ecology (Table 1).

Table 1: Methods applied to study the four aspects of economic feasibility of reed and Sphagnum paludiculture

Reed Paper Sphagnum Paper
Peatland type - Fen - Bog
Management - Low-input: harvesting - High-input: rewetting and
intensity established stands stand establishment
Biomass - Thatching, combustion, - Founder material, orchid
utilisation biogas generation cultivation, peat substitute
1) Practical - Study area: winter and | - Study area: pilot trials on v,V
feasibility summer harvest of reed former bog grassland, cut-
stands in Germany, over bog, artificial water
Netherlands, Poland, Austria bodies in Germany
2) Profitability - Field measurements, semi- | - Field measurements v,V
structured expert interviews, (biomass production, bulk
standardised questionnaire, density, time requirements),
literature review expert interviews
- Cost-revenue-calculations - Investment appraisal
- Stochastic scenario analysis - Sensitivity analysis (low /
medium / high values)
3) Market - Semi-structured 1l - Literature review (focus on \'
prospects questionnaire, literature Europe and Germany)
and area review, trade statistics

potential (Europe)
- Survey among thatchers, 11
(structured questionnaire,
Northern Germany)

4) Framework - Document analysis, I, - Document analysis, \'
conditions literature review literature review
- Expert interviews - Expert interviews

Procedures and costs of paludiculture were studied in transdisciplinary research projects in close
cooperation with practitioners. The case of reed represents traditional ‘low-input’ paludiculture, i. e.
the utilisation of existing ‘wild’ vegetation stands. The case of Sphagnum represents novel ‘high-input’
paludiculture including construction works, stand establishment and water management required for
the active transformation from drainage-based peatland use to paludiculture. For both produces, I
investigated three different biomass utilisation avenues, using a variety of data sources and methods:
pilot trials, field measurements, semi-structured expert interviews, structured questionnaires as well
as secondary data from trade statistics and literature. Data analysis for profitability assessment
included extended contribution margin calculations (reed) and investment appraisals (Sphagnum). I
conducted stochastic scenario analysis (reed) and sensitivity analysis (Sphagnum) to account for the
range of data values and uncertainty related to costs, yields and revenues. The geographic focus was
primarily on Northern Germany (e. g. Sphagnum farming trials in Lower Saxony, survey among reed
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thatchers). I also addressed the European level (e. g. practical experiences with harvesting reed in other
countries, European Union Common Agricultural Policy) as well as the global trade of reed and
Sphagnum. From the novelty of the topic follows a lack of information, perspectives and data for
comparing and validating the own research results. Therefore, this thesis puts special emphasis on the
triangulation of data sources, methods for data collection and methods for data analysis.

2.2 Harvesting reeds

Common reed (Phragmites australis) is a tall, thin, highly productive grass that can be found in wetlands
all around the world and has a long history as a plant used by humans (Haslam 2010). The wide range
of applications encompasses fodder, litter, construction, insulation, pulp and paper as well as energy
generation (Rodewald-Rudescu 1974, Wichtmann 1999, Haslam 2010, Kobbing et al. 2013). The Marsh
Arabs in Southern Iraq are famous for their culture based on reed (Thesiger 2007, first published 1964).
In Europe, the utilisation as a roofing material, i. e. for thatching, is the best known and most common
application.

For common reed, I investigated the harvest of established vegetation stands and compared three
options of biomass utilisation: a) biogas production, b) direct combustion and c) thatching (Paper I).
The stage of implementation ranged from pioneering commercial plants (use as bioenergy feedstock)
to an established international market (thatching material). In-depth, semi-structured interviews were
conducted with reed cutters and landscape managers with extensive (20-30 years) experience in
wetland-adapted machinery, site productivity and revenues in four countries in Central Europe
(Germany, Netherlands, Poland, Austria; n=10). A standardised questionnaire sent to all biogas plants
in Northeast Germany (N=237, 19 % response rate) investigated the use of grass-like biomass and the
willingness to accept biomass from paludiculture. Field work included the measurement of working
time and acreage performance during summer and winter harvest using GPS tracking (logger Wintec
WBT-202). Values for biomass productivity, revenues and harvesting performance were compared with
and complemented by literature data.

The profitability assessment for reed harvesting (Paper I) was based on an extended contribution
margin accounting reflecting that revenues must cover not only variable costs (labour, fuel, machine
care) but also fixed costs of specialised single-purpose machinery (e. g. deprecation, insurance). To
account for uncertainty and ranges of data, I performed stochastic scenario analysis using Monte-Carlo
simulations. Each input variable of the calculation model was given a range of values and a probability
distribution. Interdependencies between single variables were considered by using positive and
negative correlation factors, e. g. between biomass yield and harvesting effort. The software @risk 6
(Palisade Corporation) was used as an add-in for spreadsheet software (Microsoft® Office Excel 2013)
to generate a large number of iterations (n=10,000) for each harvesting regime. Stochastic sensitivity
analysis by Spearman’s rank correlation identified the input variables with the highest influence on
the output values ‘harvesting costs’ and ‘contribution margin’.

Since reed for thatching is the most profitable of the investigated utilisation options (Paper I) and reed
bundles are a globally traded commodity, I assessed the market situation in Europe and Germany. To
provide a comprehensive picture of the European thatching reed market (Paper II), I applied a
triangulation of methods: First, a semi-structured questionnaire answered by different reed experts
(n=14; reed producers, traders, thatchers and representatives of umbrella organisations) allowed to
elicit information on prices and personal insights in changing national demand. Second, analysing EU
trade statistics delivered objective data on volumes exported or imported and their change over time.
Third, extensive literature research collated widely scattered data and was especially valuable for cross-
checking information originating from different periods. To get a detailed picture of the thatching reed
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market and the market potential for reed of regional origin (Paper III), we chose Northern Germany as
study area. In this region, traditional reed cutting is maintained at a small-scale and reed thatched
houses are common near the coasts of the North Sea and the Baltic as well as in areas rich in inland
water. We focused our study on thatching companies being the key actors in the value chain by linking
the final demand with the market for raw materials. All identifiable companies were provided with a
combined mail and internet questionnaire using the web-based software tool EvaSys (N=141, response
rate: 33 %). Extrapolating the survey data at a 95 % confidence interval allowed to estimate the total
market volume of reed for thatching in bundles and monetary values, the market volume and market
potential for reed of regional origin and the respective potential for cultivating reed for thatching in
paludiculture.

2.3 Cultivating Sphagnum mosses

Biomass from Sphagnum species has been traditionally gathered locally for a wide range of applications
and is nowadays mainly used for orchid cultivation (Paper V). The commercial collection from wild
Sphagnum populations takes place in countries with extensive peatlands (e. g. Finland, Reinikainen et
al. 2012) or Sphagnum-dominated (secondary) wetlands (‘pomponales’ in Chile, Diaz et al. 2008,
Domingues 2014). ‘Sphagnum farming’ was initially considered as a means to provide Sphagnum
biomass as an ‘inoculum’ for peatland restoration (Money 1994), but has been progressed as a new
agricultural crop, especially to produce a renewable substitute for slightly decomposed ‘white peat’ in
horticulture (Gaudig et al. 2018).

Pilot trials have demonstrated the practical feasibility of establishing Sphagnum cultures on former bog
grassland, cut-over bogs and mats floating on acidic waters bodies resulting from peat, sand or lignite
mining. I conducted a first assessment of the cost of establishing commercial Sphagnum cultures at
these three site types and compared the relevant establishment procedure (Paper IV). In a first
qualitative step, I defined how Sphagnum cultures are established and which costs must be considered
based on the experience of pilot trials in four German research projects (2004-2015). The second,
quantitative step determined costs and time requirements based on real-life data from pilot trials, long-
term experience of preparing cut-over sites for rewetting and restoration and information on costs
provided by enterprises involved in the projects. I conducted dynamic investment calculations and
tested the effect of different total cultivation times (5, 10, 20 years) and interest rates (3 %, 5 %) on the
annuity of the initial establishment costs and related costs of the harvested yields.

Former bog grassland appeared to have the highest area potential for commercial Sphagnum farming
in Germany (Paper IV). Therefore, this land category was chosen to conduct further economic studies
based on real-life data and a first profitability assessment, using the pilot site Hankhausen near Rastede
in Lower Saxony, Northwest Germany (53° 15.80' N, 08° 16.05' E) (Paper V). The main land use in that
study area is drained bog grassland used for dairy farming and, to a lesser extent, suckler cow
husbandry. The field trial was established in 2011 on a 4 ha site with a net area of 2 ha of Sphagnum
production fields, the remaining area being occupied by causeways and ditches. In 2016, the first
harvest provided Sphagnum shoots as founder material for the extension of the Sphagnum farming trial
to about 14 ha (net: 5.6 ha).

The data from the first five years, including one full rotation cycle with site establishment, management
and harvest, were used to calculate costs and revenues for a cultivation time of 20 years with four
harvests. Costs and revenues are spread irregularly over the total cultivation time, as is common for
permanent cultures. Sphagnum farming requires a high one-off investment for establishment at the
start. Management costs occur every year. Costs for harvesting, transport and processing as well as
market revenues arise every five years. Therefore, I conducted an investment appraisal discounting all
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cash flows of costs and revenues to a Present Value. I conducted a sensitivity analysis for the costs (high
and medium cost level for establishment and management) and yields (productivity, bulk density)
based on the real-life data from the Sphagnum fields. For the revenues I calculated low, mean and high
price levels linked to three different utilisation avenues: a) high-quality alternative to white peat in
horticultural growing media, b) raw material for orchid cultivation and c¢) founder material for
Sphagnum farming or bog restoration. In addition, the effect of annual public non-market payments
on profitability and break-even price was tested. Furthermore, the prospects of Sphagnum biomass for
different ‘niche markets’ and as a renewable substitute for peat in horticulture were assessed in
Paper V.

3 Paludiculture on fens: harvesting reeds

3.1 Harvesting procedures for reed-dominated vegetation stands

An economic summer harvest of fen species like common reed (Phragmites australis) and sedges (Carex
spp.) requires machines adapted to water-saturated soil. Special machinery is also needed for winter
harvest since long and strong enough frost periods do not occur every year in Central Europe. ‘Seiga’
machines, equipped with balloon tyres, have been used to harvest thatching reed since the 1950s.
Modified snow groomers and newly developed special-purpose tracked machinery are increasingly used
for biomass harvest, including the large-scale conservation management of fens. This special
machinery is characterised by a low ground pressure as well as specific harvesting devices adapted to
the intended utilisation avenue for the biomass (Paper I).

The summer-harvested green chopped biomass (chaff) can be processed in a dedicated biogas plant to
generate gas for power and heat. Cutting and windrowing are conducted with a rotary mower or cutter
bar in one pass, and the swath is picked up by a forage wagon or gathered by a chopper and placed into
a trailer. Funds for conservation management to maintain habitats of target species or remove
nutrients initiated the development of efficient mowing machines adapted to wet peatlands; biomass
processing is, however, rarely established. The high costs of transporting fresh biomass with a high
water content restrict processing to local markets. Biogas generation seems to be suitable since biogas
plants are widely established, but a survey among biogas producers conducted in 2012 revealed a low
acceptance of fen biomass (Paper I).

Biomass for direct combustion is harvested on dry winter days when its moisture content is sufficiently
low to cut and press the reed into round bales in a single pass. A separate vehicle equipped with a crane
picks up the bales and transports them to the edge of the field. Although specialised machines for
harvesting bales have been tested in pilot trials in Austria and were further developed in recent years
by Dutch and German companies, mature machinery is still lacking. In contrast, winter harvested reed
biomass is well suited for combustion in state-of-the-art furnaces designed for materials such as straw
or Miscanthus. Harvest for direct combustion enables the utilisation of sites that do not meet the
quality demand of thatching reed, including heterogenous or old vegetation stands (Paper I).

High-quality thatching reed is harvested in winter when the leaves have fallen and moisture content is
low. In one pass, the long, straight culms are mown with a cutter bar, brushed for initial cleaning and
bound into bundles with a circumference of approximately 65-70 cm. A separate vehicle transports
large bales of several hundred bundles to the edge of the field. After further drying, every single bundle
is opened, cleaned and bound into tight bundles (55-60 cm circumference) ready for sale and thatching
(Paper I). Reed for thatching is the most established option with mature harvesting technology,
sophisticated high-value application and a commodity traded on the global market.
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3.2 Profitability of harvesting reeds for biogas production, direct
combustion and thatching

Cost accounting clearly showed that there is not one valid answer whether paludiculture is profitable.
With current knowledge and limited experience, single point estimates of profitability are easily
miscalculated. Monte Carlo simulation provided a more accurate picture of reality by showing the
possible range of loss or profit and the risk of loss (Fig. 1). In addition, the maximum of the probability
density function (mode) can be used as robust point value. Over all three harvesting regimes, the
income left after subtracting variable costs and fixed machinery costs (defined as contribution margin
II) ranged from ca. € — 1000 to€ 1500 ha'a’! (Paper I).

Harvesting chaff for biogas production is not profitable (range:€ - 1036 to€ 179 ha'a!, mode: € - 195,
risk of loss: 98 %) (Paper I), because wetland biomass is low in demand for anaerobic digestion and the
price consequently similarly low. Digestibility and methane yield are lower compared to standard
substrates as maize silage. Furthermore, most of the existing plants (53 %) were not adapted to process
grass-like biomass. Agricultural subsidies for wet grassland and agri-environmental payments are
needed to cover harvesting costs and allow summer harvest to be an established practice — but usually
without commercial use of the biomass.

Direct combustion of winter harvested bales may cover harvesting costs (range: € — 287 to € 677 ha™!
a’!, mode: € 53, risk of loss: 18 %), except when several influential input variables have pessimistic
values such as a low revenue level and a low acreage performance of mowing and baling (Paper I). The
economic viability depends especially on the regional price for straw, that competes with reed, the
distance to the combustion plant and legal and policy regulations, which currently disadvantage the
winter harvest of reed compared to summer harvest.

Harvesting bundles for thatching is the most profitable option and the probability of a loss was near
zero (range: €-162 to € 1542 ha! a’!, mode: € 572, risk of loss: <1 %). Its high revenue favours
harvesting reed for thatching rather than for combustion or biogas production despite having the
highest harvesting costs (Paper I). In Germany, this most profitable utilisation avenue suffers from the
loss of wetland area during the 20™ century, nature conservation law restricting reed harvest both in
space and time, the restricted availability of high-quality reed, as well as by thatch not being considered
an agricultural product and consequently not being eligible for agricultural subsidies (Paper I,
Paper III).

Next to biomass yield and price, which strongly influence profitability, the acreage performance of
harvesting and transporting machinery plays a decisive role in all production regimes. Improved
technology and logistics, increased capacity utilisation of machinery and economy-of-scale effects are
expected to reduce costs compared to currently used immature prototypes or modified second-hand
snow-groomers. In addition, acreage performance depends greatly on the specific site conditions like
soil trafficability, uneven surface, amount of shrubs, field sizes and access points (Paper I).
Transforming agriculturally used peatlands into paludiculture sites taking into account the special
requirements of biomass harvest and logistics (cf. Schroder et al. 2015) will very likely improve acreage
performance compared to the study sites.
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Figure 1:Results of the Monte-Carlo simulation for three variants of reed biomass supply for material and energy use. The grey curves

represent the results of the contribution margin accounting (number of iterations: 10,000). The cumulative distribution function
reflects the probability that the result takes a value of x or less, implying in the case of x < 0 a risk of loss. (Wichmann 2016, after

Paper 1)

5.3 The European market of thatching reed

Until today, thatching is the best known and most common application of reed in Europe with reed
roofs having a landscape defining character, especially in many coastal regions. Every landscape has a
traditional regional building and thatching culture with specific house types, roof shapes, or materials
used for the roof ridge. Today, reed is also used for new applications in modern architecture, for
instance also for thatching walls (Paper III). Despite its long tradition as locally available, cheap
thatching material, reed thatch is nowadays an internationally traded commodity.

A first review of the European market (Paper II), analysing total consumption, imports and exports
since 1990, revealed a discrepancy between consuming and producing countries. Major reed consuming
countries in Western Europe, mainly Germany, the Netherlands, the United Kingdom and Denmark,
rely for up to 85 % on imports to meet the national consumption. Exporting countries were mainly
located in Southern and Eastern Europe, especially Romania, Ukraine, Hungary, Poland, Austria and
Turkey. High dynamics in the amounts of reed traded among countries were observed. Since 2005, reed
from China accounts for a considerable share of the European market with exports mainly to the
Netherlands. Many other European countries are known to have reed thatching traditions, but exports
or imports are of less importance for the international market, e. g. Belgium, Ireland, Luxembourg,
Italy, France, Lithuania, Latvia, Estonia, Sweden and Finland. The total demand of the European market
has increased since 1990 and currently amounts to approximately 15 million bundles per year. All
stakeholders involved in the reed business expressed strong concern that the domestic supply will
further decline and the dependence on imports will increase. The shortage of reed leads to the trade of
bad quality material, which likely contributes to the early or premature decay of single thatched roofs

(Paper II).
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3.4 Market prospects of domestic reed in Germany

Germany has a long and living tradition in reed thatching. The German UNESCO commission included
the thatcher’s craft in the Inventory of Intangible Cultural Heritage. The first in-depth analysis of the
market for thatching reed (Paper III) revealed for Northern Germany 141 companies working with reed
as thatching material and 62 % of the responding companies being specialised in using reed as the only
roofing material. Less than 9 % of the responding companies harvested reed, and another 26 % had
given up reed cutting during the last decades. In the year 2018, reed from Germany held a low share of
17 % of the total consumption. If we include reed from the neighbouring Polish part of Pomerania,
about 20 % can be considered as ‘regional’. The share of the reed imported from China was 16 %. Other
important reed producing countries exporting to Germany hold a share of 63 % of the reed used in 2018
(Paper III). The majority of reed (59 %) was used for rethatching existing buildings completely, 24 %
for newly constructed roofs and 17 % for roof repairs (Paper III).

All thatchers (100 %) stated that the quality of reed, as for instance cleanliness (91 %) and culm length
(87 %), is an important purchasing criterion. The origin of the reed was a relevant criterion for 54 % of
the respondents and the price was mentioned only by one third (Paper III). Regional reed was generally
judged to be equal in quality compared to other origins (mean: 3,97, Likert scale 1-7). All those
thatching companies engaged in harvesting reed, however, considered regional reed of superior quality.
The majority of the thatchers (70 % of respondents) do not promote reed of regional origin to their
customers due to insufficient supply as the first (50 %) and poor quality, e. g. regional reed being too
short or too soft, as a second reason (31 %). The majority (69 %) of these thatchers, not yet promoting
domestic reed, would be willing to offer the utilisation of reed of regional origin to their customers and
86°% of the thatchers already promoting domestic reed would be willing to offer more (Paper III).

The survey results for the year 2018 were extrapolated to the entire thatching market in Northern
Germany. We estimated a total market volume of 3 # 0.8 million bundles and a market value at sales
prices of € 11.6 = 2.8 million. The current market volume of domestic reed is estimated at 0.5 million
bundles. Based on the share of costumers asking explicitly for regional reed, more than double the
number of bundles of regional origin could have been sold, resulting in a market potential for domestic
reed of 1,034,000 = 367,000 bundles and a market value of € 3.7 = 1.3 million (Paper III).

3.5 Potential area demand for cultivating reed

From the market studies (Paper II, III), it can be concluded that a demand exists for more and above
all more high-quality thatching reed of regional origin. Cultivating reed in paludiculture may improve
both quantity and quality of regional reed as a traditional ecological roofing material. The cultivation
of reed may range from shifting the harvest season from summer to winter, over improved water
management, the planting of pre-cultivated seedlings for stand establishment, up to the selection of
provenances, genotypes, or even breeding for improved reed quality (Paper III). Several pilot trials
proved the feasibility of planting reed for establishing reed stands and practical experience with the
commercial harvest of planted reed stands is available. Research on how to achieve and improve
thatching qualities of reed cultivated on rewetted peatlands is in progress. The identified supply gap
can be filled by an additional harvest area of about 1000 ha. If we consider that 70 % of the responding
thatchers do not yet promote reed of regional origin to their customers, the potential can be larger than
calculated. In terms of area demand, 6000 = 1600 ha with an average yield of 500 bundles per hectare
would be sufficient to produce all 3 million bundles of the current total German market (Paper III). To
be on the safe side, e. g. to accommodate for harvest failures, an area of 10,000 ha would be more than
sufficient.
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4 Paludiculture on bogs: Sphagnum farming

4.1 Procedures of Sphagnum farming

To ensure high Sphagnum productivity in Sphagnum farming, site selection, planning, establishment
and management must focus on an optimal water supply avoiding both drought and flooding as well as
on suitable soil and water quality. Soil-based Sphagnum cultures on degraded bogs require a site
preparation that includes the provision of an even surface, the installation of infrastructure for water
management (pump, inflow, irrigation ditches or pipes, outflow) and causeways as management and
harvesting infrastructure (Paper IV, cf. Gaudig et al. 2018). In the test site Hankhausen on former bog
grassland, the degraded, nutrient rich and limed top soil was removed (30— 50 cm) and Sphaghum
fragments were spread onto the bare peat surface using an adapted snow-groomer with a mounted
manure spreader. Management included the site maintenance, i. e. regular weed mowing, cleaning of
irrigation ditches, mulching of causeways, and the electronically controlled automatic water
management. Harvest took place with an excavator standing on the causeway and equipped with long
arm and mowing bucket, loading the biomass into a tractor pulled dumper. Biomass was processed
(drying, cleaning, screening) by standard equipment in a commercial growing media plant.

Water-based Sphagnum cultures on acidic water bodies have the advantage of a permanent water
supply. The intention is to imitate floating rafts in flooded peat pits known to support high Sphagnum
productivity (Money 1994, Joosten 1995). Cultivation on water required the production of floatable
mats (panels of polystyrene foam) ensuring permanent buoyancy as well as a constant supply of water
to the mosses (via a polypropylene fleece) (Paper IV). Sphagnum fragments were stitched onto a
carrying material and these pre-fabricated Sphagnum mats were rolled out on the floating mat, either
directly after manufacture or after a period of soil-based pre-cultivation under sheltered conditions.
Installation, but also the management and harvesting of the mats require more effort (e. g. time and
work safety) than soil-based work. Further challenges include damage by wind, waves, ice-drift as well
as waterfowl using the mats for roosting and nesting. Fluctuating water levels caused problems on
shallowly flooded cut-over bogs (Paper IV).

4.2 Comparison of establishment costs of water- and soil-based Sphagnum
cultures

Compared to soil-based Sphagnum cultures, water-based cultures had by far the highest
establishment costs per net production area encompassing € 17.34 m2 without and € 21.34 m2 with
pre-cultivation of Sphagnum mats (Paper IV). The main factor was the high production costs of the
pre-fabricated mats (54 and 63 % of the total costs). Furthermore, the durability of cultures on mats is
insufficiently understood and disposal costs for the mats must be considered in addition to
replacement costs. Water-based cultures very likely involve a shorter total cultivation time (9 — 10
years) and intermediate costs for re-establishing Sphagnum mats, which will increase the
disadvantages of high initial costs. The total cultivation time strongly influenced the calculated
annuities whereas altering the interest rate (3 %, 5 %) had limited effect.

For soil-based Sphagnum cultures, a longer total cultivation time (20 years) appears to be reasonable
and the establishment costs were considerably lower (€ 8.35 m to € 12.80 m?) (Paper IV, Paper V).
The lowest costs relate to cut-over bog, mainly because the bare peat surface remaining after peat
extraction reduces the effort for site preparation. The purchase of Sphagnum shoots (€ 750 m™) was
most influential with 46 % of total establishment costs on former bog grassland and 71 % on cut-over
bog (Paper IV). Cultivating own founder material on the pilot site on former bog grassland reduced its
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costs by 41 % (Paper V). The second most important cost element was the investment costs for the
water management which may vary widely depending on the choice of the irrigation system (€1 to
€4.59 m %) (Paper IV). The high investment costs related to installing a power supply and an
electronically controlled automatic water management system were proportionally reduced by half
(€ 2.22 m?) once the infrastructure was used for a larger moss production area. Total establishment
costs on former bog grassland could be investigated twice. I calculated costs of € 127,862 per hectare
production field in 2011 and € 98,446 ha! in 2016. Less than € 50,000 ha’!, i. e. € 5 m?, seems feasible
based on current knowledge (Paper V).

4.3 Profitability of Sphagnum farming on former bog grassland

The pilot site on former bog grassland allowed the first cost and profitability assessment for large-scale,
mechanically implemented Sphagnum farming (Paper V). Five years of real-life data — from the
establishment to the first harvest — were analysed and extrapolated to a total cultivation time of
20 years. The investment appraisal, discounting all cash flows of costs and revenues to a Present
Value, revealed that the total of annual management costs exceeded the high one-off
establishment costs. The Present Value of the revenues ranged very widely from € 18,000 to
€ 2,312,000 ha! depending on yield and price of the various utilisation avenues. I found
that Sphagnum biomass cultivated as raw material for horticultural growing media cannot compete
with peat at its current market price (25 € m3), which excludes the external costs of peat
extraction. Cultivating Sphagnum is economically viable for orchid cultivation (165 € m™) in the case
of medium to high Sphagnum vyields at low bulk density (Fig. 2). Selling Sphagnum shoots as
founder or ‘seeding’ material is profitable even in the most pessimistic scenario with high
costs, high bulk density and low yields. The break-even price with a maximum of € 423 m?3
lies well below the € 750 paid for the founder material for setting up the pilot trial.

Low yield Mean yield High yield
Productivity [t halal] 3.1 4.9 6.8
Harvested yield [t hat a?] 2.0 3.2 4.4
Bulk density [g L] 38 20 38 20 38 20
“Seeding material”
Orchid cultivation X X X
Peat substitute X X X

Figure 2: Profitability of Sphagnum farming depending on yield (productivity, bulk density) and prices for various utilisation avenues:
green checkmarks indicate profitable combinations, the red cross symbolises negative Net Present Values i. e. the Present Value of
Revenues is lower than the Present Value of the Costs (after Paper V).

[ identified a high potential for optimisation and cost reduction decreasing the calculated break-even
price by 20 % in the medium cost scenario compared to the high cost scenario. Key factors for further
cost reduction are minimising topsoil removal, a decreasing price of founder material (own production
or mass propagation), cost-efficient infrastructure for water management, optimising weed
management (e. g. machinery, frequency) and scale effects (Paper V). Revenues can be increased by
increasing Sphagnum productivity through selecting high productive species, provenances and breeds
(Gaudig et al. 2018). Addressing niche markets (e. g. founder material) and established high-value
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markets (e. g. orchid production) with higher prices most feasibly covers the high production costs of
Sphagnum farming at the pioneering stage. An assumed non-market income of € 1300 ha’l, i.e.
eligibility for agricultural direct payments and the remuneration of external benefits, decreased the
break-even price slightly by 6 %. The largest effect was identified for the prices paid for the horticultural
end products. If end consumers pay a surcharge of 10 % for peat free cultivated plants, cost-covering
prices for Sphagnum biomass substituting peat seem achievable already today (Paper V).

4.4 Market prospects of Sphagnum biomass

The price for the produced Sphagnum biomass has, not surprisingly, the highest effect on profitability
as especially shown for founder material for Sphagnum farming and bog restoration relying on regional
provenances (Paper V). Other high-value ‘niche market’ applications ensuring high revenues
encompass substrates for carnivorous plants, for vivaria with amphibians, reptiles and spiders, or for
hanging baskets, wreathes and vegetation walls. Using Sphagnum material as insulation and packaging
material, for food preservation, medical dressings, nappies and sanitary towels are among traditional
as well as current applications. New utilisation options will likely develop based on newly emerging
biological properties and compounds, such as Sphagnum extracts as sources of natural sunscreen
(Paper V). A recent study characterises Sphagnum moss as an ideal novel growth medium for indoor
agriculture which is considered important to ensure future global food security (McKeon-Bennett &
Hodkinson 2021).

The main reason for Sphagnum biomass being collected in wild populations and globally traded as a
high-value commodity with the image of ‘Green Gold’ is its application in the orchid sector (Paper V).
In China, Sphagnum is cultivated on mineral soils as a high-value product for orchid production
resulting in individual incomes that are about eight times higher than rice cultivation in the same area
(Ludwig 2019). Europe plays a minor role in the worldwide Sphagnum market (Paper V). To produce
the total quantity of 9,000 m™ of Sphagnum imported to The Netherlands, France and Germany in 2013
would require 41 to 167 ha of Sphagnum production fields with high to low yields (Paper V). While
high-value applications are important to start up commercial Sphagnum farming, addressing larger
markets is necessary to establish Sphagnum farming as a sustainable, climate-smart alternative to
predominant drainage-based bog grassland farming in NW Germany (Paper V).

Sphagnum biomass is a high-value constituent of growing media having similar properties as slightly
humified Sphagnum peat (‘white peat’). Sphagnum biomass has been successfully used in potting
substrates for a wide range of horticultural applications with shares up to 100 %. In contrast, other
renewable raw materials for growing media such as green-waste compost, composted bark and wood
fibre have limited qualitative suitability to fulfil professional demands and their application rates
remain low. The total volume of growing media used in Europe amounts to 35 million m? with Germany
being the most important producer country responsible for a share of 24 % (8.4 million m%) (Paper V).
Germany’s growing media industry has an annual demand of ~3.5 million m? of ‘white peat’ (Paper IV)
and of ~3.2 million to 6 million m? of highly decomposed ‘black peat’ (Paper V). The German climate
protection program (BMU 2019) includes a peat reduction strategy that shall lead to near-total
elimination of peat in the hobby sector within 6 -8 years and a far-reaching replacement in
professional horticulture within a decade. In terms of quality, Sphagnum biomass can contribute
considerably to reaching these ambitious goals; the current availability is, however, marginal due to
the small cultivation area.
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4.5 Potential production areas for Sphagnum farming in Germany

For all three types of Sphagnum culture, i. e. on bog grassland, cut-over bog or acidic water bodies, the
potential production areas in Germany were assessed (Paper IV). About 70 % of Germany’s remaining
bog area is in Lower Saxony. Grassland is the dominant land use on bogs encompassing 90,000 ha, thus
constituting the largest area potential for Sphagnum farming. About 30,000 ha of the bog area is
allocated to peat extraction of which the majority will be rewetted for restoration by 2040 and only for
about 500 ha of the ongoing peat extraction area an agricultural after-use is intended. In the case of
acidic artificial water bodies, by far the largest area is provided by lakes resulting from opencast lignite
mines, but for various reasons only a quarter, at maximum, seems appropriate for Sphagnum farming,
i. e. about 10,000 ha. Considering the very high establishment costs for water-based culture and the
small area potential of cut-over bogs, Sphagnum farming on former bog grassland offers the highest
theoretical potential in Germany. A net moss production area comprising 35,000 ha of the 90,000 ha of
bog grassland in Lower Saxony could produce sufficient Sphagnum biomass to completely replace the
current ‘white peat’ requirement of the German growing media industry (Paper IV). However, the
framework conditions, especially current legal and policy regulations, hamper the shift from drainage-
based peatland use to sustainable Sphagnum farming.

5 Framework conditions affecting feasibility of paludiculture

The relation of revenues from selling biomass to its production costs is an important piece of the
paludiculture feasibility puzzle. However, framework conditions ultimately determine whether a
balanced provision of ecosystem services is hindered or encouraged in peatlands used for agriculture.
Legal or policy regulations and the potential remuneration of external benefits have a decisive
influence on the profitability and feasibility of paludiculture (Paper I).

Most contexts currently support the continuation of conventional agriculture, despite increased
awareness of drained peatland dis-services. A lack of policy coherence is observed, especially ignoring
climate policies when planning land-use or agricultural policies (Paper I). Throughout the EU, the
Common Agricultural Policy (CAP) strongly influences peatland use by supporting continued drainage-
based agriculture, e. g. via direct payments (Pillar I) but also agri-environment measures (pillar II),
which most often do not prescribe raised water levels (Wichmann 2018, Paper V). The current CAP
increases the profitability of drainage-based agriculture artificially since the public payments make up
a considerable share of the income, e. g. for dairy farming on drained bog grassland in NW Germany
(Paper I, V). In contrast, winter harvested reed stands in Germany are not eligible for direct payments.
The classification of reed thatch as non-agricultural product causes not only unequal economic
conditions, but also limits the area of land available for reed cutting. Despite lacking biomass
utilisation, land managers prefer to mow wet grassland in summer to receive EU subsidies and thus
impede a winter harvest for thatching (Paper III). The European Court of Auditors (2021) criticised the
CAP for attributing € 100 billion of funds to climate action without achieving significant mitigation
effects (2014 - 2020) and for supporting farmers for cultivating drained peatlands, which emit 20 % of
EU-27 agricultural GHG. The negotiations on the new CAP failed, however, to initiate the necessary
transition at the European level. The support of peatland drainage and discrimination of paludiculture
will most likely continue for another decade. However, member states may integrate incentives for
rewetting and paludiculture in their national strategic plans and thus stimulate implementation as was
shown by Polish agri-environmental payments, which initiated the management of wet fen peatlands
on over 10,000 ha (Paper I). Cost data elaborated in this thesis may inform policy makers for
determining payment heights e. g. to support investment in peatland rewetting and establishing
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paludicultures, purchasing special-purpose harvesting machines, ensuring high water levels and
harvesting of biomass from wet peatlands.

Apart from agricultural payments, legal regulations on the general protection of permanent grassland
and nature conservation law affect the implementation of paludiculture. European and regional
regulations limit the transformation of grassland into permanent cultures, e. g. with Sphagnum mosses
and common reed, thereby ignoring that organic and mineral soils require different measures for soil
carbon protection (GMC & DVL 2021) as well as the proven value of paludicultures as habitat for
endangered peatland species (e. g. Muster et al. 2015, 2020, Tanneberger et al. 2009).

As long as drainage-based peatland farming is not restricted by regulatory law and spatial planning, its
opportunity cost impacts the commercial viability of paludiculture; the profit to overcome usually
increases with the intensity of current land use and varies greatly among countries and regions
(Paper I, Buschmann et al. 2020). For Germany, peatland restoration was identified as the most cost-
efficient land use based greenhouse gas abatement measure, especially in NE Germany (Roder et al.
2015). So far, socio-economic studies on peatland rewetting have been assuming either the
abandonment of productive use in case of water levels near the surface (e. g. Roder et al. 2015) or an
adaptation to moderately higher water levels, including declining suitability of the biomass for
conventional farming and decreasing market revenues (Schaller 2014, Krimly et al. 2016). Studies on
an active transition to paludiculture with new approaches and farming perspectives are largely lacking.
Changing conditions, such as higher production costs in peatlands due to rising water tables, increasing
energy prices, and technical progress in processing biomass, will favour for instance future reed
cultivation in contexts in which it currently cannot compete with conventional agriculture (Paper I).

From the societal perspective, stopping drainage and raising peatland water levels to the surface is
indispensable to contribute to climate protection. To avoid disruptive changes in peatland-rich regions,
it is crucial to clearly communicate this far-reaching objective, to develop a new perception of
peatlands acknowledging their multiple benefits and to plan the long-term transition. Creating new
‘wet wilderness’ according to the ‘land sparing’ concept, i. e. the spatial segregation of agricultural
areas and natural areas, enhances biodiversity and may initiate the development of new income
opportunities based on environmental education and eco-tourism. The ‘land sharing’ concept
integrates productive use and conservation on the same area of land and ideally considers bundles of
ecosystem services (Grau et al. 2013) as it is inherent to paludiculture. Reasons for favouring
paludiculture over abandonment after peatland rewetting may include a higher local acceptance for
productive use, the demand for crops with specific biomass properties, an increasing demand for
renewable raw material and energy and specific management needs to meet nature conservation
targets.

Changing the framework is an essential strategy to move paludiculture as a sustainability innovation
from its current classification as a marginal phenomenon to a transformational path (Ziegler 2020). To
align agricultural policy to climate policy, agricultural subsidies for drainage-based peatland use need
to be phased out in a first step and in a second step higher water levels should be prescribed. To initiate
the paradigm shift to climate-smart agriculture on peatlands, a set of attractive economic incentives
will be necessary such as compensating for the high initial investment, facilitating large-scale
implementation by supporting advice and cooperation, long-term schemes remunerating reduced GHG
emissions as well as the provision of other ecosystem services and increasing market demand for
climate-friendly products, e.g. via public procurement (Paper V).
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6 Conclusion and Outlook

The high expectations for paludiculture at the policy level contrasts with the lack of knowledge on
practical feasibility and economic viability as well as with the detrimental policy and legal regulations
hampering its implementation. While peatland drainage and reclamation have been elaborated over
centuries, we face the need for fast action and result delivery to meet the challenge of transforming
peatland management within the next three decades.

This thesis provides the first assessment of the costs of large-scale harvesting of reeds and Sphagnum
farming based on real-life data. In particular, it calculates the profitability of these two paludicultural
practices in dependence of different biomass utilisation avenues, identifies optimisation potentials,
analyses the market prospects and estimates the potential cultivation area in Germany. Common reed
for thatching on fen sites and Sphagnum mosses on bog sites combine climate-responsible peatland
management with the cultivation of high-value products. With a total of 383,000 ha of arable land and
852,000 ha of grassland on drained peatlands and other organic soils in Germany (Paper III), they may
provide a solution for a share of less than 50,000 ha (Paper III, IV).

Other, additional biomass utilisation avenues and other crops need to be investigated to provide further
economically viable paludicultural options (Paper III). Wet meadows developed by natural succession
are a low input option, have the least conflict potential with nature conservation and therefore have
the highest potential for large-scale implementation. As biomass utilisation for heat or power
generation is so far less attractive (Paper I), the processing of heterogenous plant material to fibres
suitable for producing paper, packaging, bioplastics, and boards for construction and insulation
(Orozco et al. 2021) might be more promising. Cattail (Typha sp.) has specific structural biomass
properties (aerenchyma) that make it most suitable for light, strong and well insulating construction
material (Krus et al. 2013), but the cultivation is restricted to sites with a surplus of nutrients and water
(Schitzl et al. 2006). Wetland species like reed canary grass (Phalaris arundinacea) may be used for
phytomining based on their ability to take up and concentrate germanium and rare earth elements
(Wiche & Heilmeier 2016). The specific 3D silicon structure in reed (Phragmites australis) leaves allows
for very good electrochemical performance in Lithium-Ion Batteries (Liu et al. 2015), whereas sundew
(Drosera rotundifolia, Baranyai & Joosten 2016) and herbs like meadowsweet (Filipendula ulmaria),
hemp agrimony (Eupatorium cannabinum) and butterbur (Petasites hybridus) (Kersten et al. 1999, Abel
et al. 2013) with medicinal effects may generate high-income at small scale, to name some examples.

To intensify research on the economics of paludiculture, large-scale pilot sites are required to allow for
farm-scale implementation and to improve technical maturity of procedures and machinery. Thus,
assumptions and ‘guestimates’ may be replaced by real-life cost data, and knowledge gaps, e. g. on
productivity and harvested yields, may be overcome. Further experiences under different starting and
site conditions can be gathered, potentials for optimisation and cutting costs identified and long-term
effects studied (Paper I, IV, V). In addition, the micro-economic perspective needs to be
complemented by the societal perspective assessing external effects of peatland restoration and
paludiculture in comparison to drainage-based peatland agriculture and peat extraction. External
effects may be monetised via a bonus (payments for ecosystem services) or malus system (e. g. CO; tax).
Improving the “understanding of the linkage between changes in agricultural management and
changes in resulting flows of ecosystem services is a key element of the research agenda on agriculture
and ecosystem service valuation” (Swinton et al. 2007). Decision making on peatland use alternatives
requires a complete picture of costs and benefits for the whole society, — the profitability at farm level
being only one but a crucial part of it (Paper V).
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The increased awareness of the multiple benefits provided by functioning peatland ecosystems turns
rewetting into the new paradigm in peatland use (Convention on Wetlands 2021). Paludiculture is
considered a key element supporting a just transition for local communities, land owners and farmers.
In former times, large-scale and systematic peatland drainage took place because social elites and
political authorities first investigated and incentivised, then prescribed and finally organised peatland
reclamation — often in times of crisis and wars. Nowadays, it is the climate crisis that requires state
action to initiate the transformation of peatland use via research, incentives, policy and legal
regulations and large-scale publicly financed programmes for peatland rewetting.
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ARTICLE INFO ABSTRACT

Am'd? history: Since disservices and the finite nature of agriculture on drained peatlands are increasingly recognised,
Received 16 July 2015 land use options for wet or rewetted peatlands (paludiculture) are recommended as sustainable alter-
Received in revised form 7 February 2016 natives. Their economic viability at the farm level, however, is largely unknown. This paper addresses

Accepted 14 March 2016

Available online 30 March 2016 managing reed-dominated (Phragmites australis) vegetation stands with special-purpose tracked machin-

ery in central Europe. Three options of biomass harvest for energetic and material use were investigated.
Contribution margin accounting estimated the income left after subtracting variable costs and fixed

g;{:;;?;s australis machinery costs. Stochastic scenario analysis (Monte Carlo method) revealed a wide range of possible
Peatland outcomes from ca. € —1000 to € 1500 ha~! yr~'. Harvesting summer reed for biogas production is the
Wetland management least profitable option, winter mowing for direct combustion can be cost-efficient, and reed for thatching
Tracked machinery is clearly the most profitable. Cumulative probability distributions identified risks of 98%, 18%, and <1%
Profitability respectively, that revenues for biomass cannot cover harvesting costs. The feasibility and competitiveness
Monte Carlo simulation of the three harvesting regimes are principally influenced by the availability of mature technology, legal

restrictions, the entitlement to agricultural subsidies, a remuneration of external benefits, and the oppor-
tunity costs of present farming activities. Therefore, laws and policies determine whether a balanced
provision of ecosystem services is hindered or promoted in peatlands used for agriculture.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction international bodies have recommended paludiculture as a viable
option (EU, 2013; FAO: Biancalani and Avagyan, 2014; IPCC, 2014;

Draining peatlands for agriculture has caused the succes- [UCN: Cris et al., 2014).
sive degradation of ecosystem functions. The resulting loss of Since land users adopt sustainable practices on peatlands only
biodiversity, nutrient discharge, greenhouse gas emissions, soil “if they are practical and financially viable” (Rawlins and Morris,

degradation, and subsidence have led to increasing recognition 2010), the issue is the extent to which paludiculture - besides
of and value placed on ecosystem services provided by wet providing external benefits — is profitable at the farm level. The
peatlands (Maltby, 1986; Joosten and Clarke, 2002; Groot et al., database of potential paludicultural plants (Abel et al., 2013) con-
2006; Turner et al., 2008). Paludiculture, i.e. agriculture on wet tains 800 species that thrive under wet conditions and indicates
or rewetted peatlands (Wichtmann and Joosten, 2007), has the appropriate options for using their biomass. In particular, cultivat-
potential to balance provisioning, regulating, and cultural services ing emergent wetland plants as a bioenergy source and building
(Luthardt and Wichmann, 2016); keep organic soils in long-term or insulation material is both feasible and practical (Wichtmann
use (Joosten et al., 2012); and sustainably produce biomass for and Schafer, 2007; Wichtmann and Tanneberger, 2011). An eco-

renewable energy or as a raw material (Wichtmann and Wichmann, nomic harvest of taxa such as reed (Phragmites australis), cattail
2011). For decades, scientists have suggested to cultivate wetland- (Typha spp.), and sedges (Carex spp.) requires efficient machines
adapted crops and refine traditional uses (Morton and Snyder, that are adapted to saturated organic soils by having a low ground

1976; Kresovich et al., 1981; Porter et al., 1992; Verhoeven and pressure. ‘Seiga’ machines, equipped with balloon tyres, have been
Setter, 2009; Knox et al., 2015). In recent years, however, major used to harvest thatching reed since the 1950s (Bjork and Granéli,
1978). Modified snow groomers and newly developed special-
purpose tracked machinery are increasingly used for biomass
harvest (Wichmann et al., 2016), including the large-scale conser-

* Tel.: +49 3834 86 4143; fax: +49 3834 86 4107. vation management of fens (Kotowski et al., 2013).
E-mail address: wichmann@uni-greifswald.de
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0925-8574/© 2016 Elsevier B.V. All rights reserved.
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Research has focused on the influence of biomass harvest on pro-
ductivity and stand structure (Engloner, 2009), botanical diversity
(Kotowski et al., 2013), wildlife (Valkama et al., 2008), nutrients
(Vymazal, 2005), and greenhouse gas emissions (Giinther et al.,
2014), but the economics of wetland management has been largely
neglected. To date, no study exists with reliable data on the costs of
biomass removal based on large-scale and long-term experience
with special-purpose machinery. This article explores the cost-
effectiveness of harvesting reeds in central Europe, identifies the
variables with the greatest influence on profitability, compares
advantages and disadvantages of three harvesting regimes, and dis-
cusses aspects that influence their feasibility and competiveness.

2. Materials and methods
2.1. Harvesting regimes

Economic costs and benefits were estimated for the harvest
of reed-dominated vegetation stands with tracked vehicles. These
machines are suitable for an efficient, large-scale harvest and are
equipped with specific devices adapted for the intended use of
biomass (Fig. 1). The three options of biomass utilisation considered
are applied by pioneering commercial plants (biogas production,
combustion) or widely established with an international market
(thatching):

(a) Chopped biomass for biogas production [‘chaff’]

Green biomass is cut in summer with a rotary mower or cutter
bar and is then windrowed in one pass. In a second pass, the swath
is picked up by a forage wagon or gathered by a chopper and placed
into atrailer (Fig. 1Taand b). The finely chopped biomass is processed
in biogas plants adapted to green grass-like material to generate
electricity and heat.

(b) Round bales for direct combustion [‘bales’]

Biomass is harvested on dry winter days, when its moisture con-
tent is sufficiently low to prevent excessive heating and moulding
during storage, and to cut and press it into round bales in a single
pass (Fig. 1c and d). A separate vehicle equipped with a crane picks
up the bales and transports them to the edge of the field. The bales
are burnt in combustion plants designed to generate heat (and in
the high power range also electricity) from materials such as straw
or Miscanthus.

(c) Bundles for thatching [‘bundles’]

Thatching reed is harvested in winter when the leaves have
fallen and the moisture content is low. In one pass, the long, straight
culms are mown with a cutter bar, brushed for an initial clean-
ing and bound into bundles with a circumference of approximately
65-70cm (Fig. 1e and f). Several hundred bundles are bound into
one large bale and transported to the edge of the field with a sep-
arate vehicle. After the harvest and further drying, bundles are
opened, cleaned and bound into tight bundles (55-60 cm circum-
ference) ready for sale and thatching.

2.2. Data collection

In-depth, semi-structured interviews were conducted with reed
cutters and landscape managers with extensive (20-30 years)
experience in wetland-adapted machinery, site productivity and
revenues (Germany: n=6, Netherlands: n=2, Poland: n=1, Austria:
n=1). A standardised questionnaire was sent to all biogas plants
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Table 1

Extended contribution margin (CM) accounting to estimate profitability: revenues
have to cover not only variable costs (CM I) but also fixed costs of specialised, single-
purpose machinery (CM II).

Revenues from the sale of biomass:
Biomass yield x price

Minus variable costs:

— direct costs (seedlings, fertiliser, pesticides)?
— variable machinery costs

— labour costs

=Contribution margin I

Minus attributable fixed costs:
— fixed machinery costs
=Contribution margin II

2 Not applicable, since harvest of existing vegetation stands is assumed.

in the German federal state of Mecklenburg-Western Pomerania
(n=237,19% response rate) to investigate the current use of grass-
like biomass in NE Germany and the willingness to accept biomass
from paludiculture. Labour time and acreage performance (e.g. the
time required for mowing, chopping and transporting biomass)
were measured during field tests for the ‘chaff’ and ‘bundles’ har-
vesting regimes using GPS tracking (logger Wintec WBT-202) and
a stopwatch. Literature was used to verify estimates of biomass
productivity, revenues, and harvesting performance.

2.3. System boundaries

Cost accounting was performed to calculate harvesting costs
and to compare the expenses and revenues of each regime. Oper-
ating costs included all costs of harvesting, transporting (to the
field edge) and processing needed to sell the biomass for energy or
material use. Costs of further transport and storage vary widely; in
specific cases they can be calculated using data for handling silage,
straw, or hay in conventional agriculture.

The calculations included variable machinery costs (e.g. fuel,
machine care) and labour costs, which changed with the production
volume, and fixed machinery costs (e.g. depreciation, insurance),
since they could be assigned directly to the harvesting regimes
(Table 1). General and administrative costs, which vary consider-
ably among companies, and site-specific costs or revenues (e.g. land
lease, direct payments) were excluded.

2.4. Stochastic simulation

Stochastic scenario analysis was performed using Monte Carlo
simulations (Hardaker et al., 2004) to account for uncertainty in
and ranges of data. Each input variable of the CM II calculation
model was given a range of values and a probability distribution
(Tables 3 and 4). Depending on the variable and data quality, the
probability distribution was defined as uniform (e.g. purchase costs
of machinery) or triangular (e.g. yield) by setting maximum and
minimum values (and the mode, for the latter). Simple positive or
negative correlation factors were assumed to express interdepen-
dence between single variables (Table 2 ), e.g. higher biomass yield
requiring more time to harvest and consequently inducing higher
harvesting costs per hectare. In calculating the fixed machinery
costs, expensive machinery was assumed to have more operating
hours per year and a higher residual value.

Computer-based Monte-Carlo simulations were performed
with @RISK 6 software (Palisade Corporation, Ithaca, New York,
USA) used as an add-in for spreadsheet software (Microsoft® Office
Excel 2013). A large number of iterations (10,000) were generated
for each harvesting regime. Input values were randomly selected
according to the conditions defined for each parameter. Use of
the Latin hypercube method ensured stratified random sampling
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Fig. 1. Tracked machinery with low ground pressure and equipped with special devices to harvest (a and b) finely chopped biomass for biogas production, (c and d) round

bales for direct combustion, and (e and f) bundles for thatching (author’s photos, except (c) J. Krail, (d) I. Mirowski, and (e) Bahnsen-Clausen GbR).

Table 2
Factors assumed for the correlation between single input variables (A, B) to facilitate scenarios based on reasonable value combinations.
Input variable (A) Input variable (B) ‘chaff’ ‘bales’ ‘bundles’
Yield mowing performance 0.5 0.7 0.7
Yield chopping performance 0.7 n/a n/a
Yield removing biomass n/a 0.7 n/a
Purchase costs of
- mowing machine residual value 0.7 n/a n/a
operating time 0.7 n/a n/a
- tractor (towing vehicle) residual value 0.7 n/a n/a
operating time 0.7 n/a n/a
- forage wagon operating time 0.7 n/a n/a
- harvester residual value n/a 0.7 0.7
operating time n/a 0.7 0.7
Table 3

Variables that determine revenue, with their ranges and, for triangular probability distributions, modes (in brackets). The conservative estimates are based on (a) survey, (b)

field, and (c) literature data.

Variable Unit ‘chaff’ ‘bales’ ‘bundles’ Source
Yield (gross) tDWha! 3-8(5) 5-15(8) n/a a,
Yield (net) bundles ha~! n/a n/a 300-1000 (500) a
Factor of loss % 15-25(20) 15-25(20) n/a C
Water content % 30-502 15-25(20) n/a b,
Price (chaff) € (tFW) 0-35(10) n/a n/a a
Price (bales) € (tDW) n/a 45-110 (65) n/a <
Price (bundles) € (bundle) n/a n/a 1.90-2.50 (2.00) a

DW =dry weight, FW = fresh weight.
2 No mode given due to high data variability.
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Table 4
Variables that determine cost, with their ranges and, for triangular probability distributions, modes (in brackets). Estimates are based on (a) survey, (b) field, and (c) literature
data.
Variable Unit ‘chaff’ ‘bales’ ‘bundles’ Source
Purchase costs
- mowing machine € 57,000-148,000 n/a n/a a
- tractor (towing vehicle) € 57,000-230,000 n/a n/a a
- forage wagon € 50,000-135,000 n/a n/a a
- tracks € 15,000-25,000 (20,000) 15,000-25,000 (20,000) 15,000-25,000 (20,000) a
- mowing device € 10,000-20,000 10,000-20,000 n/a a
- harvester € n/a 55,000-370,000 65,000-350,000° a
- transporting machine/loading crane € n/a 30,000-50,000 20,000 a
Machine lifespan
- mowing machine/tractor yr 10-25(15) n/a n/a a
- forage wagon yr 5-10 n/a n/a a
- tracks yr 4-6 4-6 4-6 a
- mowing device yr 5-10 5-10 10-20(15) a
- harvester yr n/a 8-15(12) 10-20(15) a
- transporting machine yr n/a 8-15(12) 10 a
Residual value
- mowing machine/tractor € 20,000-80,000 (30,000) n/a n/a a
- forage wagon € 2000 n/a n/a a
- tracks € 2000 2000 2000 a
- harvester € n/a 5000-10,000 20,000-80,000 (30,000) a
- transporting machine € n/a 2000 2000 a
Operating time
- mowing machine hyr! 300-1200 n/a n/a a
- tractor + forage wagon hyr! 300-1200 n/a n/a a
- harvester hyr! n/a 350-600 (450) 150-400 (250) a
- transporting machine hyr! n/a 350-600 (450) 150-400 (250) a
Interest rate % 3-5 3-5 3-5 c
Insurance per machine or wagon €yr! 800-5000 (2000) 800-5000 (2000) 800-5000 (2000) a
Insurance per transporting machine €yr! n/a 500-1000 500-1000 a
Machine care a
- mowing €yr! 6000-12,000 (10,000) n/a n/a a
- chopping €yr! 10,000-35,000 (20,000) n/a n/a a
- mowing + baling or bundling €yr! n/a 10,000-35,000 (20,000) 5000-8000 (7000) a
- transporting €yr! n/a 5000-7000 3000-5000 a
Fuel
- mowing 1h-1! 8-16(14) n/a n/a a
- chopping/loading 1h-! 12-25(18) n/a n/a a
- harvesting 1h-! n/a 15-25 (20) 10-18(12) a
- transporting 1h-1 n/a 10-15(12) 8-15(12) a
- price of diesel (net)? €1 1.00-1.30 1.00-1.30 1.00-1.30 a,c
- lubricants + baling twine €h! 0.30-1.00 0.30-1.00 0.30-1.00 a
Performance
- mowing hha! 0.4-2.2 n/a n/a a,b,c
- chopping hha! 0.9-5.2 n/a n/a a,b,c
- harvesting hha! n/a 1-4(2) n/a a, c
- transporting hha! n/a 1-4(2) n/a a,c
- harvesting bundlesh~! n/a n/a 150-500 (325) a,b
- transporting bundlesh~! n/a n/a 150-500 (325) a,b
- processing bundlesh~! n/a n/a 30-50 (40) a,b
Labour costs (direct +indirect) €h! 10-25 10-25 10-25 a

2 Including mowing device and tracks.
b No tax reduction for agricultural use.

from the entire range of distribution (Palisade, 2013). Predictions
were presented graphically (e.g. relative frequency, cumulative dis-
tribution function) and with statistical indices. Spearman’s rank
correlation was used for stochastic sensitivity analysis to identify
the input variables with the highest influence on the output values
‘harvesting costs’ and ‘contribution margin II'.

3. Results
3.1. Values of input variables for revenues and costs
Revenues are determined by biomass yield and price (Table 3).

Yields tend to be lower on summer-mown sites (‘chaff’) than on
winter-mown sites (‘bales’, ‘bundles’), since reed is weakened when
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cut during the growing season (Asaeda et al., 2006). The yield of
thatching reed is given in bundles, each of which has a weight of
4-5kg, and represents only part of the overall stand productivity
since cleaning the bundles during and after harvest reduces the
reed mass by up to 50%.

The survey of biogas plants revealed little acceptance of wetland
biomass for anaerobic digestion, which results in a low price for
green chaff. While 23% already use and 47% are interested in using
a grass-like co-substrate to produce biogas, there was little interest
in biomass from paludiculture (29%). Most of the existing plants
(53%) were not adapted to process grass-like biomass. The medium
price level for reed bales mirrors the German market for straw bales
(BauernZeitung,2010-2014), since straw can be burned in the place
of reed. Thatching bundles have the highest prices, even though
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the prices given reflect producer prices; end-consumer prices of
thatching reed traders may be higher.

Harvesting costs, especially fixed machinery costs, are influ-
enced by many variables (Table 4). The performance (i.e. the time
needed for harvest) determines the overall costs per unit. The
results represent the different working conditions of the intervie-
wees. The wide range of values for certain variables (e.g. harvester
purchase cost, operating time per year, acreage performance)
reflects the wide variety of machines, capacity utilisation rates, and
site conditions.

3.2. Chaff for biogas

For chaff for biogas production, CM II ranged from € —1036 to
€ 179ha~lyr~! (Fig. 2a), with a mode of € —195 (Table 5).
Excluding the upper and lower 5% of the right-skewed frequency
distribution resulted in a range of € —599 to —37 ha~! (all negative
values) (Fig. 2a). The factors with the most influence on CM Il were
acreage performance of chopping/transporting (rs =-0.75), biomass
yield (rs = —0.52) and revenue per tonne (rs = 0.44). There was a 98%
risk that revenue would not cover harvesting costs (Fig. 2a). Setting
the price at the maximum value of € 35t~ fresh weight (Table 3)
or assuming a net support of € 200 ha~! (subsidies minus rent), the
probability of loss remained high: 67% and 68%, respectively (cal-
culations not shown). Harvesting costs were mainly influenced by
the acreage performances of chopping/transporting (rs =0.90) and
mowing (rs=0.21), as well as the yearly operating hours of trac-
tors and forage wagons (rs = —0.25) due to their influence on fixed
machinery costs.

3.3. Round bales for combustion

For bales for combustion, CM II ranged from € -287 to
€ 677ha 'yr-1, with an 18% risk that revenue would not cover
harvesting costs (Fig. 2b). Due to the left-skewed distribution, the
mode of € 53ha~! was lower than the median and mean (€ 100
and € 115ha1, respectively). The harvesting regimes for chaff
and bales had similar costs per hectare (mode: € 397 and € 419,
respectively, with a greater range for chaff, Table 5). The higher
revenue from bales resulted in higher CM II. The high influence
of the revenue level on income was reflected by rs=0.80 between
biomass price per tonne and CM II. Raising the minimum biomass
price (Table 3) from € 45 to € 60t~! DW, while leaving the mode
(€ 65), maximum (110 €) and all other variables unchanged,
reduced the risk of loss from 18% to 6% (calculations not shown).
Other variables had less influence than biomass price, such as pur-
chase cost of the harvester (rs=—0.33), time needed to transport
biomass (rs=0.33), and yield per hectare (rs=0.30). Harvesting
costs were determined mainly by the acreage performances of
mowing and baling (rs=0.76) and transporting bales to the edge
of the field (rs=0.40), followed by purchase costs (rs=0.39) and
residual value of the harvester (rs =0.33).

3.4. Bundles for thatching

For bundles for thatching, the probability of a loss was near
0% (Fig. 2¢). CM II ranged from € —162 to € 1542ha~! (mode:
€ 572ha1) and from € 174 to € 1006 ha~! when the upper and
lower 5% were excluded (Table 5). The factors with the most influ-
ence on CM II were the number of bundles per hectare (rs=0.79)
and harvesting performance (rs=0.76), followed by labour costs
(rs =—0.35) and the price per bundle (rs =0.27). Harvesting and pro-
cessing costs per hectare were influenced mainly by the amount
of biomass (rs=0.61), labour cost (rs=0.58), and residual value
(rs=0.19) and purchase cost (rs =0.16) of the harvester. Bundle pro-
duction had the highest variability in CM I, illustrated by the lower
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ascend of the cumulative probability distribution (Fig. 2) and a stan-
dard deviation of € 254 ha~! yr~! compared to € 173 ha~! yr-! for
chaff and € 127 ha~1yr~! for bales (Table 5).

4. Discussion
4.1. Assessing profitability

Cost accounting clearly showed that there is not only one valid
answer whether paludiculture is profitable. Decision makers (e.g.
farmers, site managers, politicians) require precise figures, but
with current knowledge, point estimates of profitability are easily
miscalculated, and deterministic accounting using fixed values is
restricted to specific cases. Monte Carlo simulations show the pos-
sible range of loss or profit, as well as the mode, and thus provide
a more accurate picture of reality.

When harvesting reeds with tracked machinery, CM II ranges
from ca. € —1000 to € 1500 ha~! yr~!. The distinction of the three
production regimes is evident in Fig. 2, and by comparing modes
(€ ha~') and risks of loss (%) (Table 5):

e Harvesting chaff for biogas production is not profitable
(€ —195ha~1; 98%) and remains the least profitable option when
maximum biomass prices or subsidies are assumed.

e Harvesting bales for combustion is more profitable (€ 53ha~1;
18%). This option appears to cover costs, except when several
influential input variables have pessimistic values, especially
biomass price.

e Harvesting bundles for thatching is the most profitable option
(€ 572ha!, <1%). Despite having the highest harvesting costs
(Table 5), the high revenue for quality reed clearly favours
harvesting for thatching rather than for combustion or biogas
production (Fig. 2).

Biomass yield and price per tonne or bundle were identified as
input parameters that strongly influence profitability of all three
harvesting regimes. These site- and market-specific values can be
easily adapted to specific situations to reduce the range of pre-
dictions and allow decision makers to perform a more precise
economic assessment. Labour cost was more influential for bun-
dle profitability than for the other two regimes due to the higher
demand for labour. In addition to the operators of the harvesting
and transporting machines, two more people are usually needed
on the harvester to gather the bundles and stow them on the plat-
form (Fig. 1e). An additional processing step is required after the
harvest for cleaning (combing) and dressing the reed bundles. The
acreage performance of harvesting and transporting machinery
plays a decisive role in all production regimes. This crucial variable
illustrates the limitations of this study, which is based on the expe-
riences of a few practitioners, and the validity of data on costs, in
general. The wetland-adapted machines currently used are usually
immature prototypes or modified second-hand snow groomers. It is
assumed that improved technology and logistics, increased capac-
ity utilisation of machinery, and economy-of-scale effects would
reduce costs. Acreage performance depends greatly on site condi-
tions (e.g. soil trafficability, field size, access points) and the amount
of biomass produced. This study is valuable in its use of data of
special-purpose harvesting machinery that depicts real life instead
of a desk study based on assumptions or on standard data from
conventional farm machinery. Large-scale, long-term experiences
of practitioners allowed including data, which cannot be captured
by pilot trials such as machine lifespan and maintenance. Detail-
ing all input variables and assumptions allows further application,
revision and comparison of the results.



502 S. Wichmann / Ecological Engineering 103 (2017) 497-505

a) 'chaff’
- 100%
0.08 - z
3
> - 75% 3
n o

§ 006 g

o (9]

£ - 50% 5

g 0.04 - E

(1]

2 2% O
0.02 - r 25%
0.00 - : : — : 0%

b) 'bales'

- 100%
0.08 - >
3

> - 75% 8

S 0.06 - g

s 5

£ oo % E

[J] B | —

£ :

© 3

£ 002 - - 25%
0.00 | : — e | 0%

c) 'bundles’

100%
0.08 - =
> 75% ;;

S 006 3

g o

o

Z 50% 2

o 0.04 - B

> =}

b= €

= 3

[}

= 0.02 - 25%
0.00 f— — 0%

-1200 -600 0 600 1200

Contribution margin Il [€ hayr?]

Fig. 2. Relative frequencies (histograms) and cumulative probabilities (solid lines) of profitability (contribution margin II) of harvesting reed (a) chaff for biogas production,
(b) bales for direct combustion, and (c¢) bundles for thatching, based on Monte Carlo simulations with 10,000 iterations for each regime. Vertical dashed lines delineate 90%
of the predictions. Diamonds () on cumulative distributions at x=0 indicate a risk of (a) 98%, (b) 18%, and (c) <1% that revenues cannot cover harvesting costs.

Table 5
Results of Monte Carlo simulation on extended contribution margin (CM II) accounting for three reed harvesting regimes.
Result Unit ‘chaff’ ‘bales’ ‘bundles’
Range of revenue (mode) €halyr! 2-608 (106) 208-1215 (465) 607-2380(1076)
Range of costs (mode) €halyr! 112-1138(397) 195-805 (419) 324-1463 (640)
CMII
— Range (100%) €halyr! -1036-179 —287-677 —162-1542
— Range (90%)? €halyr! -599--37 —72-343 174-1006
— Mode €halyr! -195 53 572
— Median €halyr! —-283 100 530
— Mean €halyr! —297 115 551
— Standard deviation €halyr! 173 127 254
Risk of loss ¥4 97.5 17.8 04

2 Excluding upper and lower 5% of frequency distribution.
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Table 6
Advantages and disadvantages that influence the commercial viability of reed har-
vesting regimes.

‘chaff  ‘bales’  ‘bundles’

Implementation

Profitability (without subsidies) - +/— ++

Mature harvesting machinery + - ++

Mature utilisation technology + ++ ++

Market demand and acceptance - + ++
Regulations

Legal (restricting harvest) +/— - -

Policy (agricultural subsidies) + - — - —

External benefits, potentially remunerated
Conservation (e.g. habitats of target species)
Nutrient removal
Peat preservation

++
++
++

+[—
+/—
++

+[—
+/—

Reed is the most widespread wetland plant in Europe, and its
long tradition of multiple uses (Rodewald-Rudescu, 1974; Haslam,
2010) has been revitalised by recent research in several European
countries (e.g. Ikonen and Hagelberg, 2007; Kitzler et al., 2012;
Kask, 2013). Nevertheless, literature on harvesting costs of reeds
or wetland biomass in general is rare. The reliability of the data
that do exist is limited due to insufficient information about the
assumptions behind calculations (e.g. machinery, site conditions,
included vs. excluded costs). Figures from the literature (often grey)
are cited and processed, but usually no new data are collected. This
is illustrated by a study on cultivating reed for bioenergy in the
Netherlands (Kuhlman et al., 2013). Its cost estimates were based
on areport (Daatselaar et al., 2009) which derived the costs of har-
vesting chopped material (Hansson and Fredriksson, 2004) from a
Swedish thesis studying summer reed harvest in a lake with a mow-
ing boat and chopping at the landing site (Fredriksson, 2002). Data
from large-scale harvesting of reed for paper and energy in China
(Brix et al., 2014; Kobbing et al., 2014) or cattails for energy and
phosphorus removal in Canada (Grosshans et al., 2015; Grosshans
and Grieger, 2015) cannot be used in the current context because
frost, dry periods or drainage for harvest allowed for using conven-
tional farm machinery.

Two methods of data collection improve the knowledge about
harvesting costs and the ability to estimate profitability:

(a) Extended surveys among practitioners to reveal long-term
experience with specialised machinery (e.g. investment, main-
tenance, fuel consumption, down-times due to machine
failures, lifespan, residual value)

(b) Collecting field data to assess and model acreage performance
(e.g. driving speed, turning manoeuvres, loading, unloading) in
dependence of harvesting machinery, processing methods, site
conditions, and the amount of biomass produced (see de Jong
et al,, 2003). Large-scale field tests that vary only one factor at
a time should be conducted to obtain comparable and reliable
data.

4.2. Beyond profitability

In addition to revenue from biomass sale and harvesting costs,
each harvesting regime has specific advantages and disadvantages
that influence its commercial viability within the current general
framework (Table 6). The state of implementation, legal or policy
regulations, and the potential remuneration of external benefits
have a decisive influence on profitability and feasibility.

The summer harvest for biogas generation requires financial
support to cover harvesting costs. Agricultural subsidies (paid if
wet meadows are classified as grassland) and incentives via agri-
environmental schemes or conservation management contracts
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(remunerating external benefits such as habitat protection or nutri-
ent removal) can compensate low profitability. Similar results are
anticipated for reeds dominated by reed canary grass (Phalaris arun-
dinacea) or sedges (Carex spp.), if site conditions require a harvest by
tracked vehicles. Limited funds for conservation management have
forced the machines to become more efficient (Fig. 1a, b). However,
practices are usually limited to mowing. The biomass produced is
still largely seen as waste, and options for using it are rarely devel-
oped. Biomass processing is restricted to local markets due to the
high costs of transporting fresh biomass with a high water content.
Further incentives are needed for the processing stage to overcome
the low acceptance of practitioners and help widely established wet
fermentation biogas plants adapt to use biomass of low digestibil-
ity (see Section 3.1). The energy yield from grass silage is generally
lower than its biomass yield because some of the energy remains in
unconverted fermentation residues or becomes waste heat when
electricity is generated (Rosch et al., 2009). Energy conversion rates
are much higher for combustion of hay (Résch et al., 2009), but dry-
ing fresh summer mown biomass in the field is restricted by water
tables near or above soil surface.

The use of winter-mown reed for direct combustion is a promis-
ing option for wider application. It enables harvesting sites that
would not meet the quality demand of thatching reed, including
heterogeneous or old vegetation stands, and profitability can be
achieved. Winter harvested reed biomass is well suited for com-
bustion in state-of the-art furnaces designed for materials such
as straw or Miscanthus; this promotes decentralised production
of renewable energy (Barz et al., 2007; Kitzler et al., 2012). How-
ever, a major obstacle is that specialised harvesting machinery and
logistics are still considered immature (Komulainen et al., 2008).
Currently, machines for harvesting bales in one pass have been
tested only in pilot trials (Fig. 1¢). Supporting research and devel-
opment of harvesting technology can promote the use of reed for
combustion.

Harvesting thatching reed appears to be not only the most prof-
itable (Fig. 2) but also the most established option. Apart from the
predominant use as traditional roofing material, long reed culms
harvested as bundles are processed to mats (screens, plaster base),
insulation panels and partition walls for construction (e.g. Kébbing
et al,, 2013). The current international market for thatching reed
has stimulated development of highly efficient machinery in West-
ern Europe (Fig. 1e and f) to compete with low labour costs in
reed-exporting countries such as Hungary, Romania, Turkey, and
China. However, 70-85% of reed bundles are imported in traditional
thatching countries such as Germany, the Netherlands, the UK and
Denmark (Wichmann and Kébbing, 2015). Nowadays, only some
of their domestic reed beds can provide high-quality reed and the
harvest is spatially and temporally restricted by nature conserva-
tion. Thatching reed is not considered as an agricultural product
and thus its harvest is not eligible to receive agricultural subsidies
from the European Union. Domestic production could be increased
by increasing the area of reed beds to reduce competition with
conservation measures, adapting laws and policies, and promot-
ing investment in efficient machinery to ensure competiveness on
the international market.

Since the analysis is based on the current context of large-scale
harvesting of semi-terrestrial reed stands with tracked machin-
ery in central European countries, transferring its results to other
sites (e.g. lakes, coasts), plant communities (e.g. cattails), harvest-
ing technologies (e.g. Seigas with balloon tyres), countries (e.g. legal
and policy conditions), or uses for biomass (e.g. pulp and paper)
requires further investigation.

Efficient harvesting techniques and viable options for using wet-
land biomass are also interesting when management focuses on
biodiversity and regulating services. Semi-natural wetlands are
mown to maintain and improve habitat conditions for rare species
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(Hawke and José, 1996; Benstead et al., 1999; Middleton et al.,2006;
Tanneberger et al., 2009). Wetlands dominated by invasive species
are managed to foster native vegetation (Jakubowski et al., 2010;
Escutia-Lara et al., 2012; Lishawa et al., 2015). Marshes and con-
structed wetlands are harvested for nutrient removal or to preserve
and enhance the system'’s ability to take up nutrients (Toet et al.,
2005; Ciceketal.,2006; Meerburg et al.,2010). The use of harvested
biomass is expected to improve the cost-benefit ratio of these mea-
sures (Jakubowski et al., 2010; Lachmann et al., 2010; Liu et al.,
2012).

Remunerating external benefits of multi-functional peatlands
can improve the low profitability of paludiculture at the farm
level and stimulate large-scale implementation. For example,
introducing Polish agri-environmental payments for late summer
mowing of fen peatland sites, either occupied by Aquatic Warblers
(ca. € 334ha~'yr—1) or with a typical vegetation indicating poten-
tial habitat, resulted in over 10,000 ha of public land managed by
local farmers (Lachmann et al., 2010). Ecosystem services such
as fostering biodiversity, removing nutrients, reducing GHG emis-
sions, decreasing soil degradation and subsidence, buffering water,
and increasing recreation value have been assessed and partly
monetized (e.g. Schdfer, 2004; Grandiek et al., 2007; Blaeij and de
Reinhard, 2008; Polman et al., 2014; Joosten et al., 2015).

Appropriate measures and the amount of support necessary to
convince practitioners to switch to paludiculture depend on the
baseline and should be decided after analysing the specific situ-
ation (Schaller et al., 2011; Table 6). This paper shows for reeds
that dependence on financial incentives differs between and within
harvesting regimes (Fig. 2). Additionally, the opportunity cost (i.e.
profit of an alternative production method forgone) to overcome
impact commercial viability of paludiculture; it increases with the
intensity of current land use and varies greatly among countries and
regions. Changing conditions, such as higher production costs in
peatlands due to rising water tables, increasing energy prices, and
technical progress in processing biomass, will favour reed cultiva-
tion in the future in contexts in which it currently cannot compete
with conventional agriculture (Kuhlman et al., 2013).

However, most contexts currently support the continuation of
conventional agriculture, despite of increased awareness of drained
peatland disservices. Regina et al. (2015) criticise the lack of policy
coherence, e.g. ignoring climate policies when planning land-use
or agricultural policies. They suggest a Common Agricultural Policy
that does not increase artificially the profitability of agriculture on
drained peatlands, but enables managing organic soils sustainably
to minimise loss of the peat layer.

4.3. Conclusion

Since paludiculture is recommended as sustainable land use
option for peatlands, its viability at the farm level was evaluated for
three established reed harvesting regimes. The ability of revenue
from selling reed biomass to cover its harvesting costs is an impor-
tant piece of the puzzle. However, laws and policies ultimately
determine whether a balanced provision of ecosystem services is
hindered or encouraged in peatlands used for agriculture.
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Common reed is a globally distributed wetland plant that has been used by humans for centuries with
a wide range of applications. Until today, reed as roofing material is the most common use in Europe.
However, large reed areas in Western Europe were lost for harvesting during the 20th century due to
extensive industrial meliorations of wetlands on the one hand and the protection of remaining reed
habitats on the other hand. This paper investigates the changes in the European market for thatching

Ilgey Vf‘i'ords" reed based on surveys among stakeholders, analysis of trade statistics, and extensive literature research.
Pﬁfag:i tes australis Analysing total consumption, imports and exports since 1990 revealed a discrepancy between consuming
Wetland use and producing countries. Western Europe, mainly the Netherlands, Germany, UK, and Denmark, relies

on imports of up to 85% of the national consumption. This reed demand became primarily covered by
large wetlands in Eastern and Southern Europe, e.g. Hungary, Poland, Romania, Turkey, and Ukraine; since
2005, reed from China accounts for a considerable share of the European market. At the same time, recent
year’s efforts to rewet and restore drained wetlands in Western Europe increased the reed growing area
and—if quality requirements are met and harvesting is allowed—can improve the national availability of
thatching reed.

Paludiculture

© 2015 Elsevier B.V. All rights reserved.

1. Introduction Wichtmann, 1999). Nowadays, the most common utilisation of reed
in Europe is thatching.
1.1. Common reed—a world wide spread plant with multiple
applications 1.2. Plant material for thatching
Common Reed (Phragmites australis (Cav.) Trin. ex Steud.), from
this point onward ‘reed’, is a tall, thin, highly productive grass
that can be found in wetlands all around the world (except in
the Antarctica), but is mostly distributed in Europe and the Mid-
dle East (Haslam, 2010). Reed has a long history as a plant used
by humans. Well known are the Marsh Arabs from Euphrates and

From Neolithic times, thatching of roofs traditionally relied on
the locally available plant material as reed and sedges in wet-
lands, straw in arable regions or heather in the Scottish Highlands
(Haslam, 2010). Reed as thatching material has a history of thou-
sands of years starting with humans becoming sedentary and
lasting until today. The importance of straw as cheap, abundant, and

Tigris, whose wetland adapted culture is presumed to be 5,000
years old (Thesinger, 2007), or the extensive reed utilisation in the
Danube Delta (Rodewald-Rudescu, 1974) and in South Africa (Tarr
et al.,, 2004).

Where reed was common it was used for a wide range of
applications encompassing agriculture (fodder or litter), construc-
tion purposes (roofing, walls, panels, fish traps etc.), horticulture
(mats protecting against wind or frost, fences), industry (pulp
and paper) or energy generation (combustion) (cf. Haslam, 2010;
Kobbing et al., 2013; Rodewald-Rudescu, 1974; Thevs et al., 2007;

* Corresponding author.
E-mail address: wichmann@uni-greifswald.de (S. Wichmann).
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easily available thatching material (Moir and Letts, 1999) was lim-
ited to a shorter period. Cereal straw played a major role for about
500 years, beginning with the appearance of the scythe in Europe
around 1500, allowing the harvest of long stalks suitable for thatch-
ing, and lasting until mechanical threshing machines replaced
manual harvest in the second half of 19th century (Schrader, 1998).
Anevenshorter period of two to three generations, that started only
when the introduction of mineral fertilizer improved the available
quantity of straw as well as length and strength of stalks, is stated by
Schattke (1992). While mainly wheat straw was used in the UK, rye
straw was common for instance in Estonia and Germany (Moir and
Letts, 1999; Schrader, 1998). Straw and reed appeared to be the only
roofing material available until the late 1800s in European country-
side, when it was steadily replaced by other materials, but remained
common until the 1960s for example in Estonia (lital et al., 2012;
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Lautkankare, 2007). The availability of tiles and slates, improved
by the introduction of railway transport, enabled the banning of
thatched roofs because of fire risk especially in towns (Haslam,
2010). Consequently, straw and reed became despised as roofing
material for poor rural areas.

The return to natural building materials and life in the coun-
tryside enhanced the reputation of thatched roofs being even
considered as luxury due to high costs for roofing and insur-
ance (Haslam, 2010; Schrader, 1998). Nowadays, reed is usually
preferred to straw as thatching material because of its better avail-
ability and the longer durability of the thatched roofs with 50-60
years for common reed (Rural Development Commission, 1988).

1.3. Reed beds in Europe

In the 20th century, Europe’s wetland area declined significantly
and thereby the reed beds to harvest: Around two-thirds of Euro-
pean wetlands were lost from the beginning of last century until
1995 (EC, 1995). In the Netherlands, France, Germany, Spain, Italy,
and Greece more than 55% of wetlands were lost between 1950 and
1985; Lithuania and Sweden experienced an even higher decline
(Silvaetal.,2007).Reasons for the loss were the intensified drainage
for agriculture, river regulations, water overexploitation, and pol-
lution. For reed beds, a phenomena called “die-back” has been
observed since the 1950s which is connected to eutrophication and
changing water regimes (Van der Putten, 1997).

The recognition of the manifold benefits of wetlands (e.g.
Millennium Ecosystem Assessment, 2005) fostered the protection
of remaining areas, but also attempts at sustainable utilisation.
Those aims include the combination of reed bed restoration
and management for conservation objectives (Hawke and Jose,
1996), the introduction of paludiculture as a land use alternative
for rewetted peatlands encompassing the cultivation of reed for
thatching (Wichmann, 2016; Wichtmann and Schdfer, 2007) or
(re-)discovering extended reed beds, e.g. along the coast of the
Baltic Sea, to meet the increasing demand for renewable resources
(Ikonen and Hagelberg, 2007; Kask, 2013). However, biomass har-
vest and utilisation in general are allowed only for parts of the
remaining or restored wetlands. Additionally, the share of reed beds
suitable for delivering high quality thatching material is unknown.

1.4. Purpose of the paper

Considering the lack of knowledge about the potential supply of
thatching reed, this paper investigates the European demand and
how it is met. Even if reed is almost exclusively used for thatching
in Europe, almost nothing has been known so far about the market
situation. Where are the consumer countries, where are the suppli-
ers? How did it change over recent years? What are the purchasing
prices? Based on surveys, trade statistics, and literature data this
paper provides an overview about the market situation in Europe.

2. Material and methods

To picture the European reed market as comprehensive as
possible, a triangulation of methods was applied. While expert

S. Wichmann, J.F. Kébbing / Industrial Crops and Products 77 (2015) 1063-1073

interviews allowed to elicit data on prices and personal insights in
changing national demand, the analysis of trade statistics delivered
objective data backing up the information on volumes exported or
imported and changes over time. The literature review contributed
data being especially valuable for cross checking information orig-
inating from different time periods.

2.1. Surveys

A short, semi-structured questionnaire was sent out to Euro-
peanreed producers, traders, thatchers,and umbrella organisations
via mail in May and June 2013. Where necessary, it was followed
by a reminder in August 2013 offering a phone call as alterna-
tive to a written reply. Therefore, in some cases the survey was
conducted on the phone with the questionnaire being used as
an interview guide. The questionnaire combined closed and open
questions leaving also space for further comments. The questions
aimed at identifying countries important for the reed market (tradi-
tions in thatching, importer or exporter), consumption of reed and
share of domestic production in the home country and in Europe
since 1990, changes over time in volumes and end consumer prices
for the major exporter and importer as well as reasons for it.

In addition to contacting already known experts from the reed
sector and associations as the International Thatching Society, all
interviewees were asked to recommend further experts to include
in the survey (snowball effect). Responses according to interview
group and country are shown in Table 1. The 14 interviews were
anonymised and are referred to as interview partner (IP) 1-14.

2.2. Trade statistics

The statistical database of Eurostat, a Directorate-General of the
European Commission (EC, 2011), was used for analysing mass
flows for the major import and export countries for the period
from 1990 to 2012. Imported and exported goods in the Euro-
pean Community have to be classified according to the Combined
Nomenclature, an 8-digit code. Thatching reed bundles are grouped
in the commodity group ‘1401 90 00’, together with other ‘Veg-
etable materials of a kind used primarily for plaiting’ including also
rushes, osier, raffia, cleaned, bleached or dyed cereal straw, and
lime bark (EC, 2011). The share of reed in the product category
is unknown, but the trade of plaiting material as raffia between
the considered countries is assumed to be negligible. Additionally,
the statistical data are given in kilograms, but the reed is traded
in bundles of varying length and weight. Out of these two reasons
we abstained from a conversion of the traded volume from weight
into bundles and used the statistical data mainly to illustrate trends
over time.

2.3. Literature

The in-depth literature research was based on available English,
German, and Dutch references, which necessarily lead to a better
data basis for the corresponding countries than for others also rel-
evant for reed demand and supply. The analysis included books,
peer-reviewed, and grey literature as well as web sources. In gen-

Table 1

Number of answers received from different reed stakeholders ordered according to countries (multiple answers were possible for group affiliation).
Groups Country Total

Austria Denmark Germany Hungary Netherlands Poland UK

Producer 1 - 1 1 2 1 - 6
Trader 1 - 1 - 2 - - 4
Thatcher - - 2 - - 1 1 4
Umbrella association - 1 1 - 1 - 3 6
Total 1 1 4 1 2 1 4 14
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eral, the available data are widely scattered and sometimes difficult
to access (e.g. grey literature). Some information could be extracted
from thatching instructions and official publications of thatching
associations. Peer-reviewed literature mainly focuses on ecologic
and biodiversity aspects of reed beds and their management. No
comprehensive and quantitative overview on the European market
exists so far.

3. Results and discussion
3.1. Market requirements for thatching reed

For high quality thatching reed straight, thin, flexible, and firm
culms of one-year-old stands are used, cut off just above the base
since the butt is the most durable part influencing the life span
of the roof (Haslam, 2009). A moisture content of 18% at most is
ensured by winter harvest of reed stands that were naturally dried
by frost, wind and sun after dying off. Old and short stems as well
as other leftovers (e.g. other plants) have to be removed and can
make up to 50% of the standing biomass. Using poor quality reed is
one of several reasons causing premature decay of thatched roofs
(Wykes, 2010).

Reed for thatching is traded as bundles. The size of a reed stan-
dard bundle varies from country to country (Table 2). The usual
circumference is 60 cm (‘Euro bundle’), while in the Netherlands
55cm are common. Stem diameter is <6, 3-9 and 6-12mm for
short, medium, and long reed in Germany, respectively (QSR, 2008).
UK distinguishes in fine, medium, and coarse reed which is 3.2,
4.8, and >5.6 mm, respectively (BRGA, n.d.; Haslam, 2010), inde-
pendent from the length of the bundles. Subject to their length
(short, middle, long) bundles are suitable for different parts or types
of thatched roofs. Depending on productivity, size of bundles and
quality 250-1,000 bundles per hectare can be harvested (Schafer,
1999; White, 2009). Aroof of 30 cm thickness requires 10 to 11 bun-
dles (60 cm circumference) per m? (Haslam, 2009; Schattke, 1992),
thus up to 100 m? can be thatched with the yield of one hectare
(Schattke, 1992). Depending on bundle size and moisture content,
one ton of reed equals to 160-220 bundles (4.2-6.2 kg per bundle)
(ELP, 2010).

3.2. Consumption and production by countries

In the survey, the following countries were mentioned as having
a tradition in using reed as thatching material (response >3 times):
Belgium, Denmark, France, Germany, Japan, the Netherlands,
Poland, and UK. Infrequently mentioned or inconsistently classified
were Austria, Estonia, Hungary, Ireland, Latvia, Lithuania, Luxem-
bourg, Romania, Mesopotamia (Iraq), South Africa, and Sweden.

The thatching reed production in most European countries
decreased continuously during the last decades (IP 14). Most coun-
tries in Western and Central Europe cannot cover their demand by
themselves, but rely on imports from Eastern and Southern Europe

and in more recent times China. Thus, the European reed market
reflects a discrepancy between consuming and producing coun-
tries (see Fig. 1). In the following, the main importing and exporting
countries are presented in detail.

3.3. Importing countries

3.3.1. The Netherlands

The Netherlands are well known as water rich country, but also
for their precise water regulation to enable drainage and intensive
use of formerly extensive wetlands. Consequently, the remaining
reed beds are mainly found in protected areas, not being able to
meet the demand for traditional thatching material. In the National
Park Weeribben-Wieden an area of 2,500 ha is harvested (Terwan
and van der Fluit, 2011). Sluis et al. (2013) cite the total reed area
in the Netherlands to be 9,000 ha, of which 2,850 ha (30%) is cur-
rently harvested. The Netherlands are the largest thatching reed
consumer and at the same time the most important hub for reed
distribution in Europe. Producing, importing and exporting reed
in and out of the Netherlands makes it difficult to determine the
domestic reed production and consumption. A continuous increase
in reed used for roofing from 4 (1999), to 6.5 (2003), to 8 (2006)
and 10 (2007 and 2008) million bundles is stated by IP 1, but not
shown properly by the time slots in Table 4. With the financial cri-
sis in 2007 the market declined steadily to 3.5-6 million in 2013
(IP 6; IP 10). Consequently, the import share decreased from 80 to
70% (Table 4) while the domestic production was stable at around
2 million bundles in the last 20 years (IP 1; IP 6). The amount of
6 to 7 million bundles, as cited by Lautkankare (2007), seems to
be too high and close to the total consumption. So far, the Dutch
reed market has not recovered from the crisis fully and a reduced
consumption of 5 to 6 million bundles is projected for the future
(IP 6).

In the period since 1990, the main countries exporting to
the Netherlands have been Austria, Germany, Hungary, Roma-
nia, Turkey, Ukraine, and China (since 2005) (IP 10; Fig. 2). Of
minor importance for delivering reed to the Netherlands have been
Denmark (IP 10), France (IP 6; IP 10), Luxembourg (IP 6), and the
Baltic countries (IP 10). For part of the imports (e.g. from China)
the Netherlands might be only a transit country exporting to other
European countries such as Germany, Belgium, and especially in
the first half of the 1990s the UK (Fig. 2h). 3 to 4 million bundles
per year are assumed to pass through the Netherlands (IP 1).

The Dutch reed business is very innovative, using reed not
only for traditional thatching of private houses and whole holiday
estates but also in a contemporary building-design and structure
(e.g. vertical thatching), and also invests in promoting the craft
of thatching with the help of “The Federation of Reed Thatcher’s”
(Wykes, 2010).

Table 2

Dimensions of reed standard bundles as common in selected countries (circumference measured at the point of tie).
Country Short Middle Long

Circumference [cm] Length [m] Circumference [cm] Length [m] Circumference [cm] Length[m]

Germany* 60 1-1.5¢ 60 1.6-1.8¢ 60 1.9-2.3¢
UKb< 60 0.9-1.2 60 1.2-1.7 <60 >1.7f
Netherlands? 55 1.0-1.2 55 14-1.8 55 1.9-2.1
2 (QSR, 2008).
b (BRGA, n.d.).
¢ Haslam, (2010).
4 1P 14
e

At least 2/3 of stems with the given length.
f Reed >2 m should be notified to the buyer.
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Fig. 1. European countries predominantly importing (dark grey) and exporting (medium grey) thatching reed, or being neutral (light grey). The world map additionally

shows China as major reed supplier for the European market.

3.3.2. Germany

Germany has a long tradition in reed thatching. The consump-
tion and production areas are mainly located in the Northern
federal states Lower-Saxony, Schleswig-Holstein, Mecklenburg-
Western Pomerania, and Brandenburg that are characterised by
their long coastline of the North and Baltic Sea, or a richness of
inland lakes. However, high land use competition, nature and bird
protection reducing the harvested area, increasing labour costs,
and cheap thatching alternatives has led to a lack of domesti-
cally produced reed (IP 1; Ritterbusch, 2011). The cut reed area
in Mecklenburg-Western Pomerania was stated to be 1,500 ha
(Schafer, 1999). Schleswig-Holstein is supposed to have a sig-
nificant bigger area whereas the commercially cut reed area in
Brandenburg is of no significance nowadays (Ritterbusch, 2011).
For the period 1990-2013 the total consumption alternates around
3 million bundles and the import share around 80% (Table 4). The

amount of indigenous reed seems to decrease but the basis of data
is too weak to come to a final conclusion.

Hungary, Turkey, and Poland were named as important reed
supplier for Germany before 1999, in the following years Roma-
nia increased and the Ukraine gained importance (IP 1; IP 12; see
also Fig. 2b,e). Since 2005 imports from China (IP 1; IP 12; Fig. 2c)
steadily filled up the gaps caused by the reduced amount obtained
from traditional export countries as Hungary (Fig. 2a).

The estimated German imports by countries (Table 3) are based
on two references with IP 1 citing conservative values, compared
to rough and rounded numbers from IP 12. A total import volume
of 2 million bundles seems therefore more realistic and in line with
the total consumption in Table 4.

3.3.3. United Kingdom
The United Kingdom (UK) is widely recognized as a traditional
reed thatching country by interviewees, which is also confirmed in

Table 3
Countries exporting to Germany with specific amounts of reed and end consumer prices in 2013.
Austria China Hungary Poland Romania Turkey Ukraine Total
Export volume Million bundles 0.1° 0.22-1° 0.62-2P 0.12-1° 0.4°-1° 0.32-1° 0.32-1P 2-7
Price € n.d. Variable? 2.60° 2.60% 3.00° 2.40°- 3.00* 2.80° n.a.
1P 1.
b P12,
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the literature (Cox and Letts, 2000; Moir and Letts, 1999). In gen-
eral, cereal straw and reed were used according to local availability
and the straw roofing is assumed to be used since more than 3,000
years (Cox and Letts, 2000). The new short-stem straw varieties
introduced in the 1960s were unsuitable for thatching and reed
became more used. However, the growing reed market could not
be satisfied with indigenous reed alone. While small quantities of
reed were imported via the Netherlands as early as in the 1930s, the
demand to supplement domestic reed production has been increas-
ing steadily over the decades (Cox and Letts, 2000). Reasons for
the higher dependence on imports has been different like the war
intensifying shortage, reed being used in paper production, difficul-
ties to find workers for the hard work of manual reed harvest, and
the conservation of wildlife reducing the area allowed for cutting
(Cox and Letts, 2000).

The domestic reed area in 1960 was suitable for thatching only
150 standard cottages per year (Moir and Letts, 1999). It was esti-
mated that 10-40% of reed beds had been lost between 1945 and
1990 (Kent Wildlife Trust, 2005). According to an inventory of
British reed beds in 1993 c. 5,000 ha remained (Painter et al., 1995)
from which c. 65% were cut for thatching reed every or every second
year (Bateman et al., 1991) (both sources cited in Boar et al., 1999).
Considering the importance of reed beds as breeding and feeding

Table 4
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habitat for rare bird species, an initiative started in the 1990s that
aimed at increasing the reed area by 1,200 ha and rehabilitating a
further 800 ha reaching a target area of 6,500 ha of managed reed
beds in 2010 (Dickie, 2001; White, 2009). The majority of UK reed
beds are very small and fragmented in comparison to those in other
countries as the Netherlands (Hawke and Jose, 1996). The largest
producer of British thatching reed in the year 1986 was situated in
Scotland with around 0.1 million bundles per year (Haslam, 1989),
today it is the Tay estuary with a reed area of >600 ha (Alsbury,
2010). Well-known other reed sites are the Norfolk Broads and East
Anglian reed beds. According to White (2009) 2,000 ha of additional
reed beds would be necessary to cover the domestic demand with
indigenous reed.

The overview about the present reed market in the UK (Table 4)
shows clearly the high dependency on imports, which cover 75%
of the demand today. High labour costs and nature conserva-
tion policy limit the availability of thatching reed in the UK
(Dickie, 2001; IP 5). The simultaneous increase in demand has
intensified the dependency on imports additionally over the last
decades (Dickie, 2001; White, 2009; IP 5). However, the share
of domestic produced reed had increased slightly to 25% (Broads
Authority, 2012). A total consumption of 0.34 million bundles in
2013 (IP 8) seems to be very low and may be misinterpreted by

Total consumption, domestic production, import share and end consumer prices in the Netherlands, Germany, United Kingdom and Denmark, as countries having a high
demand for thatching reed, for the period 1990-2025.

Country Period Total consumption Domestic production Import share Price Price, adjusted”
Million bundles Million bundles % € €(2013)

Netherlands 1990-1998 10° n.d. 50? n.d. n.d.
1999-2007 42c-10P (6-74) 80 n.d. n.d.
2008-2012 6P n.d. 70° 2.95¢ 3.00-3.20
2013 3.5"-6% 280 700 2.10 2.10"
2025 (outlook) 5-62 n.d. 85¢ n.d. n.d.

Germany 1990-1998 32 n.d. 808 n.d. n.d.
1999-2007 3ei_4.8h 0.7h-14 80-85" n.d. n.d.
2008-2012 28-3bi n.d. 808K-851i! 2.00¢-2.50° 2.20-2.70
2013 2-38 0.5-0.7° 70%-80¢ 2.107-3.50¢ 2.107-3.50¢
2025 (outlook) n.d. n.d. n.d. n.d. n.d.

United Kingdom 1990-1998 1.5m 0.35"-0.451 75™m 1.40-1.70" (1995) 2.60-3.10
1999-2007 25 0.2P 75" 2.00™ 2.40
2008-2012 25 0.5° 75" 2.00t-2.50¢ 2.40 -3.00
2013 (0.34°) 0.2P-0.49 75° n.d. n.d.
2025 (outlook) n.d. n.d. 80" n.d. n.d.

Denmark 1990-1998 2.6Y n.d. 60V n.d. n.d.
1999-2007 3v n.d. 70v n.d. n.d.
2008-2012 2.5 (2.5%) 70V n.d. n.d.
2013 1.5(-2.5Y n.d. 70v 2.107-2.50"
2025 (outlook) 4,5-5Y n.d. 75Y n.d. n.d.

2 1P 6.

bIP 1.

< IP 10.

4 (Lautkankare, 2007).

¢ 1P 14.

fIp7.

g IP12.

h (Schifer, 1999).

i (QSR, 2008).

J (Schwarz and Greef, 2011).

KIP11.

S < 2 + w20 v o 3 3 -

(Ritterbusch, 2011).
(Dickie, 2001).

IP 5.

IP 8.

(Yates, 2006).

(George, 1992).

(Hawke and Jose, 1996).
(Broads Authority, 2012).
(White, 2009).

(Alsbury, 2010).

IP 4.

All values converted to € and inflation adjusted (www.fxtop.com) to October 1st, 20

50

13.
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the interviewee as the consumption of domestic reed which was
between 0.2 and 0.45 million over the last decades (Table 4).

As countries traditionally exporting reed to the UK, the sur-
vey identified Austria, Hungary, Poland, Romania, and Turkey; for
the period since 2000 also Ukraine and later China (IP 3; IP 8).
According to Alsbury (2010) and Haslam (1989) also France and
the Netherlands deliver reed to the UK. However, only 20 tons
(c. 3,200-4,400 bundles) were imported from the Netherlands in
1999 (Dickie, 2001). The statistical data revealed, that the UK ranks
usually third as destination for the exporting countries but con-
cerning the amount is by far less important than the Netherlands
and Germany (Fig. 2a,c.f,g).

The interviewees considered the high import share as prob-
lematic in terms of environmental impact of transportation from
Eastern Europe and China and possible implications for wildlife in
intensively managed reed beds in the exporting countries (IP 2).
It was also emphasised that the reed business depends on a good
reputation and a quality control is highly important (IP 5). Alsbury
(2010) highlights that consumers would be willing to pay around
2.50 pounds (in 2010, i.e. 3.00 € in 2013) per bundle for domestic
reed which exceeds the price for imported reed by 10-20%.

3.3.4. Denmark

Denmark has 42,000 reed-roofed buildings and the traditional
knowledge of thatching has been exported by Danish companies
to South Sweden and Norway in recent years (Lautkankare, 2007).
Evenif Denmarkis animportant reed thatching country, little infor-
mation can be found in the English, German, or Dutch literature and
no figures could be obtained on the Danish reed areas. IP 4 explained
that cereal straw was used until 1975, but the growing demand for
reed could not be satisfied by declining Danish reed beds (Ikonen
and Hagelberg, 2007). Although rising environmental awareness
led to the restoration of wetlands, it depends on environmental
regulations if they can be used for reed cutting (IP 4).

According to the total consumption and import share (Table 4),
the domestic production was around 0.9 million bundles in 2007.
Compared to this number the 2.5 million bundles indigenous reed
mentioned by Lautkankare (2008) seem to be too high.

After a comparatively stable total consumption since 1990,
a doubling of the demand is expected for the future (Table 4).
Denmark has been a major importing country for reed from Poland
(IP 7; Fig. 2d). According to statistical data Hungary and Germany
have been similar important for delivering reed to Denmark; the
Ukraine (since 2005) and to a less extend China (since 2007) gained
importance (data not shown).

3.3.5. Other importing countries (alphabetical order)

Belgium is a traditional reed thatching country (Wykes, 2010)
and a major destination for reed exports from the Netherlands
(Fig. 2h).

Finland has a vast reed area of 100,000 ha according to Pitkdnen
(2006) cited in Myllyniemi and Virtanen (2013) with 30,000 ha
(150,000 tons) located along the south coast and currently unused
(Ikonen, 2008; Komulainen et al.,2008). Reed thatched roofs, which
were very common in former times, have been widely replaced by
new roofing materials (Nordling, 2008; Suna, 2008). An EU financed
INTEREG project (2005-2008) tried to reintroduce the reed thatch-
ing to Finland by the help of Estonian thatchers and by using the
local available reed (Ikonen, 2008; Suna, 2008). However, the reed
for the first trials was imported from Estonia and other countries,
which shows that no domestic reed is harvested, yet (Lautkankare,
2007; Suna, 2008).

Ireland has a vital reed thatching culture similar to the one in the
UK with a total consumption of 0.2 million bundles annually (IP 1).
While local reed is rarely available or of poor quality, thatching reed
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is mostly imported from Turkey and Poland and occasionally from
the UK, Hungary, Romania, and Ukraine (Mullane and Oram, 2005).

Luxembourg was named as a traditional reed thatching country
(IP 6; IP 14). Due to its size and location it is most likely that most
or even all reed is imported.

3.3.6. Summary importing countries

The import share increases for the mostimportant reed consum-
ing countries over the whole investigated period (since the 1990s),
continuing also in the future (Table 4). The reasons are a higher
demand on the one hand, and on the other hand less supply in
Western Europe due to nature protection restricting the harvest,
insufficient reed quality caused by a lack of water and by nutrient
increase in reed beds, and high harvesting costs.

3.4. Exporting countries

3.4.1. Hungary

Hungary has been providing reed to Western Europe since at
least 1967 (Prosman, 2015a). Nowadays, the export volume is 2
million bundles and own consumption is 0.5 million bundles (IP 9).
Main export target country is Germany with 0.6-2 million bundles
(Table 3) (IP 1; IP 9; IP 12), next to the Netherlands (Fig. 2a) and
to a less extent the UK (English Heritage, 2000; Haslam, 2009). The
export volume was higher in past years (Fig. 2a) and decreased
due to quality problems as well as the closure of small businesses
(IP 1). One example is the Hungarian part of Lake Neusiedl, which
had a reed growing area of 75km? in 1982 (Knoll, 1986) and has
been a major reed supplier, but the amount of harvested bundles
decreased from 2 to c. 0.1 million today (IP 14).

3.4.2. China

Reed is exported from China’s Northeast, favoured by an access
to the sea as well as by cold and very dry winters with 5-6 months of
frost (Prosman, 2015b). The export volume to Europe was 2-4 mil-
lion bundles in 2010 (IP 1; IP 14), but the harvest potential is 40-50
million bundles (IP 14). Therefore, a further increase of the reed
exports is very likely (Prosman, 2015b). Germany is receiving 0.2-1
million bundles from China annually (IP 1; IP 12). Interview results,
which declared that China has been exporting reed to Germany and
the Netherlands since 2005 (Prosman, 2015b; IP 1), are perfectly in
line with the statistic data (Fig. 2c). The transportation costs are
responsible for 50% of the final selling price, for European reed it
would be around 10% (IP 14).

3.4.3. Turkey

Many interviewees named Turkey as an important reed sup-
plier, even if in recent time a reduced water supply of reed beds
decreased production (IP 1). The export volume is around 1 million
bundles (IP 1), whereof 0.3-1 million bundles go to Germany (IP 1;
IP 12). Statistic data show the Netherlands and the UK as important
destinations (Fig. 2f). Literature sources confirm that thatching reed
is harvested for export, e.g. in the Sultan Marshes (Develi Basin), but
also used locally for insulation (Dadaser-Celik et al., 2009).

3.4.4. Romania

The Danube Delta is the largest reed bed of the world with
Romania hosting an area of 190,000 ha (DeLaCruz, 1978). At peak
production in the year 1964, 226,000 tons were harvested for paper
production (Hanganu et al., 2002). Industrial exploitation damaged
the reed beds and dropped the production to 125,000 tons in 1976
(National Academy of Sciences, 1976; Rudescu et al., 1965 cited in
DeLaCruz, 1978). Today a small part of the reed from the Romanian
side of the Danube Delta is harvested for thatching (Hanganu et al.,
2002).1n 2013, Romania exported 1 million reed bundles, of which
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0.4-1 million bundles were shipped to Germany (IP 1; IP 12) and
small parts to the Netherlands and Italy (Fig. 2b).

3.4.5. Ukraine

In the Ukrainian part of the Danube Delta 105,055 ha of reed
were harvested for paper production during communist times
(Rodewald-Rudescu, 1974). After the fall of the Iron Curtain,
Ukraine became an important source for thatching reed, e.g.
for Germany, the Netherlands, and Denmark (Fig. 2e). Germany
received 0.3-1 million bundlesin 2013 (IP 1; IP 12). The total export
volume was estimated to be 2 million bundles (IP 1).

3.4.6. Poland

Poland is slowly developing a thatching culture. For the total
domestic consumption of 0.4 million bundles in 2013, no for-
eign reed was imported (IP 7). In the Rozwarowo Marshes (NW
Poland) more than 1,000 ha of reed are harvested for thatching
(Tanneberger et al., 2009). Other commercially cut reed beds are
located for instance in East Poland (IP 7). The whole area cut for
thatching reed in Poland is estimated to encompass c. 8,000 ha pro-
ducing c. 1.5 million bundles annually of which approximately 80%
are exported (IP 7). Main export countries, in descending order of
importance, are Denmark, Germany, the Netherlands and the UK
(Fig. 2d). Germany alone received 0.1-1 million bundles in 2013
(IP 1; IP 12).

3.4.7. Austria

Austria is an important export country, even if the export vol-
ume is variable and there is only one large reed growing location,
which is Lake Neusiedl. The reed area on the Austrian side of Lake
Neusiedl was 103 km? in 1982, where up to 25 km? were tradition-
ally used for reed cutting (Knoll, 1986). By 2010, the harvested area
had dropped to 10-15% of the whole reed bed (Fiihrer, 2010). The
quality, the yield and the extent of cut reed area are highly variable
and depend on weather (e.g. frost) conditions (IP 13; Fiihrer, 2010;
Knoll, 1986).

Reed was used locally as fodder, for roofing, and the production
of woven reed mats and pressed plates for construction in the past,
while demand declined significantly in the 1970s and only recov-
ered slightly in the 1980s and 1990s (Knoll, 1986; Fiihrer, 2010). IP
13 and Fiithrer (2010) highlighted the challenges for the reed busi-
ness at Lake Neusiedl: traditional harvesters cannot find successors
willing to continue the hard work, difficult harvesting conditions,
high labour costs, environmental regulations, no political support
and high competition from Hungary and China. From 14 reed cut-
ting enterprises in 1990 only three remained in 2013 of which just
one was run full time (IP 13). IP 13 concludes that no thatching
reed will be harvested at Lake Neusiedl in the medium or long-
term. However, foreign reed cutting enterprises have been renting
reed areas for harvest, e.g. a company from the Netherlands in 2009
(own observation). The political and research interests have been
concentrating on the energy utilisation of the reed resources as an
option to manage the large area of old reed stands not cut annually
(Fihrer, 2010; Kitzler et al., 2012).

The up and down of the reed business and a general decline is
reflected in the amount of harvested thatching bundles (Table 5).

Table 6
Survey data on domestic consumption, export volume and total production in mil-
lion bundles in 2013.

Country Domestic consumption Export volume Total production
Million bundles

Hungary 0.5% 2¢ 2.5

China n.d. 2¢-4¢ >2-4

Turkey n.d. 1€ >1

Romania n.d. >1¢ >1

Ukraine n.d. >2¢ >2

Poland 0.3-04° 1.2° 1.5

Austria ~0d 0.6-0.8¢ 0.6-0.8

4 1P 9.

bIp7.

CIP1.

d1p13.

¢ IP 14.

In 2013, 0.6-0.8 million bundles were gained, of which ‘99%’ were
exported (IP 13). Importing countries have been the Netherlands,
Germany and the UK (Fig. 2g), small amounts also go to Italy and
Belgium (Fiihrer, 2010). The tremendous export drop in the middle
of the 1990s (Fig. 2g) is to explain by four enterprises giving up reed
cutting in 1994/1995 (IP 13).

3.4.8. Other exporting countries (alphabetical order)

Estonia is producing 0.8-1.5 million bundles per year
(Lautkankare, 2007), harvested by ten companies (Miljan, 2013).
Rough estimations based on the annually thatched roof area of
15,000-20,000 m? (Lautkankare, 2007) suggest that the domes-
tic consumption is 0.18-0.24 million bundles. Thatched buildings
are especially typical for Western Estonia and the islands Hiiumaa,
Muhu and Saaremaa (Lilleste and Kams, 2013). Reed exports go
mainly to Denmark, Sweden, Germany, the Netherlands and the
USA (Lautkankare, 2007).

Reed roofing in Latvia was mentioned by Miljan (2013). High
quality thatching reed is harvested from Pape Lake of which the
majority is exported to Central and Western Europe (Laizans, 2013),
thus Latvia is presumably a net exporter. No information could be
gathered about the production volume, but the total reed area in
lakes is 13,200 ha, equivalent to 97,000 tons of winter reed (Cubars,
2012).

Lithuania has a reed bed area of 4,995 ha (lital et al., 2012). No
other information could be gathered about reed used in thatching,
but similar conditions as in Estonia and Latvia can be anticipated.

3.4.9. Summary exporting countries

Table 6 provides an overview about the main reed exporting
countries, their domestic consumption and export volumes. This
study classified countries as ‘exporting countries‘, when production
exceeds the domestic consumption. The limited amount of domes-
tic reed produced in ‘importing countries’, is generally utilised
locally and not exported.

Table 5
Total indigenous thatching reed production at Lake Neusiedl in Austria from 1960 to 2013.
1960s 1970s-1980s End of 1980s 1990s-2010 2010 2013
Indigenous reed Million bundles >2.78% 1.39-2.78° 0.63-0.89° <1.672 12 0.6-0.8"

Bundles were converted from the locally common meter bundles to standard bundles using a factor of 2.78 that was calculated via the circular area (1 m/0.6 m circumfer-

ence — 796 cm?/286 cm?).
2 (Fdhrer, 2010).
b 1P 13.
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Table 7
Total consumption in Europe based on (a) survey data and (b) summed up estimates for single countries (the Netherlands, Germany, UK, Denmark, Ireland, Hungary, Poland,
and Estonia).

Period 1990-1998 1999-2007 2008-2012 2013 Outlook (2025)

Total consumption Million bundles

(a) Estimates for Europe 6°-10° 10°-20° 10°-12¢ 74-15¢ 15¢

(b) Summed up estimates for single countries 17.5 12-19.8 10.5-17.5 8.3-13.2 17.5-19

4 1P 13.

bp12.

¢ IP6.

4 1p7.

3.5. Neutral countries

This category includes countries known for a reed using culture,
but a lack of data on domestic consumption, export or import ham-
pered a classification as net importers or net exporters. In the Czech
Republic reed is used as building material (Lautkankare, 2007),
but no other information could be gained. France has regionally
a domestic reed thatching culture and 1,500 ha of Mediterranean
reed beds are used for cutting thatching reed for exports to
Northern Europe (Poulin and Gaétan, 2002). Italy is known as a
destination for reed from Lake Neusiedl (Fiihrer, 2010) and the EU
statistic confirms imports from e.g. China, Hungary, Turkey, Austria
(all data not shown), and Romania for whose exports Italy ranks
third (Fig. 2b). Norway seems to have a limited reed thatching cul-
ture (Lautkankare, 2007). Sweden has vast reed beds with more
than 230,000 ha (lital et al., 2012) and a long tradition in straw and
reed thatching, although the latter dominates 90% of all thatched
roofs today (International Thatching Society, 2015). After the fall
of the Iron Curtain, cheaper reed became available which caused
an increase in thatched roofs in South Sweden (ibid.). The current
total consumption is estimated with 0.6 million bundles (IP 7).

3.6. Total Europe

Europe is the largest market for thatching reed worldwide. The
total consumption of at least 7 million bundles equals 29,400 tons
of reed (assuming an average weight of 4.2 kg/bundle). The market
saw a general increase since 1990 (Table 7), growing strongly in
the Netherlands and slightly in Germany (IP 6; IP 14) as well as in
Denmark and the UK (Table 4). The consumption dropped sharply
after 2007 (Table 7), when the financial crisis caused a temporary
decline especially in the Netherlands and France. In 2013, the mar-
ket had not totally recovered, but will probably in the long run.
Currently, the demand for thatching reed is pushed by low interest
rates, which encourage homeowners to invest in their properties.

Table 7 compares (a) responses from single interviewees about
the total European consumption with (b) summed up data obtained
for single European countries. The numbers of (a) are in the middle
of the wide range of (b) that include survey and literature data. Gen-
erally, the values from literature are smaller than those obtained
from interviews. The table shows also the weak points of sepa-
rating data into time periods, which cannot reflect rapid changes
properly. Whereas the statistical data on exports presented in Fig. 2
are compiled annually and therefore reflect changing importance
of mass flows well, we detected a discrepancy between the export
of a country into a specific country (e.g. Ukraine to Germany) and
import statistics of this country (Germany from Ukraine). Export
and import statistics should be equal. An explanation could be a
different application of European CN-codes or imprecise statistics
of the member states.

Over the past decades, a general change in the import pattern
could be seen. In the beginning of the 20th century most of the
thatching reed in Western Europe was produced locally. With wet-
land loss due to drainage, increasing environmental regulations and
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rising production costs, more and more reed was imported from
Eastern Europe. This development accelerated after the fall of the
Iron Curtain. In recent years, however, countries in Eastern Europe
started to catch up economically with Western Europe, bringing
up a higher awareness for environmental protection and similar
restrictions for reed bed harvesting. Consequently, China with its
vast reed areas has become an important single supplier and the
trend will continue most likely.

The reed price varies from year to year and depends on many
different factors, such as weather, living and labour costs, trans-
portation distance, quality, bundle size, origin, etc. The purchasing
country plays arole, too, as for example higher end consumer prices
can be obtained in the Netherlands than in Germany (IP 14). In gen-
eral, a normal price per bundle is 2.00-3.00 € (see also Table 3;
Table 4). The obtained data are too weak to come to a final con-
clusion on the price development since 1990, but prices seem to
be more or less stable, when inflation is taken into account (IP 1).
Thatching costs' (material and labour) are about 38 € m~2 in Estonia
(Nordling, 2008), 54-93 € m~2 in UK (Haslam, 2009), 70-90 € m—2
in the Netherlands, 80-90 € m~2 in Finland (IP 6; Lautkankare,
2007; Rauvola, 2007), 75-103 € m~2 in Germany (Schrader, 1998),
and 186 € m~2 in Ireland (Mullane and Oram, 2005).

Additional sources of information on demand and consumption
are the total number of thatched roofs and the area (m?) thatched
per year (Table 8). In the UK a declining number of thatched houses
can be seen for the time between 1800 and 1960, further continuing
until 2013. The Netherlands saw a sharp increase in newly thatched
houses between 1999 and 2008.

During the last three decades, an early decay of reed thatched
roofs has been observed which degraded confidence in reed as a
roofing material and the whole reed thatching industry (Anthony,
1999; Gessner, 2001; Haslam, 1989; Kirby and Rayner, 1989;
Wykes, 2010). The reasons are still not totally explored but seem
to be a combination of several factors as improper construction,
bad quality of reed, wetter climate in Europe and more aggressive
fungi (Anthony, 1999; Wykes, 2010). Chinese reed seems not to be
effected so far (Wykes, 2010). Hence, it was highlighted by many
responders that a good quality control and international standards
are necessary to ensure the reed business on long-term. Since a
shortage of reed leads to the occurrence and sale of bad quality
reed on the market (IP 6), an increased supply of high quality reed
may also reduce the problem with rapid decay.

However, all kind of stakeholders involved in the reed busi-
ness express strong concern that the domestic supply will further
decline and the dependence on imports, in particular from China,
will increase. At the same time, many interviewees disagree with
the far distantimportation. On the one hand they have environmen-
tal concerns because of emissions from transportation and missing
consideration of wildlife interests and on the other hand they
see thatching as a cultural and traditional craft which should use

1 All values converted to € and inflation adjusted (www.fxtop.com) to October
1st, 2013.



1072

Table 8
Thatched roofs per country and estimated demand of bundles per year assuming a
consumption of 12 bundles per m? roof.

Country Total number of ~ Newly and renewed Converted into
thatched roofs thatched area per year bundles per year
m? Million bundles
UK 1,000,000 (1800), n.d. n.d.
35,000 (1960),
24,000 (2005)°
Germany 30,000-100,000 250,000 (n.d.)® 3¢
(2004)"><
Denmark 42,000 (2004)" n.d. n.d.
Netherlands 150,000 (2008)¢ 600,000 (1992)¢, 7.2
350,000 (1999)¢, 44
800,000 (2008)¢ 8.7¢
Estonia n.d. 15,000-20,000 (n.d.)’  0.18-0.24
2 (Thatch.org, 2005).
b (Asendorpf, 2007).
¢ (QSR, 2008).
d (Horlings, 2012).
¢ (Fraanje, 1997).
f (Lautkankare, 2007).

local resources. Even if many interviewees raised concerns about
decreasing indigenous supply it was not necessarily due to loss of
wetlands as it was until the 1990s. In contrast, many wetlands have
been restored, but strict environmental regulations, high nutrient
loads or difficult harvesting conditions hinder the exploitation on
many sites. A promising option is to cultivate reed on rewetted
peatlands that were formerly drained for conventional agriculture
(Schafer, 1999; Wichtmann, 1999). The rewetting of large areas
reduces the conflicts with nature conservation aims, typical for
small reed beds, and allows the operation of efficient large-scale
harvesting machinery thus reducing the production costs. Since the
drainage of peatlands causes subsidence, soil degradation as well
as high greenhouse gas and nutrient emissions the shift from dry
arable land or grassland to wet reed beds would allow a sustainable
land use with many synergies for climate, water quality, and bio-
diversity (Wichtmann et al., 2010). This approach of wet peatland
use, called paludiculture, has been widely recommended recently,
e.g. by the FAO (Biancalani and Avagyan, 2014).

4. Conclusion

Reed used in thatching has a long tradition in Europe and
became more popular again in recent years. Thatched houses are
common along the Baltic and North Sea and form an essential part
of cultural landscape in many regions. During the last 25 years, the
Netherlands has been consuming annually 5-10 million reed bun-
dles. Other important countries are Germany, Denmark and the
UK with a consumption of around 2-3 million bundles each. All of
them are unable to meet their demand from domestic resources
and rely on the import of thatching reed up to a rate of 70-85%
of the total consumption. Thus, thatching reed developed from
the locally available, cheap roofing material in former times to a
globally traded market product nowadays.

Obviously, the reed production decreased in Western Europe
during the second half of the 20th century and was replaced by
imports from Eastern Europe. EU data on trade statistics for the
time from 1990 showed the different relevance of single coun-
tries with for instance Hungary and Ukraine exporting mainly to
the Netherlands and Germany, Romania to Germany and Poland
to Denmark as well as changes over time. Since the beginning of
the 21th century, the production in Eastern Europe declined, too,
due to similar reasons as in Western Europe before. At the same
time local initiatives tried to increase the indigenous reed produc-
tion and more potential reed became available through wetland
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restoration campaigns in Western Europe. In the meantime, the
lack of European reed has been replaced by imports from China, -
especially to the Netherlands since 2005/2006.

In conclusion, we can expect that the consumption will remain
on a high, but roughly stable level, for the next years. China, which
has vast reed resources available, will remain one of the main sup-
pliers and possibly even increase its export volume. However, there
is a chance that indigenous reed in Western Europe can play a more
important role again, but it has to overcome many challenges, such
as compensating high labour costs by efficient harvesting machin-
ery and reducing conflicts with nature conservation restrictions by
increasing the overall wetland area, e.g. through restoration and
rewetting agriculturally used peatlands (paludiculture). Finally,
reed as a construction material relies on a good image; fast spread-
ing rumours originating from single examples of early decaying
reed roofs can endanger the market developments. Promotion by an
international thatching society, quality certificates for the reed and
construction standards are means to ensure the long-term success.
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Abstract: Reed has a long tradition as locally available thatching material, but nowadays thatch is a
globally traded commodity. Germany and other major importing countries such as the Netherlands,
the United Kingdom, and Denmark rely on high import rates to meet the national consumption.
This study aimed at providing a detailed picture of the thatching reed market in Northern Germany
and at assessing the market potential for reed of regional origin. A written survey among all thatchers
in Northern Germany was carried outin 2019, arriving at an effective sample of 47 out of 141 companies.
The results revealed that for the responding companies the majority of the reed (59%) was used for
rethatching roofs completely, 24% for newly constructed roofs, and 17% for roof repairs. Reed from
Germany held a low share of 17% of the total consumption in 2018. Own reed harvesting was
conducted by less than 9% of the responding companies and given up during the last decades by
another 26%. The total market volume of reed for thatching in Northern Germany was estimated
for 2018 with a 95% confidence interval at 3 + 0.8 million bundles of reed with a monetary value at
sales prices of €11.6 + 2.8 million. Based on the end consumer demand, the supply gap for reed of
regional or German origin was estimated at 523,000 + 392,000 bundles of reed equaling a market
value of €1.9 + 1.4 million, indicating high uncertainties. Most of the responding thatchers (70%) did
not promote reed of regional origin, mainly due to insufficient availability but also a lack in quality
was reported. The cultivation of reed in paludiculture, i.e., as climate-smart land use alternative to
drainage-based agriculture on peatlands, can increase the availability of thatching reed in Germany
and simultaneously reduce GHG emissions.

Keywords: Phragmites australis; thatching companies; value chain; market analysis

1. Introduction

Common reed (Phragmites australis) is one of the most widespread plants in the world and
populates wetlands of various kinds [1]. Since time immemorial, people made use of different parts of
the plant as well as of the reedbed itself [2]. A wide range of historical uses up to services appreciated
only recently is described by Haslam [2], Kiviat [3], and Kobbing et al. [4]. While reed is an important
resource for the pulp and paper industry in China [5,6], in Europe it is appreciated as building material.

The utilization of the long and thin reed culms as roofing material, i.e., for thatching, is one of the
best known and most common applications in many European countries. In Germany, evidence for
the use of reed for thatching comes from as early as 4000 BC, when the first Neolithic farmers settled
at the coastline of the North and Baltic Sea [7]. Until today, thatched houses are commonly found in
the coastal regions of Northern Germany and in regions with many inland lakes where they have a
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landscape-defining character. The thatcher’s craft is included in the German Inventory of Intangible
Cultural Heritage [8]. Thatched houses are valued for providing a pleasant living climate, for the
renewable building material, and for its high aesthetic value [8,9]. An average estimate for the durability
of a reed thatched roof is 40-50 years with possibly much longer lifetime for the Eastern or Northern
side of the roof and very steep roofs [7]. Single cases of considerably shorter lifetimes are known as
early or premature decay and have been described for reed thatched houses at least since the 1970s [10]
but were increasingly observed in Germany at the turn to the 21st century [11]. The lifetime of a
roof is influenced by many factors starting from the quality of the reed, over the construction of the
roof up to the maintenance of the thatched roof. Repair work can be necessary from time to time as
well as renewing parts especially exposed to wind and weather, like the roof ridge, which needs to
be conducted normally every 15-20 years [12]. Every landscape has a traditional regional building
and thatching culture with specific house types, roof shapes, or materials used for the roof ridge,
e.g., variations of the Low German house, the Haubarg of the Eiderstedt peninsula, or log houses in the
Spreewald [12]. Today, reed is not only used for rethatching historical monuments but also on newly
build (holiday) houses and even for modern architecture, e.g., exploring the use of thatch for covering
walls [13,14].

Despite its long tradition as locally available roofing material, reed for thatching is nowadays an
internationally traded commodity. A first analysis of the European market identified major importing
countries (the Netherlands, Germany, the United Kingdom, and Denmark) relying on imports of up
to 85% of the national consumption [15]. One major reason of the low self-supply rate is the decline
of reedbeds due to dyke construction, drainage, and cultivation of peatland and marsh land [12].
Additionally, the remaining reedbeds are defined as legally protected habitat by the Federal Nature
Conservation Act in Germany and partly located in designated nature conservation areas. While the
use of domestic resources has been increasingly restricted, reed was imported from East and Southeast
Europe (e.g., Hungary, Romania) and since 2005 even from China [15]. The cultivation of reed as
agricultural crop might improve the supply with domestic reed.

Common reed is considered as a promising paludicultural plant [16]. Paludiculture is defined
as agriculture and forestry on wet or rewetted peatlands; it combines a productive use with the
preservation of the peat body as long-term carbon store [17]. There is a high need to develop climate
smart utilization options for rewetted peatlands. In Germany, drained peatlands encompass only 7%
of the agricultural area but emit 37% of the national greenhouse gas emissions of agriculture and
agricultural land use; in the EU 3% of the area are responsible for 25% of the emissions [18]. Being an
emergent wetland plant, reed grows well at water levels near surface, which are needed to ensure peat
preservation. In addition to reducing a large source of soil born GHG emissions, below-ground biomass
may form new peat thus acting as sink for carbon captured from the atmosphere. Comparing three
utilization options for reed, the harvest for thatching was the most profitable option compared to
combustion and biogas generation [19]. When it comes to economic viability, the market potential of
domestic reed plays an important role.

The research aimed at determining the market volume and market potential of reed of regional
origin for thatching in Northern Germany. Specifically, it aimed to answer the following three
research questions:

1.  What is the current market volume of reed for thatching in Northern Germany?

2. What are the market shares of thatching reed from different origins?

3. What factors influence the demand and supply of reed of regional origin and how can its market
potential be assessed?

In answering these questions, we add to the very sparse literature on reed markets and provide
the first in-depth study on the market of thatching reed not only in Northern Germany but worldwide.
The total quantity, the origin of reed, and quality attributes are investigated as key factors. The results
are relevant beyond the scope of Northern Germany as similar situations, i.e., a high consumption of
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reed and a little self-supply rate, are found in other countries, in particular in the Netherlands, Denmark,
and the United Kingdom. Furthermore, rewetting of peatlands and identifying economically viable
utilization options is an issue worldwide in order to enhance nature-based climate solutions [20,21].

2. Materials and Methods

2.1. Study Site

Reed thatched houses are found mainly in the North of Germany, i.e., near the coasts, on the
islands of the North Sea and the Baltic Sea, but also in areas rich of inland water like the “Spreewald”
region south of Berlin [12]. In Southern Germany, the formerly rye straw thatched houses in the
Black Forest are also thatched with reed that is nowadays more easily available than long straw [12].
We focused our study on Northern Germany since reed roofed houses are most common in this region.
Only few thatched houses are present in the remaining parts of Germany, although straw thatch was a
widespread roofing material of rural areas until the beginning of the 20th century [12]. The study region
consists of the federal sates of Mecklenburg-Western Pomerania, Lower Saxony, Schleswig-Holstein,
Brandenburg, Hamburg, and Bremen, the last two being city states (Figure 1).
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Figure 1. Northern federal states of Germany and the location of sampled (all dots) and responding
(large dots) thatching companies.

2.2. Market Analysis

The analysis of the market of reed for thatching and the market potential of regional reed builds
upon the concept of value chains [22,23] and product differentiation by country or regions of origins [24].
Figure 2 depicts the value chain and the main actors along the chain. The material flow goes from left
to right, and the value grows accordingly with every step in the chain; the money-flow goes from right
to left. Reed grows either in natural reed beds or is cultivated for being harvested. Cultivation may
range from some management decisions taken by the landowner or the land user for existing reed
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beds (e.g., water management) up to the establishment of new reed beds by planting. In Germany,
public authorities decide if, when, and how reed harvest can take place. Reed cutters harvest dry
winter reed using simple or advanced technologies. Reed is tied and stored for further drying up. It is
cleaned and retied to standardized bundles ready for thatching. A reed bundle, also referred to as a
Euro bundle has a circumference of 60 cm [25]. The final demand for thatched houses generates the
demand for thatching, the partial demand for trading, the partial demand for cleaning and retying,
the partial demand for harvesting, and the partial demand for commercially used reed beds.

Growth Harvest Processing Trading Final services Final product

Natural reed beds

| Cleaning and
retying reed

Thatched house

Harvesting reed

Trading reed

Thatching

Reed cultivation

« land owner * reed cutter * reed processor * reed trader * thatcher * house owner
* land user
* public authority

Figure 2. Value chain for reed as thatching material and value chain actors.

In this study, we focused on thatching companies being the key actors in the value chain by
linking the final demand with the market for raw materials. Addressing thatching companies allowed
us to estimate the total market volume for thatching reed (either in physical units of reed bundles or
in monetary volume), the origin of reed used, as well as the market share distribution according to
origins and among companies. Concerning the market of thatching services, we distinguished three
different market segments: thatching new buildings, renewing roofs on old buildings, and repair work
on thatched roofs. Thatchers are also able to assess different demands of the final consumer and create
a demand for reed of different quality and origins by promotion and price policies. Similar to research
that has been conducted for food, e.g., [26], we investigated the importance of reed of regional origin
concerning e.g., current market share, demand from end consumer side, valuation of thatcher’s side,
availability, and market potential.

2.3. Survey of Thatching Companies

Surveys are well established instruments in market research in particular for gaining information
on size and structure of markets and on the use of and attitudes to products [27]. The target population
of this study were thatchers in Northern Germany. After extensive internet and business research a
total number of 151 companies were identified. The whole identifiable population was sampled with a
combined mail and internet questionnaire using the web-based software tool “EvaSys”. To optimize
data collection and quality assurance, the questionnaire was subjected to two rounds of pretests [28].
The survey was conducted in August 2019. The questionnaire and a cover letter with additional
information were sent to 151 companies requesting participation either in a postal way (a stamped,
self-addressed envelope was included) or in an online questionnaire via “EvaSys”. One week after
initial survey invitation, reminding took place via email or phone.

Because the questionnaire was sent to the entire identifiable population, a census approach
was used. Ten businesses no longer existed, were not thatching any more, or were pure trading
companies. These businesses were excluded. The population (N) finally included 141 thatching
companies. Over the entire three-week response period (30 July—16 August 2019), 47 questionnaires
were completed and returned. The response rate was thus 33%. The response rate for the individual
federal states was between 24 and 100% (Table 1).
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Table 1. Total number of sampled companies and response rates in the survey of thatchers in the
federal states of Northern Germany carried out in 2019.

Total Number of Response Rate
Federal State Companies
Number Row Percent  Sample Percent
Schleswig-Holstein 58 14 241 29.8
Lower Saxony 37 13 35.1 27.7
Mecklenburg-Western Pomerania 39 16 41.0 34.0
Hamburg 4 2 50.0 43
Brandenburg 2 1 50.0 21
Bremen 1 1 100.0 2.1
Sum 141 47 33.3 100.0

2.4. Nonresponses, Representativity and Data Integrity

Not returned questionnaires, i.e., Unit-Nonresponses, are traditionally explained by “not-at-homes,
“people unable to answer” (e.g., being actually ill), and “refusals” (e.g., cost of answering is higher
than the expected benefit) [29,30]. For the present study, the first and second reason are unlikely
due to the conduction of a written survey with a response period of several weeks. Some of the
refusing thatchers provided their individual reason for not completing the survey like “no time”,
“not participating in surveys”, “no interest”, and “work only little with reed”. We assume nonresponses
to be random. No systematic bias could be observed, e.g., both very small and very large companies
participated in the survey. Due to the lack of any information on the population of thatchers from other
sources, the representativity of the sample cannot be assessed directly. Thus, by using the responses for
extrapolating data to the total population we need to assume the effective sample being representative
for thatchers in Northern Germany. The extrapolated data can partly be crosschecked with data from
other sources.

Before conducting the data analysis, the data quality was checked. None of the questionnaires had
to be discarded. A few obviously unrealistic values (outliers, inconsistency of values for dependent
variables) were excluded from the analysis. Missing values occurred due to Item-Nonresponses or
discarded answers. Listwise deletion, i.e., deleting complete cases due to missing values, was not an option
due to the small sample size. Missing values were not replaced with substituted values (data imputation).
Because all questionnaires were kept for analysis and no data imputation was conducted, the number
of effectively sampled companies (n) differed depending on the analyzed question.

Unit- and Item-Nonresponses, even if occurring completely at random, always reduce the effective
sample size and increase the sampling error and the variance of the estimates [31]. Taking this into
account, we estimated the main extrapolated variables of interest at a confidence interval of 95%.

2.5. Data Analysis

2.5.1. Quantitative Analysis

For most variables basic descriptive statistics are reported, including mean (M), standard deviation
(SD), sum, and sometimes min and max values. Histograms are presented only for the most important
variables. For the purpose of extrapolation, we checked whether or not differences in the distribution
of variables between companies located in different federal states exist. Only those federal states were
compared in which the number of responses to the questionnaires was high enough to allow valid
statistical statements to be made, i.e., Schleswig-Holstein, Lower Saxony, and Mecklenburg-Western
Pomerania. Because the data were not normally distributed and differences between independent
samples were to be investigated, the Kruskal-Wallis test was applied in each case [32]. In addition,
the sale-price differences between imported reed and reed from Germany were to be checked for
their statistical significance in companies that offer both types of reed. Because these data were not
normally distributed either, a Wilcoxon matched pair signed rank-Test was used [32]. Furthermore,
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a Fisher-exact test was carried out to identify a possible correlation between the promotion and the
quality assessment of reed of regional origin. A linear regression analysis (ordinary least squares—OLS)
was performed to check the relationship between the number of orders for thatching and the number of
bundles installed. The values of a dependent variable (in this case the number of bundles installed in
2018) are to be traced back to independent variables (here the different orders). The statistical analysis
of the data was conducted with the Statistical Package for Social Sciences (SPSS, Armonk, NY, USA).
In all calculations, the level of statistical significance was set to p < 0.05 [33].

We calculated sampling errors to estimate the extent of the variation that is due to investigating a
sample but not the whole population. The 95% confidence intervals (CI) for the expected population
means () were determined by using the following formula:

SD [N-n
CI(y) = Miza/z% V=T

where M indicates the sample mean, z,/, the z-value for o = 5%, that is 1.96, SD the sample standard
deviation, n the sample size, N the population, and VYN —n/N —1 the finite population correction
factor [34]. For further mathematical procedures, rules for expected value calculation and propagation
of uncertainties were applied [35].

2.5.2. Qualitative Analysis

Two open questions were asked concerning the promotion and the availability of reed of regional
origin leading to qualitative statements. Inductive coding is one of the forms of content analysis defined
by [36]. Instead of being based on theoretical assumptions, the inductive procedure uses only the
available material as a starting point for category formation. Inductive coding was suitable for the
survey, since the lack of literature required an exploratory approach.

Because the quality of the results depends directly on the decisions of the rater, coding was
accomplished independently by two raters and the coding was compared to check the quality of
the category system. SPSS was used to calculate the measure for the randomly corrected agreement
Cohens Kappa [33,36]. Cohens Kappa calculates the correspondence of the category assignment of text
parts between the two raters and relativizes this by the probability of a random match [37]. The higher
the agreement between the raters, the more independent are the results of the raters. In the calculation,
the categorization of the answers to the question why reed of regional origin is not promoted resulted
in a kappa of k = 0.951 and the question why the demand for reed of regional origin cannot be met
resulted in a kappa of k = 0.853. Both kappas correspond to a very high match [38]. In the end, the two
raters agreed upon a uniform category allocation for text parts that had been assigned to different
categories, which formed the basis for the analysis of the frequencies in the results section.

2.6. Cross Validation

To validate the information of the survey, the results were compared with information about
roofing standards and available trade data. The estimated number of bundles of reed used for thatching
new and renewed roofs were compared with information on average roof sizes and average number of
bundles used per square meter. The results of the stated origin of the bundles used by the thatchers
was compared with the import figures on the EU portal “Eurostat” for 2018. For the latter purpose,
the database “Eurostat” was called up [39]. Then, the database for international data (detailed data)
was selected. The import of reed can be found in the EU trade to CN8 in 2018 under the products
G14. Reed is classified under the trade code “1401 90 00”. It is assumed that the other products
covered by this code, e.g., raffia for plaiting, are of negligible importance [15]. The EU countries
(EU28 INTRA), as well as Ukraine, Turkey, Belarus, and China were selected as partner countries and
Germany as reporter for imports. The selection is based on the countries listed in the reed product
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data sheet [25]. As in the questionnaire, the comparative figures include Turkey, Belarus, and Ukraine
as European imports.

3. Results

3.1. Thatching Companies

Most of the responding thatching companies are specialized on thatching. About two thirds of
the companies (62%, n = 29) work with reed as the only roofing material, while 38% (n = 18) also
use other materials. Some specialized thatchers are also trading reed (n = 2), harvesting reed (n = 4),
or cultivating reed (n = 1). In terms of employment, all thatching companies can be classified as small
and medium scale enterprises (SME) ranging from pure self-employment to a maximum of 28 full-time
employees. On average, the companies employ almost six full-time employees (SD = 5.53). Part-time
employment (n = 15) and seasonal employment (n = 4) are not very common. While 26% (n = 12) of
the companies provided thatching services only in their local district, 11% (n = 5) covered all categories
reaching from local district over other districts of their federal state to other federal states and even
other countries. Services were provided for instance in the Netherlands, Belgium, Luxemburg, France,
Great Britain, Ireland, Poland, Sweden, and Iran. In summary, the responding thatching companies in
Northern Germany can be characterized as small and medium scale enterprises with a high level of
specialization and a permanent labor force. The market orientation ranges between a very local market
and a European market dominated by a regional and national market orientation.

3.2. Thatching Services and Market Development

The final market for thatching services can be divided into three market segments (1) thatching
new roofs, (2) renewal of roofs, and (3) repair of roofs. Table 2 shows the number of orders carried out by
responding thatchers in 2018. A total of 83 roofs were newly built and 231 roofs were completely renewed.
There were also 1778 orders to repair a thatched roof. On average, one company carried out around
2 orders to cover newly built thatched roof houses, 6 orders for complete renovation, and 47 repairs.
The SD indicates that there is a large variation for orders across companies, especially for repairs.

Table 2. Types of orders for thatching services of responding thatching companies in Northern Germany
in 2018.

Number of Orders
Sum Mean SD

Newly constructed roofs 40 83 2.1 3.8
Completely renewed roofs 40 231 5.8 5.7
Repairs of roofs 38 1778  46.8 62.4

Type of Order n

Thatchers were asked how they rate the development of the market for newly constructed roofs
in the ten years before 2018 on a scale of 1-7, where 1 indicated greatly reduced and 7 greatly increased.
Overall, the frequency of newly thatched houses in the past 10 years was assessed as slightly increasing
(n=41,M =4.4,SD = 1.7). Thatchers were also asked how they assess the development of general
roofing market relative to the thatching market on a Likert-Scale from 1—much worse to 7—much
better. On average, the general market for roofing was considered to have developed slightly better
(n=46,M=5,5D = 1.6).

3.3. Reed Bundles Per Company and for Thatching Services

The thatchers were asked how many Euro bundles of reed they installed in 2018. The distribution
is depicted in Figure 3. Most of them installed less than 10,000 bundles with a minimum of 200 and a

65



Resources 2020, 9, 146 8 of 21

maximum of 80,000 bundles. For the sample of 35 respondents, a total of 750,575 bundles of reed were
installed (M = 21,445, SD = 19,964).

In order to link the number of orders for thatching with the amount of reed, a linear regression
through the origin was carried out (n = 30). The regression estimated that 2132 bundles (p < 0.000)
were installed for each newly built house, 1923 bundles for each completely renewed roof (p < 0.000),
and 24 bundles for each repair (p = 0.521). Overall, the number of orders significantly influenced how
many bundles of reed were installed in 2018 (F = 40.2, p < 0.000). The regression explains 82% of the
variance in the installed bundles. It should be noted that the repairs were not statistically significant,
obviously, since the area size per order can vary greatly.

Thus, in terms of reed bundles used, the market for completely renewed roofs is estimated to be
the largest (59% of the annually installed reed), followed by newly constructed roofs (24%), and finally
roof repairs (17%), if the latter includes the residuals.

M =21 455
SD =19 964
n= 35

Frequency

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 100,000

Thatching reed in Euro bundles

Figure 3. Quantity of Euro bundles of reed installed for thatched houses per responding thatching
company in Northern Germany in 2018 (n = 35).

The results of the linear regression of the orders and installed bundles can be compared with the
size of a roof and thus validated. The roof area of a single-family house in Germany is approximately
150 m?2 [40]. At least 12 bundles of thatch are required to cover one square meter of roof [7,41,42]. If the
roof area is now calculated using the number of bundles installed per order, this amounts to an average
of 178 m? for newly built houses and an average of 161 m? for renovated houses. Because these are
realistic sizes, it can be assumed that the data given are consistent.

3.4. Market Shares by Origins of Thatching Reed

Thatchers were asked where the thatch came from in 2018. As can be seen in Table 3, the respondents
indicated that 12.8% came from their respective federal state and a further 4.1% from other parts of
Germany. A total of 4.3% came from the Polish part of Pomerania, i.e., the neighboring region of
Mecklenburg-Western Pomerania, and the main part came from the remaining European market with
62.7%. In addition, 16.1% of the reed was imported from China.
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Table 3. Origins of thatching reed used by responding thatching companies in Northern Germany in

2018 (n = 44).

Origins Percentage of Reed

Mean SD

The respective federal state 12.8 25.1

Other parts of Germany 41 13.9

Polish part of Pomerania 43 13.2

Other parts of the European market (including Ukraine and Turkey) 62.7 40.0

China 16.1 28.9

For validation, the information on the origin of reed for thatched roofs in Northern Germany
can be compared with EU import statistics from 2018. Of the 6367 tons of reed imported to Germany,
80% came from the European domestic market (EU28 intra, Belarus, Turkey, and Ukraine) and 20% from
China. The imports make up 100% of the reed used. For comparing these figures with the information
from the questionnaire, the share of nonimported reed (17%) must be included. Considering an import
rate of 83%, EU trade statistics reveal 66% of the reed coming from the European market and 17%
from China. In comparison to the information provided by thatchers (67% from the European market,
including the Polish part of Pomerania, and 16% from China), the percentage figures hardly differ.

3.5. Thatching Reed Sales Prices and Origins

Thatchers were asked for the price at which a Euro bundle is sold to the customer (Table 4).
The thatchers stated that a Euro bundle of reed imported to Germany was sold to their customers for
an average price of €3.90, while a Euro bundle of reed from Germany cost on average €3.57.

Table 4. Customer purchasing prices of thatching reed sold by responding thatching companies

(in prices of 2018).
L. €/Euro Bundle
Origin n
Mean SD Min Max
Germany 25 3.57 087 25 5.5

Other countries 38 3.9 094 241 6.5

For companies selling reed from Germany as well as from other origins (n = 24), a Wilcoxon
matched pair signed rank-Test indicated that thatching reed from Germany is offered at a significant
slightly lower price (p = 0.037).

3.6. Purchasing Criteria of Thatchers

When purchasing reed, the origin of reed is a relevant criterion for 54% of the thatchers (Table 5).
However, other criteria are more important. All thatchers stated that quality is an important purchasing
criterion for them. Quality requirements for thatch according to the “Product data sheet for thatch”
published by the “German roofing association” include: cleanliness, culm length, and breaking
strength [25]. These criteria were considered as relevant by 91%, 87%, and 70% of the thatchers,
respectively. In a question, where the thatchers should rank the three most important criteria, quality was
the most important criterion for 56% and the second most important criterion for another 10% (n = 43).
Origin was the most important criteria only for one thatcher (2%), and the second most important for
three (7%).

Interestingly, price was a relevant criterion only for about one third of the responding thatchers.
No thatcher mentioned price as the most important criterion; however, four thatchers mentioned price
as the second and another three as the third most important criterion. Color of reed was least important.
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Table 5. Criteria when purchasing reed for thatching of responding thatching companies in Northern
Germany in descending order (n = 46).

Criteria Frequency  Percent
Quality 46 100.0
Cleanliness 42 91.3
Culm length 40 87.0
Breaking strength 32 69.6
Culm wall thickness 26 56.5
Origin 25 54.3
Price 15 32.6
Storage and transportation 27 29.6
Color 9 19.6

3.7. Regional Origin of Thatching Reed and Quality

Regional origin is a fussy concept. Therefore, the thatchers were asked at first how do they
understand the term “regional” in relation to reed. For the responding thatchers, “regional” primarily
means reed from Germany (33%), from their own federal state (28%), and from their own district
(26%) (n = 47). For only 5%, “regional” means from the entire European Single Market. As we had
anticipated those diverse concepts of regionality, all further questions on regional reed applied a
uniform definition: “Regional reed include all reed from a radius of up to 150 km”.

Thatchers were asked how they assess the quality of regional reed as compared to other sources
(Figure 4). On average the quality was assessed as equal. Of the respondents (n = 37), 10 thatchers
considered the quality as superior and 14 as inferior. All thatching companies that were engaged in
harvesting reed (n = 4) considered regional reed of superior quality.

Frequency

1 2 3 4 H [ 7

1="much worse" to 7="much better"

Figure 4. Quality assessment of regional reed as compared to other sources on a Likert-scale by
responding thatching companies in Northern Germany (n = 37).
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3.8. Demand for and Promotion of Reed of Regional Origin

Next to the importance thatching companies assigned to the origin of reed, we also asked for the
demand on the part of building owners. The thatchers stated that on average 34% of their customers
asked for reed of regional origin on their own (n = 45). Thatching companies with own reed harvest
(n = 4) indicated a much higher demand shown by on average 75% of their customers. In the case of
29% of all thatching companies, no customer asked for thatching reed of regional origin (Figure 5).

0 10 20 30 40 50 60 70 a0 a0 100

Percent of customers

Figure 5. Percent of customers asking for thatching reed of regional origin on their own in responding
thatching companies in Northern Germany (n = 45).

Assuming that the share of customers demanding regional reed approximates the share of
demanded reed bundles, the before mentioned information can be used to calculate the market
potential for reed of regional origin. For the sample of 35 respondents, the latent demand is estimated
at 256,846 bundles. Compared to the number of bundles of German origin used for thatching in 2018
(126,594 bundles), this indicates an excess demand and a supply gap for reed of regional origin.

When asked whether thatchers or their employees promote reed of regional origin to their
customers only 30% responded that they did (n = 46). For the thatchers denying the promotion of
regional reed, the most common reason was an insufficient supply (50%) and the second one the poor
quality of reed of regional origin (31%) (n = 31). The quality deficiencies specified consider too short
and/or too soft reed (n = 4). All reasons given by thatchers for not promoting reed of regional origin
are listed in the original wording in Appendix A Table Al.

Table 6 shows that the perceived quality of reed has an impact on the promotion of regional reed.
A Fisher’s Exact test showed a significant correlation between the promotion of regional reed and the
assessment of the quality of reed of regional origin compared to reed from other sources (p = 0.002;
n = 36).

Despite the reed of regional origin being perceived as inferior in some cases, 69% of thatchers
who have so far not promoted reed of regional origin would generally be willing to offer more of it,
15% would be unwilling to do so, and 15% had no opinion on this question (n = 32). Of the thatchers
who already promoted regional reed, 86% would be willing to offer even more and 14% had no opinion
on the subject (n = 14).
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Table 6. Relationship between quality assessment and promotion of thatching reed by responding
thatching companies in Northern Germany.

. . Quality Assessment of Regional Reed
Promotion of Thatching

Compared to Other Sources
Reed of Regional Origin P Total
Worse Same Better
Yes 0 8 3 11
No 13 5 7 25
Total 13 13 10 36

3.9. Supply of Reed of Regional Origin

In order to check whether the supply of reed of regional origin is large enough to meet the current
demand, the thatchers were asked whether sufficient reed of regional origin was available. Of the
respondents (n = 45), 36% stated to have sufficient thatch of regional origin available, while 64% stated
that the available thatch could not cover their orders. After a qualitative evaluation, the thatchers gave
eight reasons why the demand for reed of regional origin could not have been met. The most common
reason (23% of the respondents) was “Too little reed beds/declining stocks”, “Nature conservation”,
and “No offer” (n = 28). All reasons given by the thatchers are listed as quotes in Appendix A Table A2.

According to the survey, four companies (8.5%) conduct reed harvesting (n = 4) in Northern
Germany. Of the other companies, 12 (25.5%) harvested reed in former timers but gave it up in the
60s or 70s (n = 3), 80s or 90s (n = 3), or since 2000 (n = 6). One of the companies currently harvesting
reed is located in Lower Saxony, two of the companies in Mecklenburg-Western Pomerania and one
company in Schleswig-Holstein. The company in Lower Saxony also cultivated reed for this purpose,
the other three harvested only existing natural reed beds. The companies that conducted own reed
harvesting harvested a total of 54,256 bundles (M = 13,564, SD = 21,274) of reed in winter 2017/2018
(harvest period for 2018), of which 45,456 bundles (84%) were harvested by the company in Lower
Saxony. Two of the companies did not state how many Euro bundle of reed they installed in total
in 2018. In one of the companies the self-harvested bundles accounted for 10% of the total bundles
installed, in the other the installed bundles only made up 40% of the self-harvested bundles.

3.10. Extrapolation of the Market Volume and the Markt Potential for Reed of Regional Origin

Based on the survey information, the results were extrapolated to the entire thatching market
in Northern Germany. The focus was on the quantity and value of thatching reed and the market
share and market potential for regional reed. According to the Kruskal-Wallis test, the hypothesis that
distribution of all above reported variables are identical between Schleswig-Holstein, Lower Saxony,
and Mecklenburg-Western Pomerania could not be rejected, except for three variables. These were
the number of orders for renewed roofs and repairs and the price for thatch of non-German origin.
Therefore, we consider it as justifiable to perform a simple extrapolation instead of a weighted one,
assuming the whole sample distribution to represent the entire population (Table 7). The extrapolated
point estimates are presented together with the 95% confidence intervals. Because the share of reed of
German origin of 17% could be verified by external sources (see Section 3.4), the market share was
taken as certain. All other variables were subjected to a calculation of sampling errors, i.e., estimating
how far the population mean is likely to be from the sample mean.

Thus, we estimated a market volume of 3 + 0.8 million bundles of reed in Northern Germany,
where the majority of reed is installed by companies located in Schleswig-Holstein, followed by
Mecklenburg-Western Pomerania, and Lower Saxony. The total market value of reed in sales prices is
estimated at €11.6 + 2.8 million.
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The market volume for regional or German reed in Northern Germany is estimated at
511,000 + 137,000 bundles and at a market value of €1.8 + 0.5 million. The market potential, however,
is much higher as the final demand for regional reed suggests. Thus, we estimated a supply gap for
reed of regional or German origin of 523,000 + 392,000 bundles or €1.9 + 1.4 million. If supplied at
current quality and prices it is estimated that on average more than double the bundles could have
been sold. However, these estimates are connected with substantial uncertainty.

4. Discussion

Thatchers are decisive actors in the reed value chain being responsible for both purchasing reed
and thatching roofs for the house owners. Our survey among thatchers provides the first in-depth
analysis of the market for thatching reed in Northern Germany. We determined the market volume of
thatching reed in Northern Germany and assessed the market potential for reed of regional origin in
quantitative and qualitative terms.

4.1. Current State and Development of the Reed Market in Northern Germany

For answering the first research question, we estimated the total market volume for thatching
reed in Northern Germany and analyzed the market volume for the three different thatching services
identified: (1) newly build roofs, (2) renewal, and (3) repair of existing roofs. The total market volume
was estimated at around 3 + 0.8 million bundles of reed with a monetary value at sales prices of
€11.6 £+ 2.8 million in 2018. These figures are an extrapolation, which is to be viewed under the fact
that there were large differences between the surveyed companies. Few literature is available to verify
the extrapolation.

The EU trade statistics depict general trends and interannual differences in reed trade between
countries [15] but appear unsuitable for cross validation of the total market volume (in bundles)
for a specific year. According to the extrapolated survey data about 2.5 + 0.7 million bundles were
imported. Converting the imports of 6367 tons of reed reported in EU trade statistic into bundles
(assuming average weights of 4 kg, based on 3.2 kg dry mass per bundle (range: 2.4-5 kg) [43]
and 15-18% water content in traded bundles) resulted in about 1.5 million bundles. The difference
amounts to almost 1 million bundles for the point estimate and 0.3 to 1.7 million bundles for the 95%
confidence interval. That reed quantities are not completely pictured by EU trade statistics may be
linked to observation gaps for goods traded between EU member states, e.g., due to Intrastat reporting
exemption thresholds [44]. Furthermore, bundles have a standard value for the circumference but
not for the mass. Long (>1.90 m), medium long (>1.40 m), and short bundles are distinguished [25].
Extreme droughts experienced in Europe in 2016/2017 [45] may have affected the reed growth and
led to shorter bundles with lower weight traded in 2018. Finally, reed may be stored and the year of
purchase and of thatching may differ.

The calculated total market volume of 3 + 0.8 million reed bundles, however, equals an earlier
estimate of 3 million bundles made by the Society for reed quality assurance (QSR), which was based
on information provided by reed traders [11]. Wichmann and Kobbing [15] identified further similar
estimates of 2-3 million bundles for single periods between 1990 and 2013. A considerably higher
value of 4.8 million bundles of reed needed per year in Northern Germany was mentioned in 1996 by
the chairman of the thatcher guild Mecklenburg-Western Pomerania and published in Schifer [46].
Fluctuations between the years [46] are mentioned as well as a decline of the reed market at the
beginning of the 21st century due to observed cases of early decay of thatched roofs [11]. The recovery
of the reed market stated by QSR [11] seems to have continued since the results of our survey suggest a
slightly increased demand for thatching newly built houses in Northern Germany in the past 10 years
(2008-2018). According to the conducted linear regression, the responding thatchers used only 24%
of the reed for newly constructed roofs in 2018, but 59% for completely renewed roofs, and 17% for
roof repairs. It is unknown, however, how many thatched roofs exist in Germany [11]. Furthermore,
it cannot be assessed whether the number of thatched roofs increases due to newly built houses or
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decreases due to thatched houses being demolished or covered with a hard roof at the end of the
lifetime of the soft thatched roof.

4.2. Origins of Reed and Development of Market Shares

The second research question addresses the origin of the reed used for thatching in Northern
Germany. The survey results clearly show that most of the reed is imported from the European market
(67%) and from China (16%). Only 17% of the reed bundles are from Germany. The calculated import
shares were confirmed by EU trade statistics reporting 66% of reed imported from the European market
and 17% from China. In an overview study of the European reed market, an import rate fluctuating
around 80% from 1990 to 2013 was reported for Germany [15]. The import rate of 83% revealed by the
survey fits well to these literature values. Imports continue to be at a high level and even might have
increased slightly.

4.3. The Potential of Reed of Regional Origin

The third research question focuses on the market of reed of regional origin and factors influencing
the demand and supply. The majority of the responding thatchers relates the term “regional” to their
own federal state (28%) or even to their own district (26%). German reed is considered as being
“regional” only by 33% of the respondents. Most of the German reed used by thatchers is indeed
from their specific federal state (Table 3). The thatchers also indicated that on average a third of
their customers asked about reed of regional origin, but the range was as wide as possible reaching
from 0 to 100%. According to the extrapolation, the current market volume of reed from Germany is
511,000 + 137,000 bundles with a monetary value of €1.8 + 0.5 million. The market potential, based on
the share of costumers asking for regional reed on their own, is about double (1 + 0.4 million bundles,
€3.7 £ 1.4 million), indicating an excess demand of 523,000 + 392,000 bundles (€1.9+ 1.4 million) not
met by the current supply. Assuming an average yield of 500 bundles per hectare [19], this latent
demand can be covered by an additional harvest area of 1046 + 784 ha. Considering that 70% of the
responding thatchers do not promote reed of regional origin, the potential market for reed of regional
origin can be larger than calculated. The majority of thatchers who have not yet promoted reed of
regional origin would generally be willing to do so (69%). The unavailability of regional reed was
mentioned by 50% as the reason for not promoting regional reed and insufficient quality by 31%.
Surprisingly, thatching reed from Germany is offered at a significant slightly lower price despite of
the demand exceeding the supply. This result might indicate that although regional reed is preferred,
final consumers are not willing to pay a higher price. Furthermore, lower prices might be connected
with lower quality [47]. Quality issues were repeatedly reported by the surveyed thatchers as reasons
for not promoting regional reed or for the inability to supply the demand of customers (see Tables Al
and A2). Nevertheless, thatchers were quite divided in their assessments and some consider regional
reed as of superior quality (see Figure 4). In particular, thatchers who harvest reed were convinced of
the superior quality. Although there is some scientific literature on the quality of reed for thatching
from different provinces, the results show the huge variability and are overall inconclusive about the
quality of reed of different origins [48,49].

4.4. Potential and Obstacles of Cultivating Reed

It can be concluded that there is a demand for more and above all more high-quality reed of regional
origin. Cultivating reed may improve both quantity and quality of regional reed for thatching. Thus,
cultivating thatching reed is one promising and climate-smart alternative to drained agricultural peatlands.
Growing reed on rewetted peatlands can generate climate benefits in several ways: (a) minimizing
CO, emissions from peat oxidation [50], (b) acting as strong CO, sink [51] due to carbon-capture and
long-term storage in belowground biomass and peat formation, (c) using reed for replacing fossil resources,
e.g., avoided emissions caused by energy use in roof tile production, and (d) (temporal) carbon-capture
and storage if harvested aboveground biomass is used as long-life building material.

73



Resources 2020, 9, 146 16 of 21

In terms of area demand, however, 6000 + 1600 ha with an average yield of 500 bundles per
hectare [15] would be sufficient to produce even all 3 + 0.8 million bundles of the current total market.
Considering a surplus area, e.g., for buffering for harvest failures, a maximum area of 10,000 ha is
needed. Applying national GHG emission factors (including emission of CO,, CHy, N,O) for drained
cropland (40.4 t CO;-eq.), drained grassland (31.7 t CO,-eq.) and rewetted sites (5.5 t CO,-eq [52]),
the annual saving due to minimized peat oxidation for 10,000 ha could be 260,000 to 350,000 t CO,-eq.
In relation to total emissions of about 45 Mio t CO,-eq from agricultural used drained peatlands in
Germany [52], this saving can only be a small component. Other biomass utilization options and
further crops need to be investigated to provide economically viable paludiculture options [19] for
about 383,000 ha of arable land and 852,000 ha of grassland on drained organic soils [53] in Germany.

The cultivation of reed may range from shifting the harvest season from summer to winter,
over improved water management, the planting of pre-cultivated seedlings for stand establishment,
up to the selection of provenances, genotypes, or even breeding for improved reed quality. So far,
winter harvested reed stands in Germany are not eligible for direct payment under the EU Common
Agricultural Policy [54]. Therefore, it is not surprising that reed cutters report wet grassland to be mown
by the land manager in summer (and thus impeding a winter harvest for thatching) just for generating
EU subsidies despite of a lack of utilization for the biomass. Negotiations on the new CAP post 2020
include proposals for considering paludiculture as eligible for agricultural payments in the future,
which would eliminate a major obstacle of reed cultivation. Another factor is the need for special
harvesting equipment adapted to the low bearing capacity of reed stands and equipped with a specific
mowing (and cleaning) device [55]. The purchase of such a machine is economically feasible only
with a certain minimum size of harvesting area. Our results showed, however, that the current reed
harvesting area is limited (Table A2: not available, too small, very restricted use, nature conservation).
Several pilot trials proved the feasibility of planting reed for establishing a reed stand in Great
Britain [56], the Netherlands [16], and Germany [57,58], and practical experience of the commercial
harvest of planted reed stands is available. Research on how to achieve and improve thatching qualities
of reed cultivated on rewetted peatlands is still in progress.

4.5. Limitations of the Study

When evaluating the results and the extrapolation, it should be kept in mind that with a
participation rate of 33%, the situation of 94 thatching companies in Northern Germany remains
unknown. It should also be noted that due to individual unanswered questions, the response rate of 33%
was not met for all questions. These nonresponses reduced the effective sample size and unavoidably
increased the sampling error. Based on the assumption that nonresponses were completely random,
confidence intervals for major extrapolated variables could be computed. However, nonsampling
errors might have occurred. The participation was determined by the willingness of the thatchers to
take part in the survey. It is conceivable that responses were given by larger companies that had the
human resources or by thatchers who were already interested in the topic of “regionality”. This was
attempted to be reduced by avoiding the topic of regionality at the beginning and in the cover letter of
the questionnaire. Overall, it can be concluded that, based on the target group and the survey design,
a response rate of 33% represents a satisfactory effective sample size suitable to make valid statements,
which was demonstrated by the comparison with trade data and literature values. It can therefore be
assumed that despite all uncertainties, overall a good overview of the market for reed in Northern
Germany could be given. Limitations concern the concept of “regional reed”, which may be defined
differently by thatchers and house owners. In addition, the question on prices paid for a reed bundle
by the end consumer lacks a specification on gross and net values so that the stated prices must be
viewed with caution. In conclusion, it is pointed out that the present work is limited to the perspective
of thatchers. Addressing further actors of the reed value chain such as reed cutters, traders of thatching
reed, or the owners of thatched house can provide further insights into the reed market.
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5. Conclusions

The results provide a detailed picture of the reed market in Northern Germany and quantify the
market potential for reed of regional origin. The lacking supply of regional reed concerns not only
the quantity but also the quality. The survey revealed a further decline in domestic reed harvesting
and conflicts with nature conservation targets. Considering the large areas of drained peatlands
and wetlands used for agriculture, rewetting already a very small share of it for reed cultivation
would allow to improve the regional availability of reed as traditional ecological roofing material
and simultaneously reduce GHG emissions. Further investigations are needed on the quality of reed
cultivated in paludiculture. A similar situation can be assumed for other European countries, as the
Netherlands, the UK, and Denmark, which share the tradition of thatching houses with reed, have large
areas of drained wetlands and import up to 85% of their reed.
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Appendix A
Table A1l. Reasons why reed of regional origin was not promoted, full answers.
Participant ID Response
1 Too little available, culm length too short (hearsay)
2 Quality is sometimes not sufficient
3 Quality is worse than reed from Ukraine and China
4 Because thatch from other countries is also good, but should be in the same latitude
9 Because it is not available
11 Amount offered too small
12 Too few with good quality available
13 Because there is hardly anything and because the greens throw us sticks between the legs
14 Quality is comparable, and the price is more important to the customer
16 Most of the reed goes to Holland, the rest is personal consumption
17 It does not depend on the origin, but on the usability on the respective roof or on the
respective conditions
19 Insufficient quantity available
20 Because not enough reed comes from Germany
21 There is hardly any local thatch, so I cannot promote it
23 Nothing on the market, not available
24 Unfortunately no longer—product data sheet
25 There is too little
27 In principle, it is only available to a very limited extent
28 Does not meet my expectations, mostly too short and very soft
30 Too little regional reed
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Table A1. Cont.

Participant ID Response

32 Since there is no thatch on the market!

34 Because there is none

35 I don’t have a supplier/trader for regional reed

37 Not good quality

38 Reed that is too short and too fine

41 No offer

42 Too much effort

43 Because the quality of reed bundles has not been satisfactory in recent years

46 Because German reed that grows up in the Weser river in algae and reed from S-H is
too soft.

47 It is not possible to buy the quantity

Note: Only those participants are listed who have given an answer.

Table A2. Reasons why there wasn’t enough reed of regional origin to meet demand, full answers.

Participant ID Response
1 Not enough harvesting areas, nature conservation
4 Because too little thatch is harvested in Germany
8 Depends on the size of the building and staff (construction project)
12 A lot of regional thatch is not offered in the quality that it meets the “technical rules for
roofing with thatch”
1. You have to apply for harvesting permits 1 year in advance 2. You then don’t know
13 whether it is possible to mow (frost). What then: 3. would be throwing money out of the
window. 4. It is very difficult to meet the requirements
15 Not enough areas for harvesting
17 Applies to us, not to the industry. Not enough reed is allowed to be harvested for the entire
needs of the regional branch.
19 Insufficient area available or no harvesters
20 Because too little is harvested or not enough
21 There is only one person cultivating reed here and the amount is limited
23 Nothing on the market, not available
24 Rent too high for German thatchers
25 Politically that is probably what is wanted
o7 Existing reed beds (areas) may only be used very restrictively, see guidelines for reed
harvesting in MV
28 No or too small harvest areas -> NABU and nature conservation
30 There is not enough regional thatch on the market
31 Too little land to harvest
32 Because hardly any thatch is harvested!
34 The reed beds have declined sharply
35 Don’t know who is supplying me with it
38 Because there is too little land for harvesting
39 Because more and more “falls” towards nature conservation
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Table A2. Cont.

Participant ID Response
40 Too little reed harvesting
41 Location dependent
42 Hardly or not at all offered by traders
43 There are only small quantities of good quality—you have to secure a batch quickly or in
due time. Often the required quantity is only sufficient for 1-2 orders for new roofs.
46 Areas are banned or not redistributed—stock is decreasing
47 You would need relationships

Note: Only those participants are listed who have given an answer.
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Establishing Sphagnum cultures on bog grassland, cut-over bogs,
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SUMMARY

Sphagnum biomass is valued as a high-quality constituent of horticultural growing media. The cultivation of
Sphagnum (peatmoss) was tested successfully on peat soil and on artificial mats floating on acidic water
bodies. But whether Sphagnum farming is economically feasible is unclear. Drawing on experience gained
during four research projects in Germany we compared the procedures, costs and area potential for
establishing large-scale Sphagnum cultures. Establishment costs were clearly lower for soil-based cultivation
(€8.35 m? to €12.80 m?) than for water-based cultivation (€17.34 m? to €21.43 m?). Relating costs to the
predicted dry mass yield over the total cultivation time resulted in values of €1,723 t' on cut-over bog,
€2,646 t' on former bog grassland, €9,625 t ! on floating mats without pre-cultivation and €11,833 t' on
pre-cultivated Sphagnum mats. The high production costs of the mats (without pre-cultivation 54 % and with
pre-cultivation 63 % of total costs) resulted in the highest overall costs. In the case of soil-based Sphagnum
cultures, the costs of purchasing Sphagnum diaspores were most influential (on bog grassland 46 % and on
cut-over bog 71 % of total costs). The lowest costs relate to cut-over bog because of the smaller effort
required for site preparation compared to taking off the topsoil of former bog grassland and the limited costs
for the assumed irrigation system. In the case of former bog grassland, the high investment costs for the
project-specific automatic water management boosted the establishment costs. Taking into account potential
savings on the irrigation system and the high area potential, bog grassland emerges as the most promising

land category for Sphagnum farming in Germany.

KEY WORDS: cost assessment, degraded bogs, growing media, paludiculture, Sphagnum farming

INTRODUCTION

Sphagnum biomass is regarded as a high-quality
constituent of horticultural growing media (Emmel
2008, Oberpaur et al. 2010, Blievernicht ez al. 2013)
and is suitable for a wide range of additional
applications (Zegers et al. 2006).

‘Wild” Sphagnum is harvested in countries with
extensive  natural peatlands (e.g.  Finland,;
Reinikainen et al. 2012) or Sphagnum-dominated
(secondary) wetlands (‘pomponales’ in Chile; Diaz
et al. 2008, Dominguez 2014). In countries where
drainage has degraded almost all of the domestic
peatland area, such as Germany (98 %) and The
Netherlands (95 %) (Barthelmes 2016), the few
bogs that are still covered by natural vegetation are
strictly protected. Under these circumstances, the
cultivation of Sphagnum (‘Sphagnum farming’) can
provide Sphagnum biomass for peatland restoration
(Money 1994) and as a renewable substitute for
slightly decomposed ‘white’ peat in horticultural

applications (Gaudig et al. 2014). Additionally, a
mosaic of land- and water-based Sphagnum
(peatmoss) cultivation has been proposed as a vision
for sustainable use of a bog landscape that has been
drained for agriculture and peat cutting up to the
present time (Figure 1, Gaudig et al. 2014).

Pilot studies have demonstrated the practical
feasibility of establishing Sphagnum cultures on
former bog grassland (Joosten et al. 2013), cut-over
bogs (Kamermann & Blankenburg 2008, Gaudig et
al. 2017), and mats floating on acidic water bodies
created by the extraction of peat, sand, and lignite
(Joosten 2010; Blievernicht et al. 2011, 2012).
However, the economic feasibility of Sphagnum
cultivation and the preconditions for large-scale
implementation have not yet been investigated.

This article provides a first assessment of the
cost of establishing commercial Sphagnum cultures
at the three types of production site, compares the
relevant establishment procedures, and analyses
options for and constraints on Sphagnum farming.
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Figure 1. Mosaics of a) current land use on degraded bogs in NW Germany and b) Sphagnum cultures after

rewetting (after Gaudig et al. 2014).

METHODS

Sphagnum farming is a new land use option. In
contrast to conventional agricultural production
methods, there are no established standard
procedures or standard cost data available.
Therefore, our cost assessment was conducted in
two steps: a first qualitative step defining how
Sphagnum cultures are established and which costs
have to be considered; and a second quantitative
step determining, for instance, the amount of time
required and costs per hour of operating the
machinery. Our cost calculations were based on
experience from four research projects that aimed to
establish Sphagnum cultures in Germany, on peat
soil and artificial floatable mats (Table 1).

The MOOSGRUN npilot trial was conducted on
an area of approximately 4 ha of former bog
grassland with a net production area of 20,268 m?,
making it possible to test mechanical establishment
procedures and collect real-life data. We used daily
time sheets to document the hours of labour and
machinery provided by the industrial project partner
for the individual work steps and compiled the
invoices for purchase of materials and services
provided by external enterprises.

The small pilot trial on cut-over bog
(TORFMOOS) did not include cost assessments.
However, on the basis of long-term experience of
preparing cut-over sites for rewetting and
restoration, it was possible to identify procedures
and derive machinery costs for commercial
upscaling. In order to create conditions favouring
bog regeneration, peat companies in Lower Saxony
are required to: (a) leave a waterlogging layer of at
least 0.5 m of highly decomposed peat (H>7,
degree of humification according to von Post 1924);
(b) create flat polders with surrounding surface
bunds to retain precipitation; and (c) install outlets
for surplus water (Blankenburg 2004, MU 2011).

Additionally, some costs were assessed according to
the trial on former bog grassland (MOOSGRUN).
The calculation was conducted for a fictional site of
~3 ha with a net production area of 20,000 m>.

The first cost calculation for Sphagnum farming
on floating mats was based on small trials and
assumptions (MOOSFARM, reported in Joosten
2010). For this article, previous work has been
revised in the light of experience gained by the
practice partners in PROSUGA, when floatable
mats were produced at industrial scale and
successfully tested on man-made water bodies with
an overall area of >2,000 m’.

The calculations encompassed site preparation or
mat production and the establishment of the
Sphagnum cultures. Planning costs (e.g. site
identification, permissions) and costs of further
management, maintenance, harvesting, etc. were not
addressed. Generally, all enterprises involved in the
projects supported our calculations by providing
data on the costs of labour, machinery, investment
and mat production. The price level refers to the
year 2011, when field experiments were established
on bog grassland and on floating mats at larger
scale. For comparability, all costs were allocated to
the net production unit, i.e. € per m? of Sphagnum
lawn, and related to the harvestable amount of
biomass.

Because Sphagnum is perennial, we assessed
yields over the possible total cultivation time and
conducted dynamic investment calculations. In
addition to the initial establishment costs () in the
first year (z=0) we considered the intermediate costs
(1) of some re-establishment occurring at a later time
(f) and discounted costs back to present values (PV)
with interest rate (i) (Equation 1). The present
values of establishment costs were spread over the
expected total cultivation time (7) and expressed as
annuities (4), ie. constant annual values
(Equation 2).
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Table 1. Main features of Sphagnum culture pilot trials conducted within four German research projects

(2004-2015).

Medium Field site Net producztlon Cost Project name
area (m?) assessment (duration)

peat soil,

. cut-over bog NO TORFMOOS
highly d d 1,260 .

'8Ny decompose (Ramsloh, Lower Saxony) ! not included (2004-2007)
(black peat)
floating mats from peat sand ot lgnie 230 YES  MOOSFARM

& peat, & assumptions (2007-2010)
extraction)

. several water bodies (resulting NO PROSUGA
floating mats from peat or lignite extraction) 2,030 not included (2010-2013)
peat soil, .

. former bog grassland YES MOOSGRUN
lightly d d 20,268° )
Slgntly decompose (Rastede, Lower Saxony) field data (2010-2015)

(white peat)

aThe total pilot area of 4 ha included infrastructure such as causeways and irrigation ditches.

T
PV E+Z e
o La+y

(L4 )T *i

A=PVs — 2 "°
rT o1

[2]

After assessing the procedures and costs for
establishing Sphagnum cultures, we looked at the
potential for upscaling pilots in Germany. Based on
literature, we assessed the area potential for
commercial Sphagnum farming on former bog
grassland, on cut-over bogs, and on acidic water
bodies.

RESULTS

Procedures for establishing Sphagnum cultures

Cultures on bog grassland

The soil-based Sphagnum farming site consists of
three elements: Sphagnum production strips, narrow
ditches for irrigation around each production strip,
and bunds used as causeways. Before planning and
preparing the site, one of two types of production
system (PS) must be chosen (Figure 2). The first
involves the use of adapted harvesting machinery
that can drive onto the wet Sphagnum production
strips  without damaging them so that fewer
causeways are needed and Sphagnum production
strips can occupy a larger share of the total field

area (PS1; Figure 2a). The second type of
production system (PS 2; Figure 2 ¢) involves the
use of an excavator with a mowing bucket for
management and harvesting. The maximum width
of the production strips is determined by the
maximum operating range of the excavator arm
from the causeway. The width of 10 m also ensures
sufficient lateral water supply from the ditches to
the peatmoss in the middle of the strips

Setting up the pilot trial on bog grassland at
Rastede (Lower Saxony, NW Germany; Table 1)
consisted of two phases: (a) preparing the site; and
(b) initiating the Sphagnum culture (cf. Table 2). A
tracked bucket excavator (Komatsu PC 160,
working width 250 cm, tracks 2 x 130 cm) was used
for all construction work and an adapted snow
groomer equipped with a manure spreader was used
for the ‘seeding’ work.

The irrigation system allowed us to control the
water table and water inflow electronically, and to
monitor the trial remotely via the internet. The
automatic water management system was expected
to reduce the need for inspection visits, provide data
for hydrological monitoring, and ensure a sufficient
water supply. To operate the pump, valves and
control centre, the field site had to be connected to
an electrical power supply. Thus, in the case of the
pilot trial, construction work included the
installation of approximately 400 m of underground
cable connecting to the national power grid at the
nearest farmyard, with horizontal drilling for a
culvert passing beneath the major runoff ditch.
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Production System 2
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irrigation
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pump
(inlet)

overflow
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Figure 2. Soil-based Sphagnum culture (plan views). Production System 1 (PS 1) requires machines that
can be driven (black arrows) onto the Sphagnum production strips (green), despite their low bearing
capacity; the causeways (brown) provide a turning area for the machines and allow the transport of
harvested biomass: a) schematic illustration, b) field experiment with three neighbouring production strips.
Production System 2 (PS 2) provides more causeways for weed control machinery, moss harvesting and
biomass transport: ¢) schematic illustration (following Wichmann et al. 2014), d) field experiment with

2 x 2 production strips.

Cultures on cut-over bogs

The work steps required to establish Sphagnum
cultures on cut-over bogs are similar to those
described for bog grassland (Table 2). The main
differences relate to the initial site conditions. The
even surface of bare peat that remains after milled
peat extraction means that less effort is required to
prepare the site. Instead of removing the topsoil, it is
sufficient to adjust small height differences. A
tracked vehicle equipped with a blade smooths the
surface and removes peat for bunding, as is common
in peatland restoration work (Figure 3a). An
excavator shapes the bunds, which are used as
causeways. A minimum height of 1 m is suggested
for main bunds when restoring excavated sites
(Blankenburg 2004).

It can be assumed that excavated sites are
generally too distant from settled areas to allow a
connection to the power grid. The field trial in
Ramsloh (Table 1) was irrigated with ditch water
using a wind pump. Water retention basins or wells
might be necessary on large sites. To ensure a

sufficient water supply in periods with little wind
and high evaporation, investment costs for a mobile
electric pump and generator (emergency power unit)
were included. In the Ramsloh trial, underground
irrigation pipes were installed every 5 m at a depth
of 30cm (Kamermann & Blankenburg 2008,
Gaudig et al. 2017) to compensate for the low
hydraulic conductivity of highly decomposed peat.
Because the continuing functionality of the
underground irrigation system over time is unclear
(Gaudig et al. 2017), and considering the high effort
required to install it, open ditches with the same
spacing as the pipes (5 m) were assumed for large-
scale implementation. Costs for their installation by
a tracked vehicle equipped with a ditch-digging
device, and an excavator to dig ditches along the
causeways, were included in the calculation.

The calculation for upscaling Sphagnum farming
on cut-over sites assumed mechanical spreading of
moss diaspores and straw as demonstrated on bog
grassland at Rastede (Table 2), as opposed to
manual spreading as in the small field trial on cut-
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Table 2. The work steps required to establish Sphagnum cultures on bog grassland in Rastede (Lower
Saxony, NW Germany).

Removing the degraded topsoil and providing an even surface

e deciding on the type of production system (Figure 2)

e pegging (size) and levelling (depth) of future production strips

e transporting the excavator to the field site

e taking off sod and the layer of topsoil (30-50 cm, laser-controlled) that is mineralised, limed and enriched with
nutrients using a tracked excavator, creating an even surface on the production strips to ensure a
homogeneous supply of water to all sub-fields

Installing infrastructure for water management

e excavating narrow ditches (approximately 50 cm wide, 50 cm deep)

e constructing outflows for surplus water

e installing pumps and underground pipes for irrigation

e installing underground cables, sensors and a container for the control centre

Site preparation

Constructing causeways as management and harvesting infrastructure
e using the removed topsoil to build bunds and shaping the bunds as causeways

Purchase and storage of seeding material
e purchase and storage of Sphagnum biomass - diaspores
e purchase and storage of straw = mulching

Spreading Sphagnum fragments and straw muich

e transporting machinery, moss and straw to the field

e loading the manure spreader, mounted on a snow groomer, with an excavator grab
e spreading the moss and straw mulch

-> establishing the production strips

Rewetting

e initial filling of the ditches

e adjusting outflows, refitting non-return valves

- raising the water table immediately to minimise desiccation of diaspores

Initiating Sphagnum culture

a) b)

5m

pump
(inlet)

—@

irrigatiol
ditches

—
overflow
(outlet)

Figure 3. a) Cut-over bog divided into polders, as is commonly done in Germany for restoration purposes;
b) schematic illustration (plan view) of Production System 1 on cut-over bog (CO-PS 1) with narrow (5 m)
production strips (compare Figure 2a).
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over bog at Ramsloh. The diaspore application rate
at Ramsloh was 7.9 L m? (~10 m? for 1,260 m?%
Kamermann & Blankenburg 2008, Table 1), and
thus similar to that in the Rastede field trial
(7.8 L m?). For comparability, we used the same
diaspore price (€750 m™) instead of calculating the
costs of manual collection as actually conducted
within the project on cut-over bog. The fictional
production site (CO-PS 1) assumed for the cost
estimates extends to ~3 ha with 16 moss strips of
Sm x 250 m, i.e. it has a net production area of
20,000 m? (Figure 3b).

Cultures on floating mats
Two mat components were developed and field
tested at large scale, namely: (a) floatable mats; and
(b) pre-fabricated mats with Sphagnum fragments
stitched onto a carrying material and rolled out on
the floating mats, either directly after manufacture
or after a period of pre-cultivation under sheltered
conditions (Figure 4). Costs have been calculated
for both of these production options.

For the floating mats, panels of polystyrene foam
(2 cm thick) were used as floats to ensure permanent
buoyancy. The cost calculations considered panels
made of extruded polystyrene foam (XPS) (brand
name e.g. Styrofoam), which require a higher initial
investment but exhibited longer durability in wet
environments than expanded polystyrene (EPS)
(brand name e.g. Styropor). The panels were
wrapped in an absorbent textile, ie. recycled
polypropylene (PP) fleece (Figure 4a), which
ensured the supply of water to the mosses. The
fleece connected the single XPS panels together to

form a mat of width 1.20 m and length ~13 m,
leaving a small gap after every second panel so that
the long mat could be folded up for transport from
the production plant to the field.

The field-tested Sphagnum mats consisted of
recycled PP fleece, the Sphagnum diaspores
(3-4 L m?), and a thin straw mat covering to reduce
evaporation and to fix the mosses. The cost of the
straw mats (chopped cereal straw between PP nets,
€0.30 m?) was not included in the calculations
because the field trials revealed some disadvantages.
During pre-cultivation, the straw mats led to
increased weed (e.g. cereal) occurrence and had to
be lifted regularly because the moss grew through
them. On floating mats without pre-cultivation, the
straw mats led to conditions becoming too wet for
the sensitive phase of moss lawn establishment.
Finally, instead of decomposing in the field, the PP
net only disintegrated leaving residues in the
harvested biomass. For pre-cultivation, the straw
mat was replaced with a thin, reusable shading
fleece (€0.25 m?) that improved Sphagnum growth
by ensuring a moist microclimate. For transport, the
cost calculations assumed a separating layer of thin
paper in place of the straw mat, to prevent moss
fragments from sticking to the bottom side of the
rolled-up Sphagnum mat.

For soil-based pre-cultivation (Figure 4b), the
Sphagnum mats were rolled out on ground that had
been covered with woven fabric and a thin (0.1 mm)
polyethylene film. The moss was protected from
direct sunlight by a tunnel covered with shading
fabric that was rolled up temporarily for
conditioning. An additional shading fleece reduced

Figure 4. a) Stitching machine for mat production; b) pre-cultivation of Sphagnum mats in a shading
tunnel (photo: C. Schade, NIRA); ¢) production site established on a flooded opencast lignite mine.
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evaporation. Natural precipitation was
supplemented by artificial irrigation to ensure a
sufficient water supply. In addition to manual
weeding, the application of herbicides and
fungicides was successfully tested. Pre-cultivation
took 6-12 weeks, meaning that two or three runs
can be realised within the annual vegetation period.

Long-distance transport of the mats from the
production sites in NW Germany to the large-scale
trials on artificial water bodies south of Berlin was
by lorry. After unloading, transport to the shore and
watering, a motorboat was assumed to pull, place
and anchor the floating mats on the water body. The
Sphagnum mats were rolled out on the floating mats
and the single mat strips were reversibly connected
to a larger production unit such that they could later
be separated for harvesting (Figure 4c¢). To maintain
good vitality of the Sphagnum diaspores, all work
steps (including delivery and installation) must be
carried out without delay.

Establishment costs

Cultures on bog grassland

Preparation of 3 ha of grassland for Sphagnum
farming according to Production System 1 (GL-PS 1,
0.81 ha net production area) and Production System 2
(GL-PS 2, 0.87 ha net production area) took 50
working days. The main effort went into taking off
and relocating the topsoil (Figure 5). This work step
was more time-consuming for GL-PS 1 than for GL-
PS 2. In contrast, GL-PS 2 required higher labour
and machinery costs for constructing ditches,
passages and causeways (Table 3).

Of the total establishment costs of €12.67 and
€12.80 m? (Table 3), site preparation accounted for
a minor fraction (GL-PS 1: 11 %, GL-PS 2: 12 %,
Figure 6a). The most important cost element was the
purchase of Sphagnum diaspores (46 %), whereas
the seeding work (mainly labour and machinery)
accounted for only 7 %. The investment costs for
the automatic water management system amounted
to 35 % of total cost. Major elements, totalling up to
~€75,000 (Table 3), were site or research specific;
for example, the work required to connect the field
site to the national power grid (including horizontal
drillings), and the material and programming costs
for the electronic water management control system.
These costs were initially allocated to a relatively
small area of ~2 ha. Enlarging the production area
to 5.6 ha (in 2016) considerably reduced the
proportionate initial cost of irrigation infrastructure
per unit area (Figure 6a), further emphasising the
influence of diaspore costs (46 % > 53 %).

250

200

150

100

Time required / h ha™?

50

GL-PS1 GL-PS 2

M building causeways
M constructing ditches and passages
removing top soil

Figure 5. Time required to prepare the site for the
pilot trial on former bog grassland, projected for a
total area of one hectare to compare Production
Systems 1 and 2 (Figure 2), with working steps
distinguished.

Cultures on cut-over bogs

The purchase of Sphagnum diaspores accounted for
71 % of the total establishment cost of €8.35 m™
(Table 4). Site preparation (7 %) and seeding work
(10 %) were of only minor importance (Figure 6b).
The investment cost for providing irrigation by wind
and mobile pumps amounted to 12 % of the total
cost.

Cultures on floating mats

The total investment cost for water-based Sphagnum
farming amounted to €17.34 m?, increasing to
€21.43 m? when pre-cultivation was included
(Table 5). The Sphagnum diaspores (€750 m™)
accounted for shares of 17% and 14 %,
respectively. The purchase of floating mats and
Sphagnum mats incurred the highest costs (54 %
and 63 % without diaspores), including surcharges
added by upstream suppliers to cover their general
costs and production risks (12 % and 15 %).
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Table 3. Labour, machinery and investment costs of establishing Sphagnum cultures on bog grassland in
Rastede (Lower Saxony, Germany) in 2011. In order to calculate proportionate costs, some cost items (*)
had to be related only to GL-PS 1 and GL-PS 2 (total: ~ 1.68 ha), while others (**) applied to the whole pilot

area (2.03 ha net production area).

Total GLPS1 GL-PS2
Net production area (ha) 1.68/2.03 0.815 0.868
Site preparation
Transport of the excavator € 1488 ** 598 637 1
Pegging and levelling € 408 * 197 210 2
Labour € 9039 * 4221 4957 3
Excavator € 13,302 * 6133 7169 4
Water outlets € 358 * 346 471 5
Total € 24,594 11,507 13,364
Proportionate costs per partial area €m? 1.46 1.41 1.55
Automatic water management
Pump € 4353 ** 1750 1864 6
Electric water meter € 1560 ** 627 668 7
Valves € 3540 * 885 885 8
Well shafts € 1200 ** 482 514 9
Polyethylene (PE) pipes € 2266 ** 911 970 10
Telephone and electricity cable € 3749 ** 1507 1606 11
Control and connection cable € 3050 ** 1226 1306 12
Installation of underground cables, closing gap to power grid € 40,302 ** 16,202 17,260 13
Connection for power supply € 1510 ** 607 647 14
Container € 3800 ** 1528 1627 15
Control cabinet € 18,850 ** 7578 8073 16
Labour (supporting work) € 8901 ** 3578 3812 17
Total € 93,081 36,931 35,151
Proportionate costs per partial area €m? 4.59 4.53 4.52
Seeding work
Sphagnum diaspores € 98,388 * 47,639 50,749 18
Straw € 500 ** 201 214 19
Loading, storage and chopping € 2726 ** 1096 1168 20
Transport to the field, loading, supporting works € 9705 * 4699 5006 21
Spreading with adapted snow-groomer € 3034 ** 1220 1299 22
Total € 114,352 54,854 58,436
Proportionate costs per partial area €m? 6.73 6.73 6.73
Proportionate costs per partial area (without Sphagnum diaspores) € m 0.89 0.89 0.89
Overall establishment costs €m? 12.79 12.67 12.80
Overall establishment costs (without moss) €m? 6.94 6.82 6.95
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KEY TO TABLE 3
1: permits for road transport (oversize), forwarder costs, transport escort
: labour, digital level (Trimble)
: mainly operating the excavator (€23 h1)
: operating hours (€37 h1), including approximately 3600 L of diesel
: passages, overflows with fixing device and outlets with non-return valves
: dirty water motor pump (4 kW) with float switch
: motor valves, €885 per piece
: controlling water inlet
: well shafts for valves
: for water transport from pump to inlet: PE pipes (400m), T-piece, connection etc.
: underground cable for telephone (420 m) and electricity (500 m + 100 m)
: 1500 m, 1000 m, 500 m
: horizontal drilling, material, labour (external company)
: power connection by power grid operator
: container for control centre, storage and shelter, size: 2.99 m x 2.43 m, 2.35 m internal height
: material (control cabinet, terminal blocks, cables, cable ducts, adapter, etc.) and labour (installation and programming)
: supporting installation works (container, cable, pipes, well shafts, valves etc.)
: purchasing Sphagnum diaspores at a price of €750 m3; amount spread on average: 78 m3 ha!
: 25 large square bales and round bales at €20 each
: machinery and labour for loading (forklift), storage and chopping with a field chopper (contracting firm)
: transport of diaspores/straw to the field (tractors with trailers), excavator for loading snow groomer, operators, supporting works
: transport of snow groomer (forwarder), adaptation work (mounting manure spreader), seeding work (machine and operator)
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Soil based Water based

a) former bog grassland b) cut-over bog c) floating mats
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=
i

Establishment costs / € m
w» =

’ 11

0
GL-PS1 GL-PS2 GL-5.6ha CO-PS1 without / with pre-cultivation
B Seeding work B Water management W Installation B Transport
& Sphagnum diaspores W Site preparation Sphagnum mat M Floatable mat

Figure 6. Establishment costs per net production area (€ m?), from left to right: a) on bog grassland for
GL-PS 1, GL-PS 2, and with proportionate investment costs for automatic water management reduced by
considering the area enlargement from 2 ha to 5.6 ha moss production in 2016 (third column); b) on cut-
over bog for a fictional site CO-PS 1 with assumed water supply by wind pump and mobile pump; c) on
floating mats without (left column) and with (right column) pre-cultivation of Sphagnum mats.
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Table 4. Labour, machinery and investment costs of establishing Sphagnum cultures on a cut-over bog after
milled peat extraction, at a fictional site (CO-PS 1) in Lower Saxony, Germany.

COo-PS1
Net production area (m?) 20,000
Site preparation
Pegging and levelling € 1500 1
Smoothing and poldering € 3840 2
Shaping and compacting causeways € 2880 3
Irrigation ditches along the causeways € 1360 4
Irrigation ditches in the field € 2550 5
Water outlet € 350 6
Total € 12,480
Proportionate costs per partial area €m? 0.62
Water management
Wind pump (basic supply) € 15,000 7
Mobile pump (demand peaks) € 5000 8
Total € 20,000
Proportionate costs per partial area €m? 1.00
Seeding work
Sphagnum diaspores € 118,500 9
Straw € 500 10
Loading, storage and chopping € 2726 10
Transport to the field, loading, supporting work € 9705 10
Spreading with adapted snow-groomer € 3034 10
Total € 134,465
Proportionate costs per partial area €m? 6.72
Overall establishment costs €m? 8.35
Overall establishment costs (without moss) €m? 2.42
KEY TO TABLE 4

1: analysing peat layer depth and profile of mineral subsoil for planning compartment as in the case of restoration
2:48h, tracked vehicle with operator (€80 h1), according to experience in restoration work, surcharge of one-third for more
careful smoothing

3: excavator with operator (€60 h!), causeway length: 720 m, required time: approximately 15 m h? (according to the
MOOSGRUN project)

: excavator with operator (€60 h-1), ditches: 680 m, required time: approximately 30 m h1 (according to the MOOSGRUN project)

: tracked vehicle with ditch-digging device (€85 h-1), ditches: approximately 3,750 m, required time: approximately 125m h-!

: one outlet (overflows with fixing device according to the MOOSGRUN project)

: wind pump, including installation work, for a basic water supply of 10 m3 had-

: mobile pump + emergency power unit, to meet demand peaks of 100 m3 ha1d!

: quantity of Sphagnum diaspores: 79 m*® ha! as in the TORFMOOS project; purchasing price: €750 m3 according to the
MOOSGRUN project

10: according to the MOOSGRUN project

O oo ~NO U b
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Table 5. Material, production and installation costs per square metre of water-based Sphagnum farming site.

Production of floatable mats

Panels of extruded polystyrene (XPS), 2 cm thick £€m? 2.53 1
Fleece, recycled polypropylene (PP) 350g m~ £€m? 1.80 2
Production costs €m? 1.20 3
Surcharge (20 %) £€m? 1.11 4
[1] Purchase of floatable mat €m? 6.64

Production of Sphagnum mats

Sphagnum diaspores (4 L m2) £€m? 3.00 5
PP fleece, 350 g £m? 0.85 6
Production costs €m? 1.00 3
Surcharge (20 %) €m? 0.97 4
[2] Purchase of Sphagnum mats €m? 5.82

Pre-cultivation

Purchase of Sphagnum mats [2] £€m? 5.82

Transport from mat plant to pre-cultivation enterprise £€m? 0.05

Costs of pre-cultivation €m? 3.00

Shrinkage/loss (5 %) £€m? 0.44

Surcharge (20 %) £m? 0.60 10
[3] Purchase of pre-cultivated Sphagnum mats €m? 9.91

Transport to the field site

Transport of floatable mats €m? 0.48 11
Transport of Sphagnum mats €m? 0.40 12
[4] Forwarder costs €m? 0.88

Installation on the water body

Consumables €m? 0.50 13
Machinery/boat costs £€m? 0.73 14
Labour costs €m? 2.77 15
[5] Installation costs €m? 4.40

Establishment costs, without pre-cultivation [1+2+4+5] €m? 17.34

Establishment costs, with pre-cultivation [1+3+4+5] €m? 21.43

KEY TO TABLE 5

1: purchase price for 10,000 m?2 (January 2010), material prices fluctuate according to oil prices, XPS panel: 125 cm x 60 cm x 2 cm
2: price: €0.85 m2, required amount 3.33 m2 (double ply, seam allowance, gap to allow folding) per mat unit (1.2 m x 1.31 m)
3: labour and machinery costs (stitching, packing, loading), consumables (stitching thread)
4: surcharge on material costs (for purchase, unloading, storage) and on production costs (risks)
5: no established market for Sphagnum of regional origin, purchasing costs in projects: €750 m3 - €0.75 L
6: high-quality fleece, comparable with new material
7: company owned lorry (one way = 25 km), loading
8: including labour, machinery, investment, and incidental costs for site preparation, establishment, management, harvest, loading
9: surcharge (5 %) on material and production costs for loss of parts not suitable for sale
10: surcharge (20 %) on production costs
11: €600 per lorry (about 500 km), assuming 20 pallets with piles of four folded mats, loading height: 2.20 m, 1,250 m?2 of mats
12: €600 per lorry (about 500 km), 1,500 m? of rolled-up mats
13: assuming costs of €5000 ha! for anchoring, fixing, tying together, protecting measures

-
N

: wheel loader with pallet handler for unloading and transport to the shore, motorboats for water-based installation work
: €26 h', 4 workers, 5 days of 8 hours is assumed to be required for installing 1500 m?
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Comparing establishment costs

Establishing Sphagnum cultures on water bodies
(€17.34 / €21.43 m?, Table 5) was clearly the most
expensive  procedure  when  compared to
establishment on bog grassland (€12.67/€12.80 m?,
Table 3) and cut-over bog (€8.35 m?, Table 4)
(Figure 6). Sphagnum farming is generally
characterised by high investment costs, but
establishes a permanent culture allowing repeated
harvests. If the initial establishment costs (Tables
3-5, Figure 6) are converted to annuities, i.e.
constant annual payments spread over the whole
lifetime, the results range from €5,600 ha' a’!
(cut-over bog, 20 years, interest rate 3 %) to
€49,500 ha! a!' (floating mats with pre-cultivation,
5 years, interest rate 5 %). The total cultivation time
strongly influences the annual costs whereas altering
the interest rate has limited effect (Figure 7).

For the soil-based cultures, 20 years appears to
be a reasonable lifetime for investment decisions.
Sphagnum 1is known to regenerate better than
vascular plants, but we lack experience of long-term
regeneration potential and whether harvesting could
continue after 20 years. For floating mats, a limitation
on the lifetime of materials has to be assumed,
resulting in a total cultivation time of nine or ten years
depending on the length of one rotation (Table 6).

a) i=3%
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Annuity / €1000 hala?

To relate costs to yields, “best guestimates” of
productivity and rotation length (Table 6) were
derived from the pilot trials (Table 1). For soil-
based cultures, two-thirds of the peatmoss
productivity is harvested and one-third is left on the
field for regeneration. Since we have no experience
of regrowth after harvest for water-based cultures,
we calculated intermediate costs for re-establishing
Sphagnum mats to start a new rotation. Converting
the establishment costs into annuities and relating
them to the predicted harvestable amount of dry
(bio)mass (DM) for the different Sphagnum cultures
results in proportionate costs of €1,723 t! DM and
€2,646 t! DM for soil-based, and €9,625 t! DM and
€11,833 t! DM for water-based Sphagnum farming
(Table 6).

Potential production area in Germany

Degraded bogs

Covering about 235,000 ha, Lower Saxony hosts
around 70 % of Germany’s remaining bog sites
(Jensen et al. 2012). About 30,000 ha of bog was
allocated to peat extraction for growing media
production with permits phasing out by 2050
(NLWKN 2006). In 2011, poldering for restoration
had begun on an area of ~15,000 ha, to be

b) i=5%

0 20

5 1

Total cultivation time / years

Figure 7. Annuities of initial establishment costs, calculated for an interest rate of a) 3 % and b) 5 %, for

Sphagnum farming on former bog grassland (green),

cut-over bog (brown) and floating mats without (light

blue) and with (dark blue) pre-cultivation, and for assumed total cultivation times of 5, 10 and 20 years. The
arrows indicate reasonable cultivation times for the different site types that have been used for further

calculations.
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Table 6. Relation of the establishment costs to the harvested dry mass (DM) yield.

Total Annuity of . Average Proportionate
. . Rotation Harvested .
cultivation establishment lenath DM vield annual DM establishment
time costs (i=3%) e v harvest costs
Sphagnum farming on: years €halat years that thata? £t1DM
Former bog grassland 20 8,600 4 13 3.25 2,646
Cut-over bog 20 5,600 4 13 3.25 1,723
Floatingmats 9 38,500* 3 12 4 9,625
- without pre-cultivation
- with pre-cultivation 10 71,000* 2 12 6 11,833

* |n addition to initial establishment costs, intermediate costs of re-establishing Sphagnum mats after harvest are included.

supplemented with another 12,500 ha by 2040
(Schmatzler 2012). Extraction sites with ongoing
peat cutting and an intended agricultural after-use—
which could encompass Sphagnum farming on cut-
over bog—cover about 500 ha (~5 %) of the total
area with extraction permits (pers. comm. 2013,
engineering consultancy Hofer & Pautz GbR).

The large majority (around 60 %) of bog sites in
Lower Saxony have been drained for agriculture or
forestry (Jensen et al. 2012). Grassland has been
converted to arable land (maize production) and peat
extraction sites during recent decades, but remains
the dominant land use on bogs encompassing
around 90,000 ha (MU 2016).

Acidic water bodies

Acidic artificial water bodies result from peat, sand
and lignite mining. In Germany, lakes originating in
particular from opencast lignite mines cover a large
area. There are about 500 lakes, of which more than
100 are larger than 50 ha (Nixdorf et al. 2000).
Whereas about half of these lakes have neutral
conditions, acidic water bodies occur especially in
mining regions with Tertiary geology such as
Lusatia in Eastern Germany. The total area of East
German mining lakes is around 42,000 ha (Riimmler
et al. 2003), with lakes over 50 ha accounting for
~36,000 ha (Nixdorf et al. 2000). Large lakes are
flooded with foreign water, if possible, to increase
their utilisation value (Lienhoop & Messner 2009);
acidification by groundwater especially affects
smaller lakes (Rimmler et al. 2004). Thus, most
lakes are unsuitable for Sphagnum farming for
various reasons including: pH too low; EC too high;
pH too high after flooding with basic river water or
liming; in use for watersports and recreation; or
prioritised for natural development. Accordingly

only a quarter, at maximum, of the total lake area
seems appropriate, i.e. around 10,000 ha.

DISCUSSION

Quality of the data

Canadian experience of restoring cut-over bogs by
transferring and mechanical spreading of “moss
layer” and straw mulch (Quinty & Rochefort 2003,
Landry & Rochefort 2009) stimulated the German
trials on Sphagnum farming. By managing the water
table to maximise productivity, and by testing new
site types such as former bog grassland and floating
mats, novel expertise on how to successfully
cultivate Sphagnum for commercial purposes has
been acquired. Further implementation will allow
these procedures to be optimised.

For the first comprehensive cost assessments, the
availability of real-life data and, thus, data quality
differed for the three types of Sphagnum farming
sites examined. Real figures (for the field trial on
bog grassland, floatable mat production and pre-
cultivation) had to be supplemented with estimates
when data were missing (field installation of
floatable mats on the water) or when the
implementation was manual rather than mechanical
(on cut-over bog). Because there is, as yet, little or
no experience of management, harvesting and long-
term cultures, we focused on comparing the
establishment costs.

Sphagnum diaspores

The purchase of Sphagnum diaspores was the
biggest cost factor for establishing soil-based
cultures (bog grassland: 46 %, cut-over bog: 71 %;
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Figure 6a, b). For floating mats, diaspore costs were
relatively less important (14 % and 17 %,
Figure 6¢). Although the diaspore application rate
on bog sites (7.8 and 7.9 L m™; Table 3, Table 4)
was double that for floating mats (4 L m™; Table 5),
overall costs were considerably lower for soil-based
than for water-based cultures (Figure 6).

So far, there is no market for living Sphagnum of
regional provenance in Germany. Due to the lack of
supply of Sphagnum diaspores in the necessary
quantities, the supplier holds a monopoly position.
Nevertheless, the price of €750 m™ is assumed to
represent the real provision costs since the mosses
were collected and sorted manually to provide
Sphagnum diaspores with a minimal fraction of
vascular plants. An important factor of uncertainty
results from giving the amount in m’ since,
depending on compaction, varying numbers of
diaspores were delivered within the same volume. In
the future, mechanical harvesting of Sphagnum on
cultivation sites or in vitro production (Beike et al.
2015) is likely to increase diaspore availability and
reduce the costs. Reduced diaspore costs will
especially benefit soil-based Sphagnum farming.

Soil-based cultivation

Water management

The investment costs for infrastructure to provide
precise water management was the second most
important cost element. The two variants tested on
cut-over bog and former bog grassland illustrated a
wide range of possible costs ranging from around
€20,000 for a wind pump supplemented by a mobile
pump (€1.00 m?, Table 4) to €93,000 for the
installation of a power supply and electronically
controlled automatic water management system
(€4.59 m2, Table 3). This large difference is caused
solely by the choice of irrigation system and is
independent of the previous land use. Alternatively,
an electric pump powered by a wind turbine and/or
solar panels could be used. Especially when
investment costs are high, proportionate costs are
reduced considerably when the infrastructure is used
for a larger moss production area (Figure 6a, right).
Identifying cost-effective, site-specific and reliable
solutions for water management is a major challenge
for commercial soil-based Sphagnum farming.

Site preparation:
grassland

Site preparation on cut-over bog (CO-PS1:
€0.62 m?, Table 4) incurred less than half the costs
of site preparation on former bog grassland
(GL-PS 1: €1.41 m2, Table 3), but played a minor

cut-over bog versus former

role in the overall costs (7 % and 11 %, Figures 6b,
6a). This cost difference arises (a) because
smoothing a cut-over site requires less effort than
removing the topsoil from former bog grassland,
(b) because a tracked vehicle with a wide blade is
more efficient than an excavator, and (c) by scale
effects (fictional CO-PS 1: 2 ha, GL-PS 1: 0.8 ha).

Site preparation: PS I versus PS 2

In planning the field trial on bog grassland, we
aimed to compare two production systems
(Figures 2a, 2c). Due to the limited size (3 ha) and
triangular shape of the pilot site, the effort of
preparation work (Figure 5) differed only
moderately between the two systems. The
proportionate cost of site preparation was 10 %
higher for GL-PS 2 (€1.55m™) than for GL-PS 1
(€1.41 m?) (Table 3). The share of the net moss
production was 50 % for the field trial on former
bog grassland. In the case of the fictional site on
cut-over bog (CO-PS 1, 3 ha), the share was 68 %
(Figure 6b). In PS 1 the area lost for infrastructure

might be further reduced by enlarging the
compartments.
When implementing PS1 on former bog

grassland at larger scale, more degraded topsoil
accrues than is needed for constructing causeways.
Therefore, it will be necessary to remove some
topsoil from the site to maximise the moss
production area. This objective is constrained by the
high cost of transport and disposal if no sensible use
for the removed peat can be identified. Using the
mineralised top layer for causeways and—if further
soil removal to compensate height differences is
unavoidable—selecting less-decomposed peat layers
for growing media production can be considered. In
order to cut the costs of site preparation and to
mitigate greenhouse gas emissions, topsoil removal
must be reduced or avoided by developing
alternative approaches for establishing Sphagnum
directly on former grassland. It is inadvisable to
establish PS 2 on cut-over bogs because the peat
needed for causeway construction must be excluded
from extraction—thus creating opportunity costs
(income foregone)—but will nevertheless oxidise,
releasing carbon dioxide to the atmosphere.

Challenges of upscaling pilots

The main challenge in establishing soil-based
Sphagnum cultures is to provide an optimal water
supply, avoiding drought and flooding which can
hamper the establishment and productivity of moss
lawn. Investigations on the suitability of potential
production sites (e.g. water-holding capacity, water
conductivity, availability and quality of irrigation
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water) and careful control of the water table,
especially during the sensitive establishment phase,
are prerequisites for successful Sphagnum farming.

The Ramsloh pilot trial was successfully
established on cut-over bog (Gaudig et al. 2014).
However, its transferability to conventional cut-over
sites has yet to be proved feasible. On the Ramsloh
site peat was initially excavated to create a small
basin, the remaining peat layer was 160-195 cm
thick, and spreading of both Sphagnum and straw
mulch was conducted manually (Kamermann &
Blankenburg 2008, Gaudig et al. 2017).
Furthermore, the sufficiency of water supplied via
irrigation ditches at 5 m spacing, as assumed for the
cost calculations, has yet to be field tested on highly
decomposed peat. If 50 cm of peat must remain
beneath the floors of ditches as a seal to prevent
vertical water loss, peat cutting must stop earlier to
leave a 1 m (instead of a 0.5 m) peat layer, creating
opportunity costs for the peat extracting company.
Alternatively, the irrigation effort must be increased
to compensate for the additional water loss.

Other field trials of Sphagnum farming on cut-
over bogs after milled peat harvesting have been
conducted in NW Germany by a state-run
organisation and a business company, on areas of
2 ha (2002) and 1ha (2012), respectively. These
failed to establish closed Sphagnum lawns, most
probably due to inadequate water management.
Pouliot et al. (2015) demonstrated the feasibility of
Sphagnum farming in trenches on previously block-
cut peatland in Canada, but also stressed the
importance of water management optimisation for
improving productivity.

Water-based cultivation

Mats causing major costs

Cultivation on water bodies has the advantage of a
permanent water supply. The intention is to imitate
floating rafts in flooded peat pits and ditches, which
are known to support high Sphagnum productivity
(Money 1994). However, the high production costs
of artificial floatable mats was the main factor
contributing (54-63 %, Figure 6¢) to the highest
overall establishment costs for this approach
amongst all of the Sphagnum culture methods
investigated. Furthermore, the durability of cultures
on mats is insufficiently understood. If they have to
be replaced, disposal costs for the old floating mats
must be taken into account. Generally, all work on
open water, including not only the installation
(Figure 6) but also the management and harvesting
of the mats, requires more effort (e.g. time and work
safety) than soil-based work.

Challenges of upscaling pilots

Water-based cultures are exposed to wind, waves
and ice drift which may spill or sever Sphagnum
biomass or damage the floating mats, especially on
larger lakes. Waterfowl using the mats as artificial
islands for roosting and nesting caused damage by
picking out moss and increasing the supply of plant
nutrients. A prerequisite for Sphagnum farming is
an appropriate water quality and a water depth of at
least 1 m throughout the year. Fluctuating water
levels were a challenge on shallowly flooded cut-
over bogs. When the water level was low, the roots
of vascular plants (e.g. Juncus effusus) grew through
the mats into the bottoms of the pools, thus
anchoring the mats and causing their inundation
when the water table subsequently rose again.
Therefore, the calculations assumed that cultivation
would be on former opencast lignite mines in the
‘Lusatian Lakeland’ and included costs for long-
distance transport of the mats (Figure 6c¢).

Effects on profitability: relating establishment
costs to lifetime and revenues

Higher establishment costs do not necessarily
reduce profitability because they represent only part
of the overall costs, along with management,
harvesting and biomass processing. On the other
hand, it is still unknown whether or not certain
procedures could pay for themselves in terms of
higher revenues by increasing either the quantity or
the quality of Sphagnum biomass produced. For
soil-based Sphagnum farming, the cost advantages
of PS1 may be outweighed by reduced productivity
due to weed mowing machinery compacting the
peatmoss. In the case of water-based Sphagnum
farming, pre-culture may be the most suitable way
to produce high-value diaspores by growing weed-
free ‘monocultures’ of the intended Sphagnum
species (sheltered conditions, opportunity to use
herbicides and fungicides).

Converting establishment costs to annuities
(Figure 7) illustrates the high importance of the
lifetime of Sphagnum cultures for profitability
assessment. In comparison with the other approaches,
water-based Sphagnum farming is very likely to
involve a shorter total cultivation time and
intermediate costs for re-establishing Sphagnum
mats, which will reinforce the disadvantage of high
initial costs. Relating the costs of initial and
repeated establishment to the harvestable amount of
biomass (€ t! DM; Table 6) confirms the outcome
of the calculations relating costs to the net
production area (€ m™; Figure 6), and on this basis
water-based Sphagnum farming appears to be even
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less attractive. However, reasonable profitability
estimates rely on verification of the values by long-
term real-life data on total cultivation time,
durability of the floatable mats, rotation length,
regeneration potential after harvesting, and
productivity development in the case of repeated
cutting. Finally, cultivated Sphagnum biomass is not
yet traded on the open market, and further
investigations to convert dry mass yields (t ha') into
product volumes (m®) for revenue calculations are
indispensable.

Can the potential Sphagnum farming area meet
the demand for white peat in Germany?

The total area (~500 ha) of cut-over peatland in
Germany that can potentially be used for Sphagnum
farming as new agricultural production is negligible.
Rewetting and natural development has become the
standard after-use procedure and has been
implemented on thousands of hectares. However,
several arguments may justify permitting Sphagnum
farming instead of natural development—at least
temporarily—on peat extraction sites that will
become worked-out in the future. Firstly, whereas
restoration has achieved limited success in previous
decades (Rosinski 2012), Sphagnum farming creates
surrogate habitats for rare bog species and improves
the provision of ecosystem services (Wichmann et
al. 2012, Beyer & Hoper 2015, Muster et al. 2015,
Gaudig & Krebs 2016). Secondly, compensation for
the impacts of peat extraction might be provided
more successfully by restoring other peatlands that
have been drained but not extracted. Thirdly,
cultivating Sphagnum allows the production of a
renewable high-quality growing media constituent
to reduce the industry’s dependence on peat. If 50 %
of each newly abandoned peat extraction area were
to be rewetted for natural development (as is
common practice) but arrangements were negotiated
to establish Sphagnum farming as a temporary
productive land use on the other 50 %, 5,000 ha of
cut-over bog with a net production area of 3,500 ha
could potentially be made available.

Germany’s ~90,000 ha of bog grassland offers
the highest theoretical potential for Sphagnum
farming in the country. However, the current legal
and policy framework hampers large-scale
implementation, e.g. through regulations to protect
permanent grassland as well as via subsidies for
drainage-based agriculture and the production of
‘biofuels’. Sphagnum farming on bog grassland has
enormous potential to increase the provision of
ecosystem services, mainly by conserving the
carbon store (Giinther et al. 2017). Adaptations of

policy and legislation would be crucial, however, in
achieving a shift towards such sustainable land use
options (Wichmann et al. 2012).

An area of ~10,000 ha of acidic water bodies
seemed appropriate for Sphagnum farming. The
realistically achievable area is less, however,
because only part of the lake surface can be covered
by floating mats depending on the shape of the
shoreline (e.g. bays) and the harvesting regime (e.g.
space for boats between the mats), as well as for
limnological reasons such as the inadvisability of
both shading the whole water body and preventing
natural oxygenation by wave action. Therefore, we
assume a potential effective production area of
5,000 ha. The area of flooded cut-over bog that can
potentially be dedicated to Sphagnum farming is
very limited (see above), but covering water
retention basins with floating mats in order to
reduce evaporation (Figure 1) is a reasonable option.

The annual demand for white peat from the
German peat and growing media industry is
approximately 3.5 million cubic metres (Caspers &
Schmatzler 2009). To estimate the potential of
Sphagnum farming we assume that Sphagnum
biomass can replace white peat at a volume ratio of
1:1, average Sphagnum dry mass productivities of
3.25,4 or 6 t ha'a! (Table 6), and a bulk density of
30 gL', On this basis, Sphagnum cultivation on
3,500 ha of cut-over peatland could meet around
10 % of the German demand for white peat.
Floating mats extending to 5,000 ha could provide
19 % or 29 % of the demand (without or with pre-
cultivated Sphagnum mats); but note that the
calculation ignores any requirement for diaspores to
re-establish (rather than regenerate) harvested
Sphagnum mats. Finally, a net moss production area
comprising 35,000 ha of the country’s 90,000 ha of
bog grassland could produce sufficient Sphagnum
biomass to completely replace the white peat
requirement of the German growing media industry.

CONCLUSIONS

e Bog grassland has the highest theoretical area
potential for Sphagnum farming in Germany and
establishment costs can be considerably reduced
by choosing a cost-efficient irrigation system.

e Cut-over bogs require the least effort for site
preparation, but the feasibility of Sphagnum
farming on milled peat sites has yet to be proven
by a large-scale field test. The current area
potential in Germany is limited, since virtually
all sites in Germany are assigned to natural
development after peat extraction.
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e Floatable mats are not suitable as major
Sphagnum cultivation sites because they incur
the highest overall establishment costs and face
challenges such as wind, waves, damage by
water birds and limited area potential.

e Further implementation offers considerable
potential for optimising procedures and reducing
the costs of, for example, Sphagnum diaspores,
water management and site preparation (mainly
by minimising topsoil removal on bog grassland).

e Profitability assessments require further field
experience and research into management,
harvesting, processing, regeneration, rotation
length and overall number of rotations.
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SUMMARY

Sphagnum farming provides an alternative to detrimental peatland drainage in two ways. Firstly, Sphagnum
mosses are cultivated on rewetted peatlands. Secondly, Sphagnum biomass is a high-quality growing media
constituent suitable for replacing peat in horticulture. This study investigated the shift from drained bog
grassland to a wet Sphagnum farming site from the micro-economic perspective. Based on five years of field
experience, we calculated costs and revenues of Sphagnum farming for a total cultivation time of 20 years.
Sensitivity analysis encompassed costs, yields, prices and the effect of public non-market payments. We found
that cultivated Sphagnum biomass could not compete with peat at current market prices, whereas its use for
orchid cultivation was economically viable in the case of medium to high Sphagnum productivity. Selling
Sphagnum shoots as founder or “seeding” material was profitable even in pessimistic scenarios with high costs
and low yields. Cost-covering prices for Sphagnum biomass substituting peat seem achievable, if end
consumers pay a surcharge of 10 % for plants cultivated without using peat (peat free). A commercial-scale
implementation, an increasing market demand for renewables, and setting climate targets for the agricultural
and horticultural sectors will accelerate the development of Sphagnum farming as a profitable alternative to

drainage-based peatland agriculture and peat extraction.

KEY WORDS: break-even price, net present value, peatland agriculture, sustainable growing media

INTRODUCTION

Drainage has commonly been a pre-requisite for the
productive use of peatlands, thereby turning
unnoticed ecosystem services into major disservices.
Nowadays, it is widely acknowledged that draining
peatlands for agriculture and peat extraction results
in land degradation, soil loss and high greenhouse gas
(GHG) emissions; and that sustainable peatland
management can be achieved only with high water
tables (FAO 2014). The Paris Agreement on limiting
global warming to well below 2 °C compared with
pre-industrial times (UN 2015) was especially
effective in raising general awareness of the
ambivalent role of peatlands in contributing to either
climate cooling or climate warming. Peatlands are the
largest terrestrial organic carbon store, while
covering less than 3 % of the global land area (Crump
2017). In contrast to the usually short-term storage of
carbon in living biomass, peatlands provide long-
term storage for the carbon captured by biomass over
hundreds and thousands of years. Drainage turns
peatlands into major sources of GHG emissions,
releasing CO, and N,O from the aerated peat layer
and CHs from the drainage ditches (Joosten et al.

2016). Drained peatlands cover only 0.4 % of the
global land area but are responsible for 5 % of all
anthropogenic GHG emissions globally (Joosten
2015). Bringing the water level near to the surface
(rewetting) is the most effective measure to preserve
the carbon stock, re-initiate a wide range of important
ecosystem services and enhance biodiversity (Bonn
et al. 2016), but usually involves the abandonment of
land use.

Paludiculture (palus: swamp, cultura: cultivation)
is agriculture or forestry on wet peatlands and thus
offers sustainable land use options for degraded
peatlands after rewetting (Wichtmann et al. 2016).
On rewetted bogs, Sphagnum mosses are promising
plant species for paludiculture. The cultivation of
Sphagnum  (‘Sphagnum farming’) produces a
renewable growing media constituent that is a
suitable substitute for slightly decomposed
Sphagnum peat (‘white peat’) in professional
horticulture (Gaudig ef al. 2018). During the last two
decades, Sphagnum farming pilot sites have been
established on: (a) cut-over bog (Pouliot et al. 2015,
Gaudig et al. 2017, Graf et al. 2017), (b) artificial
floating mats (Blievernicht et al. 2011, 2012) and
(c) former bog grassland (see below). Wichmann et
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al. (2017) compared the procedures and the costs of
establishing commercial Sphagnum cultures on these
three types of production sites. However, a
comprehensive economic evaluation of Sphagnum
farming was not possible at that time, due to the lack
of field data on management and harvest.

In this article we present the first profitability
assessment for Sphagnum farming. Our calculations
are based on the first five years of field experience on
former bog grassland in North West Germany and
anticipate costs and revenues for a total cultivation
time of 20 years. While qualitative competitiveness
with peat has been shown for Sphagnum biomass as
a growing media constituent (e.g. Emmel 2008,
Oberpaur et al. 2010), we examine its current
competitiveness in terms of price and discuss market
prospects.

METHODS

Study area

The pilot site is located near Rastede in Lower
Saxony, North West Germany (53° 15.80' N, 08°
16.05' E). The main land uses in the study area are
dairy farming and, to a lesser extent, suckler cow
husbandry. Drainage and agricultural use of
peatlands has been causing subsidence by
compression, shrinkage and oxidation (Eggelsmann
1986). The surface of the peatland ‘Hankhauser
Moor’ now lies up to 1 m below sea level and
drainage water has to be pumped out to the North Sea
(Hofer & Pautz GbR 2005). The pilot site was used
as bog grassland until 2010. Starting up Sphagnum
farming involved creating an even surface (for
optimal water management), relocating degraded
topsoil to create causeways, removing existing
drainage pipes and installing infrastructure for water
management (e.g. pumps, irrigation ditches and
outflows) (see Wichmann et al. 2017). The field trial
was established in 2011 (Figure 1a) on a 4 ha site
with a net area of 2 ha of Sphagnum production
fields, the remaining area being occupied by
infrastructure like causeways and ditches (Wichmann
et al. 2017). In 2016, the first harvest (Figure 1b)
provided Sphagnum shoots as founder material for
extension of the Sphagnum farming trial to about
14 ha (net: 5.6 ha) (Figure 1c). On the harvested
production fields, the lower part of the Sphagnum
lawn remained to allow Sphagnum regrowth and
repeated harvests (cf. Krebs et al. 2018). Site
conditions (e.g. climate, hydrology and nutrients) are
described in Brust ef al. (2018) and Temmink et al.
(2017).

Cost data and calculation

The considered costs of Sphagnum farming
encompass establishment, management, harvest,
transport and the processing of Sphagnum biomass to
create a marketable product. The practical work was
conducted by a regional company whose business
involves extracting peat and producing growing
media for professional horticulture (Torfwerk
Moorkultur Ramsloh). We compiled data on labour
and machinery use (daily time sheets), standard
costing rates (accounting records of the peat
company) and payments for materials and contractors
(e.g. invoices for irrigation pumps and installation
work) covering the period from establishment to first
harvest (2011-2016). We assumed regrowth of the
residual Sphagnum layer after harvesting by cutting
(cf. Krebs et al. 2018) and used the data from the first
rotation period to anticipate costs for a total
cultivation time of 20 years including four harvests
(Figure 2). Opportunity costs of conventional
grassland use were excluded from the calculations
because the profit foregone would be highly
dependent on European Union (EU) agricultural
subsidies, whose continuation for another 20 years
cannot be assumed because this would conflict with
the EU’s climate objectives.

Establishment costs accrue only once at the
beginning of the cultivation time (#=0) and include
site preparation, investment for water management
and spreading of Sphagnum shoots as founder
material (Figure la). The necessary working steps,
related costs and a description of the pilot site
consisting of Sphagnum production fields, irrigation
ditches and causeways (Figure 1c) is presented in
detail in Wichmann et al. (2017). In addition, we
investigated the establishment costs for extension of
the pilot site in 2016 and incorporated the new cost
data for comparison.

The management costs of the Sphagnum farming
site are annual costs. They encompass all costs
related to water management and site maintenance.
Based on five years of experience, we used real life
data from the pilot site to calculate plausible values.
For example, we chose the most efficient practice of
weed mowing on the Sphagnum production fields to
extrapolate costs instead of calculating real life
working hours of trial and error with different
mowing equipment. In addition, spreading of
additional Sphagnum for replenishing gaps in the
developing moss carpet in the second year after
establishment, as conducted in 2012 (Gaudig et al.
2014), was not necessary in 2017 for the extended
area and thus was not taken into account as an
essential management measure.
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Figure 1. a) Spreading Sphagnum shoots with an adapted snow groomer during establishment of the
Sphagnum farming pilot. b) First harvest using an excavator with long arm and mowing bucket. c) Aerial
view of the pilot site with the five-year-old section established in 2011, the extension section established in
2016 and the surrounding drained grassland. Photos: a) and b) Sabine Wichmann, c) ASEA aerial.

Establishment 15t Harvest 2" Harvest 34 Harvest Last Harvest
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Cultivation time (t) / years

Figure 2. Timeline of the first five years of Sphagnum farming on former bog grassland (dark grey) (Rastede,
Lower Saxony) and assumptions for repeated harvests with a rotation length of five years and a total
cultivation time of 20 years (light grey).
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The first mechanical harvest of the Sphagnum
farming site was conducted in June 2016 (1=5). An
excavator standing on the causeway was equipped
with a long arm and mowing bucket to cut the mosses
and load the biomass into a tractor-pulled dumper
(Figure 1b) for transport off the site. The mowing
bucket and tractor were fitted with GPS trackers
(Wintec WBT-202) to log operation times. The
transport costs were based on peat handling and
include loading of the harvested Sphagnum biomass
and road transport to the processing plant at a
distance of 70 km.

Biomass processing was tested in a commercial
plant producing growing media for professional
horticulture (Torfwerk Moorkultur Ramsloh), using
its standard equipment. The processing steps
encompassed drying the harvested biomass in piles in
the field or on concrete to a water content of 70—
80 %, cleaning in the vapour treatment facility for
peat to prevent germination of seeds and sprouting of
other plant parts, and separating it into fine and
coarse fractions in the screening line usually used for
peat (Kumar 2017). The harvest, transport and
processing costs were calculated for the years ¢ = 5,
10, 15 and 20 (Figure 2).

Revenue data and calculation
The revenues of Sphagnum farming depend on
Sphagnum productivity (accumulated biomass in dry
mass tons per hectare), the yield (harvested biomass
in dry mass tons per hectare), the conversion factor
from weight to volume (calculating the yield in m?
per hectare), the selling price (€ per m® according to
the application) and non-market payments (€ per ha).
Sphagnum productivity was determined on the
pilot site. Before mechanical harvesting, the above-
ground biomass accumulated over five years was cut

with scissors on 30 plots (randomly distributed over
the production fields, cf. Hurlbert 1984, size:
15 x 15 cm). For each plot, Sphagnum species, other
mosses, vascular plants and litter were separated and
dried to constant weight (80 °C for 48 h, Hendry &
Grime 1993). Values of the dry mass of Sphagnum
biomass after five years’ growth were used to
calculate the average annual productivity. In addition
to the mean value, we used the lowest and highest
value within the 1.5x interquartile range (IQR) of the
lower quartile and upper quartile, respectively, to
define three productivity levels.

It was not possible to directly measure the
harvested yield. Therefore, we analysed the biomass
remaining after harvest on 30 plots (size: 15 x 15 c¢cm)
by determining the dry mass of the different biomass
components as described above. We compared
values of the mean dry Sphagnum biomass remaining
after mechanical harvest and the mean dry Sphagnum
biomass grown over five years to determine the
fraction of biomass remaining on the land after
harvesting. This was subtracted from the biomass
productivity (low, mean and high values) to calculate
the respective harvested yields. Dry mass yields were
converted into volumes (m®), since volume is the
usual trading unit for growing media constituents and
substrates. To calculate the conversion factor, the
bulk densities of 16 biomass samples of different
Sphagnum species and origins was determined
according to the European standard DIN EN 12580.
Considering the water content, we calculated the
mean dry mass bulk density and used + 1 standard
deviation as the high and low levels of the conversion
factor in the sensitivity analysis (Table 1).

Since Sphagnum biomass is used not only as an
alternative to peat in growing media but also for
applications of higher market value (e.g. for orchid

Table 1. Overview of sensitivity analysis varying input variables for profitability assessment and break-even
price calculation. Abbreviations for variables as in the equations, DM = dry mass.

Input variable Unit Levels of variation
Costs (C)
Establishment costs (£0) € ha'! 5 Scenar%o A: high. costs (year: 2011)
Scenario B: medium costs (year 2016)
Management costs (M) € hal 2 Scenar%o A: high. costs (period: 20'1 1-2016)
Scenario B: medium costs (reduction by 25 %)
Revenues (R)
Productivity DM t ha! yr! 3 Low / Mean / High
Harvested yield % 1 Mean
Bulk density (conversion factor) DM gL 2 Low / High
Market price €m? 3 Low / Medium / High
Non-market income € ha'! 2 No additional revenues / Medium payment level
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cultivation or as founder material for Sphagnum
farming sites), we considered three price levels in the
profitability calculation. Market revenues are related
to harvest and processing and were, therefore,
calculated for the years ¢+ = 5, 10, 15 and 20.
Additionally, the effect of annual public non-market
payments on profitability and break-even price was
tested (Table 1).

As for the costs, we used the data from the first
rotation period to calculate revenues for the
following three harvests, assuming constant
Sphagnum biomass productivity and constant prices
over the total cultivation time.

Investment appraisal

Costs and revenues of Sphagnum farming are spread
irregularly over the total cultivation time (7) of 20
years. As is common for permanent cultures,
Sphagnum farming requires a one-off investment for
establishment at the beginning and management costs
every year, whereas harvesting costs and market
revenues arise every five years. Therefore, we
conducted an investment appraisal discounting all
cash flows of costs (C) and revenues (R) that occur at
a time (7) to a Present Value (PV, t=0) (Equation 1,
Equation 2). We used a discount rate (») of 3 % since
bank interest rates have been low in Germany for
many years. Inflation was excluded from the discount
rate (i.e. real discount rate in contrast to nominal
discount rate), and from all cash flows which were
thus measured in the value of #y. If the Net Present
Value (NPV) (Equation 3) is positive, future revenues
can cover the initial investment costs for
establishment (£y) and all further costs related to
management (M), harvest (H), transport (S) and
processing (P). Transferring the NPV to an Annuity
(A) results in a constant annual value spread over the
whole lifetime (Equation 4).

(M+H+S+ P);

PV (C) = EO + Z?ZO (1+T)t [1]
R
PV (R) = Et-o gy [2]
NPV = PV (R) — PV (C) [3]
_ a+r)Tsr
A= NPV« oo (4]
RESULTS

Establishment costs

Data on establishment costs were collected by
installing a Sphagnum farming trial on 4 ha in 2011
and onanother 10 hain2016 (Figure 1¢). The data from

2011 represent a high cost scenario, the data from
2016 represent a medium cost scenario. Major cost
determinants were the origin of the founder material
(purchase vs. own production) and the size of the area
influencing proportionate costs, as well as the time
requirement and cost rates for site preparation.

The establishment costs amounted to about
€128,000 per hectare net area of Sphagnum
production fields in 2011 (Wichmann ez a/. 2017) and
to € 98,000 in 2016 (Figure 3). For site preparation,
the cost in 2016 was higher than in 2011 (+148 %),
for two reasons. First, prices for machinery use
increased, e.g. by 54 % for an excavator hour.
Secondly, the time required doubled (496 h ha! vs.
248 h ha') because of adverse weather conditions
(frost, fog) and because more peat was moved than in
2011 in order to create an even surface despite large
depressions. Thus, site preparation was the most
important cost item in 2016 (Figure 3). However, the
higher costs were outweighed by lower proportional
investment in water management, due to a larger
irrigated area (2 ha in 2011 vs. 5.6 ha in 2016).
Additionally, the cost of Sphagnum shoots, which
dominated the establishment costs in 2011, was 41 %
lower in 2016 because own founder material had
been cultivated. Total establishment costs were 23 %
lower in 2016 (medium cost scenario) than in 2011
(high cost scenario) (Figure 3). Detailed calculations
are included in the Appendix (Table Al).
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Figure 3. Costs of establishing a Sphagnum
farming pilot site on former bog grassland in 2011
(2 ha of Sphagnum production fields) (cf.
Wichmann et al. 2017) and of the extension to
5.6 hain 2016 (cf. Table Al).
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Management costs

During the first rotation period (2011-2016), 73 % of
the total management costs were related to site
maintenance (Figure 4). The dominating activity was
weed control on the Sphagnum production fields by
regular mowing of vascular plants with a single-axle
motor mower (6-8 times per year), followed by
cleaning of the irrigation ditches with an excavator
and mowing bucket (in 2013 and 2015) and mulching
of the causeways with a tractor (4—6 times per year)
(Figure 4). Maintenance costs were lower in 2011
(establishment phase) and in the year (2016) ending
with harvest in June (see Figure 6b; Table A2).

Harvesting and processing costs

Harvesting an area of 0.58 ha in June 2016 took five
days of 9-12 working hours each. The total time of
55 hours included frequent waiting periods because
the harvested Sphagnum biomass was used directly
to enlarge the pilot site and the performance of the
“seeding” machine spreading the founder material
was the limiting factor. For the labour costs of the two
machine operators, we used their actual working
hours as a very conservative estimation (55 hours
each, i.e. 94 h ha'! per person, €23 h'). For the
machines, GPS tracking allowed us to determine a
realistic performance of 50 h ha™! for harvesting and
loading (excavator and tractor) and an additional
12 h ha'! for field transport (tractor, 50-300 m one
way). Costs for excavator and tractor operation
during harvest in 2016 totalled about € 12,600 ha™!,
while transport and processing costs added up to
€ 7.43 m> (Table A2).

Yield, bulk density and price levels

For calculating market revenues, we used different
levels of three factors: yield arising from low, mean
or high productivity, bulk density and price level
(Table 1). During five years of cultivation (May 2011

Weed mowing on Sphagnum production fields
Cleaning of ditches

Mulching of causeways

Access road (repair work)

Regular on-site control

Power & phone/internet

Automatic water management (repair work)

to April 2016), dry mass productivity reached mean
values of 24 t ha™! (low: 15 t, high: 34 t) (Figure 5a),
i.e.4.9 tha'! yr! (low: 3.1 t, high: 6.8 t). On average,
35% of the grown-up biomass remained after
harvesting in June 2016 (Figure 5a). For the
profitability calculation we assumed an average
harvested dry mass yield of 16 t ha! (low: 10 t; high:
22 t), i.e. 3.2 t ha' yr! (2.0 t; 4.4 t). For the
conversion factor, we chose 20 and 38 g L™! based on
the determination of mean dry mass bulk density
+ 1 standard deviation (29.0+£9.36 g L"!, Figure 5b,
cf. Table A3). The market value of Sphagnum
biomass varies strongly according to the application.
It ranges from €25m™, a common price for the
slightly decomposed Sphagnum peat (‘white peat’)
used in horticultural growing media, through e.g. €
165 m™ for use in the cultivation of orchids, to € 750
m> for the Sphagnum shoots that were used as
founder material to populate the pilot site in 2011
(Wichmann et al. 2017).

Extrapolation to 20 years:
Annuities and break-even price
To estimate costs over the total cultivation time of 20
years, we calculated two scenarios which differ in
terms of establishment and management costs based
on the experience of the field trial.

Cost Scenario A reflects high costs. We used the
cost data of the first rotation with establishment in
2011, management and first harvest (Tables A1, A2)
to extrapolate corresponding costs to the following
rotations. For management we estimated average
values of € 5,943 ha™! for the years of harvest (¢ = 53,
10, 15, 20), reflecting reduced effort due to slow
vascular plant regrowth, and € 11,266 ha™ for the
other years (Figure 6b). The total PV (C) ranged from
€ 312,000 to € 356,000 ha'! (Figure 7, Table A4)
depending on harvested yield and bulk density, which
influenced the costs of harvesting, transport and

Present Values,

o

20 40
Share of management costs / %

Figure 4. Management costs in 2011-2016 showing the shares of the single cost items for site maintenance

(dark grey) and water management (light grey).
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Figure 5. a) Sphagnum dry mass after five years of
growth, before and remaining after harvest (each
n=130); and b) dry bulk density (n = 16, cf.
Table A2). The plot shows the median (bold line),
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(including 50 % of the data and creating the box),
the whiskers representing the lowest and highest
values still within 1.5 interquartile range (IQR) of
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processing. Management costs constituted the largest
share (44-50 %) and establishment costs were the
second most important (3641 %) (Figure 6a).

Cost Scenario B reflects medium costs. We used
the lower establishment cost value of the year 2016
(Figure 3) and assumed a 25 % reduction in
management costs. Consequently, the PV (C)
reduced to a range of € 243,000 to € 287,000 ha’'
(Table A4), which is a saving of € 69,000 ha’!
compared to Cost Scenario A.

The Present Value of the revenues (PV (R))
ranged very widely, from € 18,000 to € 2,312,000 ha’!
(Figure 7, Table A4). The negative NPVs (Figure 7)
showed that a price of € 25 m™ did not cover the costs
of Sphagnum farming. At a price of € 165 m™, mean
or high average dry mass yields (3.2 and 4.4 t ha'
yr'!) were cost-covering when a low bulk density
(20 g L") was assumed. Selling Sphagnum biomass
for €750m™ resulted in a positive annuity of
€ 16,200 ha! yr! even in case of low yield (2 t ha’!
yr')) and high bulk density (38 g L) (Figure 8a), and
up to € 131.500 ha! yr! at high yield (4.4 t ha'! yr')
and low bulk density (20 g L) (Figure 8c).

In addition to calculating profit or loss with three
given price levels, we determined price levels at
which production costs were covered. The break-
even price ranged from € 115 to € 423 m™ for Cost
Scenario A and from €93 to 330 m3 for Cost

Harvest [ Transport M Processing [Establishment

0 01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Cultivation time (t) / years

Figure 6. Costs in Scenario A (dry mass average yield: 3.2 t ha! yr!, 20 g L'): a) PV (C), i.e. all costs
discounted (=3 %) and summed for the year of establishment (=0); b) costs of establishment,
management, harvest, transport and processing according to their occurrence during the cultivation time

(t=x).
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Scenario B (Table 2), equating to a reduction of about
21 % (€ 22-93 m?, 19-22 %).

In addition to market revenues, EU agriculture is
commonly supported by public payments. We
assumed a non-market income through agricultural
subsidies of € 300 ha! yr!, comparable with the
average level of current EU direct payments (Pillar I)
in Germany (EC 2017). Additionally, we assumed
the remuneration of ecosystem services provision at
€ 1,000 ha'! yr'!. The non-market income reduced the
break-even price by about 7 % (€ 6-26 m>, 5-8 %)
(Table 2).

PV (Cost_A) PV (Revenue)

DISCUSSION
Profitability at farm level

Influence of price levels

The pilot site allowed a first cost and profitability
assessment for large-scale, mechanically
implemented Sphagnum farming based on real-life
data. Our data show that Sphagnum biomass
cultivated on former bog grassland cannot compete
with peat at its current market price; but also indicate
that, with medium and high yields at low bulk
density, profitability is achieved if the Sphagnum is

NPV (Net Present Value)
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Figure 7. Present Values (PV) of Sphagnum farming for high costs (Scenario A) and Revenues and the
resulting Net Present Values (NPV)) according to price level (€ 25, € 165 or € 750), average dry mass yield
(light grey: 2.0; dark grey: 3.2; black: 4.4 t ha'! yr'!) and the conversion factor for bulk density (solid fill:

20 g L'; hatched fill: 38 g ™).
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Figure 8. Profitability of Sphagnum farming given as Annuity (7 = 20 years; r = 3 %) for Cost Scenario A
according to the average dry mass yield (low, mean or high; 2.0, 3.2 or 4.4 t ha! yr!), the conversion factor
for bulk density (solid line: 20 g L'!; dashed line: 38 g L) and the price level (range € 25 to € 750 m™).
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used as a growing medium for orchids (Figure 7,
Table A4). The break-even price (Table 2), with a
maximum of € 423 m™, lies well below the € 750 m
paid for Sphagnum shoots used as founder material in
Germany. Thus, Sphagnum farming for the
production of founder material is profitable even in
the most pessimistic scenario of low yield, high bulk
density and high costs (Figure 8a). Cheaper founder
material has a positive feedback effect that will
further reduce the costs of Sphagnum farming, lower
break-even prices and improve the competitiveness
of cultivated Sphagnum biomass.

Potential for cost reduction

We identified a high potential for reducing the break-
even price by optimisation and cost reduction
(Table 3). The cost of Sphagnum shoots as founder
material and the investment in water management
were the most important cost items during the
establishment in 2011 but were, respectively, 41 %

and 51 % lower in 2016 (Figure 3). However, these
figures still incorporate the high research- and site-
specific costs for the electronically controlled
automatic water management. The higher costs for
site preparation in 2016 compared to 2011 underline
the need for reducing topsoil removal, both for
limiting GHG emissions from peat soil and for
limiting establishment costs. Careful site planning
with a dense grid of height measurements and
establishing several terraces can minimise peat
removal related to levelling the uneven surface.
Choosing a cost-efficient irrigation system,
minimising topsoil removal, a decreasing price of
founder material and scale effects reduce costs
considerably (cf. Wichmann et al. 2017). Based on
current knowledge, a scenario with establishment
costs less than € 50,000 ha™' seems feasible (Table A1).
Further implementation is required, however, to verify
the options for cutting the costs of Sphagnum
farming.

Table 2. Break-even price for Sphagnum farming at high cost (Scenario A) and medium cost (Scenario B)
according to the harvested yield and bulk density. Prices in square brackets show the effect of an additional
non-market income (€ 1300 ha! yr!) for Sphagnum farming (DM = dry mass).

Productivity DM t ha'! yr! 3.1 4.9 6.8
Average yield DM t ha! yr! 2 3.2 44
Harvested yield DM t ha'! 10 16 22
Bulk density DMgL! 38 20 38 20 38 20
Harvested volume m? ha’! 263 500 421 800 579 1,100
423 226 278 150 213 115
. ~ . 3
Scenario A) Break-even price €m [397] 212] [262] [141] [201] [109]
330 177 220 119 170 93
. . . 3
Scenario B)  Break-even price €m [301] [163] [204] [111] [159] (87]

Table 3. Key factors for profitability of Sphagnum farming and key uncertainties in calculation.

Key factors for profitability

Key uncertainties
in calculation

e Availability of founder material (own reproduction or mass propagation) Basic assumptions

e Cost-efficient irrigation system e Rotation length of 5 years

e Large sites (scale effects) e Total cultivation time of 20
Costs e  Minimised topsoil removal years

e Maximised share of Sphagnum production fields compared to infrastructure Limited data and experience

e Optimised management costs (e.g. weed mowing) e Only one pilot site

e Technological maturity (e.g. adapted machinery) e Only the first 5 years

e High productivity Yield

e Niche markets with higher prices e Bulk density - harvested
Revenues . . .

e Marketing: Top-up by end consumer for renewable growing media volume

e Eligibility for agricultural subsidies e Share of remaining biomass

e Payments for ecosystem services e Regrowth potential
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Ahead of the high initial costs, management costs
were identified as most important for the Present
Values (Figure 6a). Optimising weed mowing on the
Sphagnum production fields seems most promising
since it caused the highest costs (41 %, Figure 4). In
order to identify cost-efficient management options
further research is needed on different machinery
(single-axle mower vs. excavator, autonomous
vehicles), the mowing regime (frequency, with or
without removal of cuttings), influence on Sphagnum
productivity and coverage of weeds as well as
tolerable quantities of non-Sphagnum biomass in the
growing media. Large-scale harvesting of cultivated
Sphagnum using an excavator with mowing bucket
proved to be a feasible option. Developing alternative
mowing machinery that can drive onto the production
fields without harming Sphagnum productivity
would allow reduced causeways and an enlarged
share of production area (Wichmann et al. 2017).

Uncertainties

While the field trial provided good data on
productivity and costs for the first rotation period
(five years), major uncertain points of the NPV
calculations encompass the harvested volume (few
data on bulk density), the assumption on remaining
biomass for regrowth and the up-scaling to a total
cultivation time of 20 years (Table 3).

Profitability obviously depended on the harvested
yield. Additionally, we clearly showed that the bulk
density is equally important. Low yields with low
bulk density and high yields with high bulk density
delivered comparable results (Figure 8). Since the
conversion factor is little investigated as yet (Figure
5b, Table A3), it adds uncertainty to the calculations
of both revenue and cost. The wide range of dry mass
bulk density (for sensitivity analysis we used 20 and
38 g L") is confirmed by literature values of 14 and
29 g L' (Schmilewski 2018), on which basis the
values applied in our calculations appear to be
comparatively conservative estimates. However, the
bulk density of Sphagnum biomass needs to be
investigated throughout the production chain from
field to flowerpot and in relation to Sphagnum
species, fragment size, moisture content, processing,
growing media composition and its stability over
lifetime.

Basic assumptions of the investment appraisal
still have to be proven by real practice. The optimal
rotation length, the regrowth potential and the
possible total cultivation time have to be tested. A
total cultivation time shorter than 20 years strongly
increases annual costs whereas altering the discount
rate has limited effect (Wichmann et al. 2017).
Although we assumed an equal share of biomass

remaining for regrowth (35% of the grown-up
biomass) to calculate harvested yields, it is likely that
the share is larger in the case of low productivity and
smaller in the case of high productivity. Furthermore,
to forgo about one third of the grown-up biomass and
leave it for regrowth of the Sphagnum lawn may turn
out to be less feasible and less profitable than to
harvest the total biomass and accept the costs of new
establishment.

Research on Sphagnum productivity, including
the selection of species, provenances and breeding,
will increase yields (Gaudig et al. 2018). Further
large-scale Sphagnum farming sites are needed to
implement options for cutting costs, to identify
further improvements and to enlarge the basis of
reliable cost data. Finally, revenues need to cover not
only proportionate variable and fixed production
costs as calculated in this study but also general, land
(purchase or tenure) and marketing costs as well as
risk premium and entrepreneurial profit.

Market prospects of Sphagnum biomass

‘Niche markets’

The price for the produced Sphagnum biomass has,
not surprisingly, the highest effect on profitability
(Figure 8). High-value applications with high
revenues allow entry to the European market with the
first yields of Sphagnum farming sites at cost-
covering prices despite higher initial costs. Next to
use as founder material for Sphagnum farming and
restoration (regional provenances), ‘niche markets’
encompass substrates for carnivorous plants, for
vivaria with amphibians, reptiles and spiders, or for
hanging baskets, wreaths and vegetation walls
(Wong et al. 2016). The high capacity to absorb and
retain fluids and anti-microbial properties offer a
wide range of applications. Using Sphagnum biomass
as insulation and packaging material, for food
preservation, medical dressings, nappies and sanitary
towels are among traditional (Thieret 1956, Glime
2007) as well as current applications (Zegers et al.
20006). Further research on biological properties and
compounds will probably pave the way for new
utilisation options (Taskila et al. 2015) such as, for
instance, Sphagnum extracts as sources of natural
sunscreen (Mejia-Giraldo et al. 2015).

Nowadays, the major field of application is the
cultivation of ornamental plants, in particular
orchids, that turned Sphagnum biomass into an
international high-value commodity with the image
of ‘Green Gold’ (Orchard 1994). Sphagnum moss
gathered from wild populations in countries such as
Chile, New Zealand, Australia and China is sold
mainly to the global centres of orchid production in
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Asia like Taiwan, Japan and South Korea (Whinam
et al. 2003, FIA 2009, INFOR 2010). Europe plays a
minor role in the worldwide Sphagnum market. In
2009, 72 % of the Chilean export volume went to
Asia and only 10 % to Europe (INFOR 2010). In
2018, the total exports from Chile had increased by
19 % in volume and by 60 % in revenues, whereas
the share that went to Europe had decreased to less
than 5 % of total volume as well as revenues (INFOR
2019). A total quantity of about 9000 m?® of
Sphagnum was imported to The Netherlands, France
and Germany in the year 2013 (Schmilewski 2017).
To produce this amount of Sphagnum biomass, 41 to
167 ha of Sphagnum production fields with high to
low yields (220 m® to 54 m® ha' yr') would be
required. In the light of overexploitation of sensitive
peatland ecosystems in the Southern Hemisphere
(e.g. Zegers et al. 2006) and the long distance
transport, sustainably cultivated Sphagnum gains a
competitive edge on the European market. Niche
markets with higher revenues are important to start
up commercial scale Sphagnum farming. Addressing
larger markets is necessary, however, to establish
Sphagnum farming as alternative to predominant
drainage based bog grassland farming in North West
Germany.

Renewable substitute for peat in horticulture

The medium-term objective of Sphagnum farming is
to replace considerable quantities of peat in
professional horticulture in order to contribute to
phasing out peat extraction. The current price of peat
is obviously so low that Sphagnum biomass cannot
compete (Figure 6), but the market price does not
account for the external costs related to peat
extraction. European politicians, environmental
organisations and consumers are increasingly aware
of negative effects such as climate change and
biodiversity loss. The acceptance of higher prices for
plants grown in peat-free or peat-reduced growing
media can be assumed. Since the share of growing
media costs in total horticultural production costs is
low (<2 %), increasing its price from €25 to
€ 125 m™ would increase the final product price by
only 10 %. A break-even price around € 100 m™
seems achievable for cultivated Sphagnum biomass
(Table 2). The growing media industry already pays
higher prices for alternative raw materials, such as
€ 35-45 m? for coco products; and the use of coco
products nevertheless almost tripled from 2005 to
2013 (Schmilewski 2017). Depleted resources of
‘white peat’ in Central Europe (Schmatzler 2012), the
dependence on imports from Scandinavia, Ireland
and especially the Baltic countries with higher prices
due to increasing labour and transport costs

(Falkenberg 2008), and phasing-out plans as
discussed already for the UK (Alexander et al. 2008,
DEFRA 2010), Switzerland (Federal Council of
Switzerland 2012, 2017) and Germany (BMUB
2016) will increasingly restrict extraction and
utilisation of peat. On functioning markets, shortage
increases product prices. Additionally, instruments
such as carbon taxation may internalise the external
costs of peat utilisation into production costs and thus
also increase market prices of peat as well as the
economic competitiveness of alternative raw
materials in the future.

Although attempts to replace peat date back to the
1980s (Gruda 2012), the application rates of
alternative constituents in growing media remain low
with an average share of 25 % in Europe and 19 % in
Germany (Schmilewski 2017). The share is
considerably lower in professional substrates than in
potting soils for the hobby market; it was 11 % vs.
27 % for growing media produced in Germany in
2013 (ibid.) compared to 7 % and 6 %, respectively,
in 2005 (Schmilewski 2008a), i.e. the use of
alternative constituents increased mainly in hobby
market products. Raw materials such as green-waste
compost, composted bark and wood fibre are limited,
however, in their qualitative suitability to fulfil
professional demands (Schmilewski 2008b). Critical
undesired properties like high pH, high salt content
and poor water holding or air capacity need to be
compensated by mixing with other raw materials,
usually peat (ibid.).

In contrast, Sphagnum biomass has similar
properties to ‘white peat’, can replace peat at 50 % by
volume for most potting substrates and has been
successfully used with larger shares up to 100 % in a
wide range of horticultural applications (Gaudig et al.
2018). In tests with cucumber, tomato and lettuce
Sphagnum biomass proved to be a better growing
medium than ‘white peat’ or mineral wool, leading to
a recommendation that Sphagnum biomass could be
harvested from wild populations in Finland (Silvan ez
al. 2012). In 2016, a total amount of 15,000 m* was
collected industrially, but technology and logistics
still need improvement (Tekes 2017). The
environmental impact is reduced compared to peat
extraction as stressed by Silvan et al. (2017).
Nevertheless, collecting Sphagnum biomass from
living bogs is falsely claimed to be “climate neutral”
(Joosten  2017). Removing biomass from
(near-)natural bogs prevents it from turning into peat
and contributing to the long-term carbon store.
Furthermore, an average harvesting depth of 30 cm
(Silvan et al. 2017) is likely to extract not only fresh
Sphagnum biomass but also slightly decomposed
peat.
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While Finland produces 0.9 million m® of growing
media, Germany is with 8.4 million m?® the most
important producer country and responsible for 24 %
of the European production (Schmilewski 2017).
Considering the use of ‘white peat’ for growing
media production, Germany also ranks first in Europe
(23 %), followed by the traditional producer
countries Netherlands and Italy as well as Latvia and
Lithuania which have been gaining importance since
the 1990s (all between 9—12 %) (ibid.). To substitute
the current annual German industry demand of ~3.5
million m? of ‘white peat’ with cultivated Sphagnum
biomass, one third of the bog grassland area in
Northwest Germany (35,000 ha) would be sufficient
(Wichmann et al. 2017). In addition, Sphagnum
biomass may be used in pressed pot substrates
(Emmel 2017) to reduce the share of ‘black peat’, i.e.
highly decomposed peat, for which the current
German industry demand amounts to 3.2 million m?
(Schmilewski 2017) to 6 million m*® (Falkenberg
2008). The future demand will be less, however, if
other — including not yet known — substitutes become
available, if countries and regions currently relying
on imported peat-based growing media from
Germany start to produce substrates from own
renewable resources, and if soil-free plant production
methods expand. Ecological issues such as the CO;
footprint will determine the choice of growing media
and cultivation methods in the near future (Gruda
2019).

Is Sphagnum farming an alternative to drained
bog grassland?

Sphagnum farming has been proved to be technical
feasible. This includes establishing commercial
Sphagnum cultures on formerly drained bog
grassland, ensuring high productivities and using
existing machines for harvesting and processing the
grown-up biomass. Sphagnum biomass is a valuable
product for a wide range of applications, especially
for the large growing media market. From the
farmer’s point of view, there are still major obstacles
to Sphagnum farming: founder material is rare, the
investment costs are high, first revenues are received
only after five years, special machinery is needed,
productive land is lost due to the currently high share
of infrastructure, European and regional regulations
limit the transformation of grassland into permanent
cultures, the eligibility for agricultural subsidies is
insecure, and incentives for mitigating GHG
emissions are missing. In contrast, drained bog
grassland for dairy farming is an established land use,
considered as typical cultural landscape and
supported by agricultural payments. For abandoning
current peatland utilisation, Roder & Osterburg

(2012) identified short term opportunity costs of
€ 1700 ha! yr! for North West Germany, the highest
standard gross margin values across Germany. The
long-term profitability, however, which includes
covering the costs of dairy cowsheds, machines,
labour and land, is highly dependent on public
payments, mainly via Pillar I and Pillar II of the EU
Common Agricultural Policy (CAP). According to
statistical data, 67 % of the ten-year average net profit
of € 736 ha! yr! for dairy farms located in Lower
Saxony was provided by public payments, with the
share ranging from 36 % in years with a high milk
price to 99 % during the milk price crisis in 2014/15
and 2015/16 (BMEL 2018 and previous years).

From the societal perspective, stopping drainage
and raising peatland water levels to the surface is
required to contribute to climate protection. To align
agricultural policy to climate policy, agricultural
subsidies for drainage-based peatland use need to be
phased out in a first step and in a second step raising
water levels should be prescribed. To initiate the
paradigm shift to climate-smart agriculture on
peatlands, a set of attractive economic incentives will
be necessary such as compensating for the high initial
investment, facilitating large-scale implementation
by supporting advice and cooperation, long-term
schemes remunerating reduced GHG emissions as
well as the provision of other ecosystem services and
increasing market demand for climate friendly
products, e.g. via public procurement (Wichmann
2018). Sphagnum farming is currently the only
alternative for rewetted bog sites that combines
productive use with substantial peat preservation, but
research and development are still at an early stage.
This study provided a first micro-economic
assessment of Sphagnum farming based on
experience at a single pilot site. Further research is
needed to improve technical maturity, cut costs and
assess the external effects of Sphagnum farming
compared to peat extraction and agriculture on
drained peatlands. The first results indicate benefits
through reduced GHG emissions (Gilinther et al.
2017), sequestered nutrients (Temmink ez al. 2017)
and increased biodiversity (Muster et al. 2015,
Gaudig & Krebs 2016). Decision making on peatland
use alternatives requires a complete picture of costs
and benefits for the whole society; the profitability at
farm level is only one part of this.
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Appendix

Table Al. Costs of establishing a Sphagnum farming pilot site on former bog grassland, given as proportionate
cost per partial net production area (€ ha™).

Scenario A Scenario B Outlook
High costs Medium costs Reduced costs
Data from 2011 2016 Compared to 2011 Estimates ©
Establishment*
- Site preparation € ha! 14,615 36,287 + 148 % 14,000
- S;Ziﬁ;ﬁ;gnem € ha'l 45,952 22334 -51% 10,000
- Sphagnum shoots® € ha'! 58,467 34,779 -41% 20,000
- “Seeding work” € ha'! 8856 5046 -43 % 5000
Total € ha 127,862 98,446 -23% 49,000

@ Establishment cost in 2011, total net production area: 2 ha (cf. Wichmann ez al. 2017), in 2016 for the extension area of 3.6 ha, total net production
area: 5.6 ha.

® Sphagnum shoots as founder material were bought at a price of € 750 m in 2011, costs in 2016 equate proportional costs of cultivating and harvesting
own founder material over five years.

© Estimates are based on values from year 2011 (site preparation) and 2016 (“seeding work™), a medium break-even price of € 250 m® calculated for a

total cultivation time of 20 years (Table 3 this study) and a cost-efficient irrigation system (cf. Wichmann et al. 2017).

Table A2. Costs of managing and harvesting a Sphagnum farming pilot site on former bog grassland (1*
rotation period: 2011-2016), given as proportionate cost per partial net production area (€ ha') and costs of
transport and processing of harvested Sphagnum biomass (€ m?).

1% rotation period

(Scenario A - high costs)

2011 2012 2013 2014 2015 2016

Management *

- Water management € ha'! 2368 1799 3279 2934 2378 1221

- Site maintenance € ha'! 1447 5075 10,653 7172 11,772 1897
Total € ha 3815 6874 13,932 10,106 14,150 3118
Harvest

- Mowing € ha'! 5880

- Field transport € ha'! - - - - - 6772
Total € ha 12,652
Transport, Processing

- Loading ® €m? - - - - - 0.35

- Road transport ® €m’ - - - - - 3.20

- Cleaning © €m? - - - - - 3.24

- Screening ° €m? - - - - - 0.64
Total €m? - - - - - 7.43

? Management costs from May 2011 till June 2016, i.e. 62 months in total;

for details see Figure 4.

" Based on the costs of handling peat: loading with wheel loader at € 75 h™' (20 minutes per lorry) and transporting with lorry and trailer (75 m?, 21 t

additional load) from field site to processing plant (70 km; € 240).

¢ Based on the costs of processing “white peat” in vapour treatment facility and screening line.
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Table A3. Mean bulk density of fresh Sphagnum biomass (FM g L) according to EN 12580 and calculated
dry mass bulk density (DM g L") in dependence of the water content.

Origin Predominant Sampling Processing and storage Water Mean bulk density
species Year n % FMgL! DMgL!
Sphagnum S. palustre, 2013 4 none 93.8 199.5 12.3
farming on S. fallax 2015 3 drying on a concrete slab 28.5 (24.9) (17.8)
bog grassland, 2015 3 chopping, pressing 87.2 153.3 19.6
NW Germany 2015 3 chopping 91.4 248.7 21.4

storage over winter in the field, vapour

2017 3 treatment, screening: fine fraction oL3 282.8 241
00T 3 et seecning: comse racnn M3 2376 301
Sphagnum S. papillosum 2015 3 drying on a concrete slab 24.1 31.1 23.6
farming on 2015 3 storage in a pile 759 108.1 26.1
cut-over bog, 2015 3 storage in a bag 76.0 125.5 30.1
NW Germany 2015 3 vapour treatment, 10 min 84.8 223.6 33.9
2015 3 vapour treatment, 20 min 78.7 166.6 354
2015 3 vapour treatment, 20 min 82.3 269.9 47.8
Near-natural S. fuscum 2016 3 pressing, screening: coarse fraction 87.5 243 304
peatland, 2016 3 pressing, vapour treatment 88.5 269 30.8
Finland 2016 3 pressing 87.0 274 355
2016  n.ab pressing, screening: fine fraction 87.1 (343) (44.3)
Mean + 1 SD 29.0+9.36

* Measuring the bulk density was hampered by the very dry and brittle biomass.

® The value was not measured according to EN 12580 but by the volumeter in the growing media production facility.

Table A4. Present Values (PV) of Sphagnum farming at high costs (Scenario A) and medium costs (Scenario
B) at different levels of harvested yield, bulk density and price (DM = dry mass). Highlighted cells indicate
positive Net Present Values (NPV), i.e. profitable cases.

Average productivity DM t ha! yr! 3.1 4.9 6.8

Average yield DM t ha'! yr! 2.0 3.2 4.4
Harvested yield DM t ha'! 10 16 22

Bulk density DM g L! 38 20 38 20 38 20
Volume m? ha'! 263 500 421 800 579 1,100
PV (Cost-A) € ha'! 311,734 316,665 328,317 336,207 344,900 355,749
PV (Cost_B) € ha'! 243,260 248,191 259,843 267,733 276,426 287,275
PV (Revenue) Price (€ m?) 25 € ha'! 18,436 35,028 29,497 56,045 40,559 77,062

165 €ha! 121,676 231,185 194,682 369,896 267,688 508,607
750  €ha' 553,074 1,050,840 884918 1,681,344 1216.762 2,311,848
NPV A Price€m® 25  €ha' -293298 281,637  -298,820 -280,162 -304,342 -278,687
165 €ha' -190,058  -85481 -133,635 | 33,689 -77.213 152,858
750  €ha' 241340 734,175 556,601 1345137 871,862 1,956,099
NPV B Price €m?® 25  €ha' 224824 213,163 230,346 -211,688 -235.867 -210213
165 €ha! -121,584  -17,006  -65.161 = 102,163 -8,738 221,332
750  €ha' 309,814 802,649 625075 1.413,611 940336 2,024,574
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