www.nature.com/scientificreports

scientific reports

W) Check for updates

OPEN Paludiculture can support
biodiversity conservation
in rewetted fen peatlands

H. R. Martens?, K. Laage?, M. Eickmanns?, A. Drexler?, V. Heinsohn?, N. Wegner?, C. Muster?,
M. Diekmann?, E. Seeber?, J. Kreyling?, P. Michalik? & F. Tanneberger?*

Paludiculture, the productive use of wet or rewetted peatlands, offers an option for continued land use
by farmers after rewetting formerly drained peatlands, while reducing the greenhouse gas emissions
from peat soils. Biodiversity conservation may benefit, but research on how biodiversity responds

to paludiculture is scarce. We conducted a multi-taxon study investigating vegetation, breeding bird
and arthropod diversity at six rewetted fen sites dominated by Carex or Typha species. Sites were
either unharvested, low- or high-intensity managed, and were located in Mecklenburg-Vorpommern
in northeastern Germany. Biodiversity was estimated across the range of Hill numbers using the
iNEXT package, and species were checked for Red List status. Here we show that paludiculture sites
can provide biodiversity value even while not reflecting historic fen conditions; managed sites had
high plant diversity, as well as Red Listed arthropods and breeding birds. Our study demonstrates
that paludiculture has the potential to provide valuable habitat for species even while productive
management of the land continues.

Peatlands contain massive stocks of carbon, storing over twice the amount of carbon in the biomass of all the
world’s forests, despite covering only 3% of the Earth’s land surface'. However, these ecosystems have historically
faced, and continue to face, enormous pressure and widespread degradation“. Once drained, peatlands emit
substantial amounts of greenhouse gases (GHGs) through peat mineralisation and are currently responsible
for approximately 5% of all anthropogenic GHG emissions*. Within Germany specifically, more than 95% of
peatlands are degraded from drainage, with the majority being used for crops (21%) or meadows/pasture (60%),
and this degradation contributes to 7% of Germany’s total GHG emissions>®. Substantial further emissions from
drained peatlands could be prevented by rewetting’.

While the need for rewetting is urgent, it is not possible to simply return all degraded peatlands into protected
wilderness areas, as rural livelihoods are dependent on continued production from these areas®. Paludiculture—
the productive use of wet or rewetted peatlands’—has been developed as a method for enabling rewetting while
allowing farmers to continue working their land, though with an alternative land use. Paludiculture can take
many forms, and in northeastern Germany can include harvesting common reed (Phragmites australis), sedges
(Carex spp.), cattail (Typha spp.), or alder (Alnus glutinosa), and pasture with water buffalo (Bubalus bubalis)®.
The biomass from these sites can be used for feedstock or biofuel®. Unlike conventional agriculture on drained
peatland, paludiculture prioritizes preservation of the peat body® and can contribute to the Paris Agreement
targets (warming below 2 °C) through reduced GHG emissions®!®!!, To preserve the peat body and allow for
carbon sequestration, specialized mowing equipment adapted to wet conditions is used, and water levels are
kept at or above ground level year-round®. Deeply drained peatlands are especially good candidates for paludi-
culture, as they are unlikely to return to a historic state even after restoration®'2. Continued production on this
land is an equitable approach, enabling farmers to remain on the land, and local communities to steward their
own peatland resources™'.

Peatland degradation has resulted in substantial loss of biodiversity'*. Fens in particular have lost biodiver-
sity due to a reduction of traditional management, both from abandonment and intensification of agriculture
through drainage and eutrophication'>!®. Peatlands with a history of agricultural use have become adapted to
regular disturbance, leading to declines in biodiversity when management is abandoned'®. Biodiversity loss may
occur from eutrophication in drained and rewetted peatlands due to past agricultural use and the mineraliza-
tion of peat'®. In these cases, mowing of fens may be essential for reducing eutrophication and maintaining
biodiversity'”'8. Without mowing or other forms of management, rewetted fens may be dominated by a few tall
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and competitive species, resulting in a loss of low growing plants, rare species, and those with a low competitive
ability'#**-2!. Paludiculture sites are likely to have greater fen biodiversity and more wetland species compared
to their drained state??. Even agricultural or open landscape species may benefit from peatland rewetting and
management due to the subsequent opening of vegetation structure'®*,

There is a need to understand how biodiversity responds to paludiculture and how to maximize outcomes
for biodiversity conservation. Rewetted peatlands have been found to create novel ecosystems that differ in their
plant and spider biodiversity compared to historical peatlands'>?*. Especially lacking is an understanding of the
response of biodiversity to different intensity levels of paludiculture?. In this study, we assessed the biodiversity
of plants, breeding birds, carabid beetles and spiders using both quantitative and qualitative methods. Six sites
located in northeastern Germany were studied in 2021 and 2022. These sites varied in their dominant vegetation
type, either Carex or Typha species, and in their land use intensity, either unmown, mown occasionally, or mown
annually. Biodiversity was compared across sites to assess quantitative diversity and Red List status was used to
assess qualitative diversity values. We demonstrated that paludiculture sites can host high vegetation diversity
and critically endangered breeding birds, as well as spiders and carabids of conservation concern. Each taxon is
expected to respond differently to management, indicating the need for a multi-taxon perspective to understand
the impact of paludiculture on the biodiversity of rewetted peatlands.

Results

A total of 78 plant, 18 breeding bird, 55 carabid, and 73 spider species were identified. A total of 32 Red Listed
species (3 plants, 7 birds, 12 carabids, and 10 spiders) were present; all but three of these (spiders) occurred in
managed peatlands. Most Red List species present were those associated with wetlands (28), or open landscapes
(3 breeding birds). Carex sites generally had higher mean vegetation coverage than Typha sites; sites ranged from
80-100% mean coverage to 60-80%, respectively. Trees and shrubs were almost never present, and bryophytes
were only occasionally encountered. Litter cover was generally high (>85%) except for the high intensity Typha
site which had minimal litter. A full species list is available as a supplementary file.

Quantitative analysis

The iNEXT package, developed by Chao et al.*, was selected for the quantitative analysis because it both quan-
tifies sample completeness and provides diversity estimates across the range of Hill numbers. Sample coverage
values, which are a measure of sample completeness, were generally close enough to 1.0 (or 100% complete) to
enable interpretation of iNEXT results, except for breeding birds. The newly developed high intensity Typha
cropping site had significantly higher predicted plant diversity across the range of Hill numbers, while the low
intensity Typha site had significantly lower diversity. The managed Carex sites had significantly more plant
species than the unmanaged site (Fig. 1). Results for breeding birds generally showed insufficient sample cover-
age for interpretation (coverage maximum 0.75). The high intensity Typha site had significantly fewer carabid
species: the site had one third of the estimated species richness of any other site. The spiders in the unharvested
Carex site had around 60% higher Shannon and Simpsons diversity than other Carex sites, and higher species
richness in the unharvested Typha site. All other sites were similar in their quantity of spider species. Vegetation
and spiders responded oppositely to management; plant diversity generally increased in mown sites, but spider
diversity decreased.

Qualitative analysis

Across all sites, most of the species identified were typical for wetlands (74%). Sites did not reflect a historic
mire state since they had few mire-specific species. Species of conservation concern were found from all taxa;
the species of greatest concern and mire-specific species have been listed (Table 1)*-3!. Additionally, thirteen
threatened species and eight near threatened species were present at managed sites (complete list of Red List
species available as a supplementary file).

Discussion

Quantitative analysis showed no consistent diversity response to the intensity of use of rewetted fen peatlands,
regardless of dominant vegetation type. Qualitative results demonstrated that all sites, and, consequently, all
land use intensity levels, were providing habitat for Red List wetland species. Given that intensive grassland on
drained peatlands does not provide habitat for fen communities®?, our findings underline that paludiculture
can support fen biodiversity and conservation better than a drained state. Additionally, management supported
higher vegetation diversity then an unharvested wet state. However, birds, arthropods, and plants all varied in
their biodiversity between sites and management intensity, thus supporting the need for variation of land use
intensity in the landscape, as also suggested by other studies®.

Quantitative analysis

Managed Carex sites all had similarly high vegetation diversity values. In contrast, the unharvested Carex site had
significantly lower diversity and had highly uniform and tall vegetation. Tall vegetation can restrict the growth
of light-dependent species in fens***. This study, like others, found that mown sites have the capacity to host
higher plant species richness than unmown sites****-*!. Despite its isolated location and recent rewetting, the
high-intensity Typha site had significantly higher diversity then other sites. However, given the site was recently
established (2019), species diversity may change over time. Typha-low had the lowest diversity values, which
may be attributed in part due to the high proportion of ruderal plant species (Urtica dioica, Cirsium arvense)
compared to other sites.
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Figure 1. Coverage based biodiversity extrapolations for different taxa comparing paludiculture intensities for
Carex and Typha as target species. Estimate of sample completeness is given as sample coverage which is used
to standardize samples according to the iNEXT.4 package. Diversity results are extrapolated and interpolated
across the range of Hill numbers®. Thus, diversity at each site is compared using species richness, which is
biased towards rare species, Shannon diversity, biased towards common species, and Simpson’s diversity, biased
towards dominant species. Sites are compared at equal sample coverage, given as the coverage maximum
(double the smallest sample size), where a sample coverage of 1.0 for Simpson’s diversity indicates 100% of
dominant species are predicted to have been found?!. Here, vegetation is compared at a maximum coverage of
0.95, and carabids and spiders both at 0.99. Bird results are not provided due to insufficient coverage (coverage
maximum of 0.75). Shown are 83.4% confidence intervals, whose non-overlap indicates a significant difference

at alpha=0.05%7,
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Conservation status

Mire-specific

International red list

German red list: threatened with
extinction

German red list: highly
threatened

Carex-unharvested

V¥ Carorita limnaea
V¥ Diplocephalus dentatus
'V Pirata piscatorius

V Carorita limnaea

'V Centromerus semiater
V Diplocephalus dentatus
& Locustella naevia

Carex-low intensity

@ Triglochin palustris
V¥ Carorita limnea
V¥ Pirata piscatorius

'V Dolomedes plantarius

# Gallinago gallinago

. Elaphrus uliginosus
V Carorita limnaea
V Dolomedes plantarius

Carex-high intensity

V¥ Pirata piscatorius

# Gallinago gallinago

Typha-unharvested

V Pirata piscatorius

V¥ Diplocephalus dentatus
@ Locustella naevia

@ Saxicola rubetra

Typha-low intensity

V¥ Pirata piscatorius

. Elaphrus uliginosus
& Anthus pratensis

@ Locustella naevia

@ Saxicola rubetra

& Vanellus vanellus

Typha-high intensity

@ Juncus subnodulus
'V Pirata piscatorius

& Vanellus vanellus @ Saxicola rubetra

Table 1. List of species of conservation concern recorded at the study sites. Mire-specific species, [IUCN Red
List species, and the top two categories of the German Red List have been included. Taxa are indicated by the
symbol: plants @, carabids ., spiders ¥, birds #.

The high intensity Typha site had significantly lower carabid diversity than all other sites. A contributing
factor may be the low willingness of carabid specialist species to cross unfavorable terrain, reducing the chance
to disperse to new areas*’. This site was rewetted only two years before our observations and is a hydrologically
isolated fen in a landscape dominated by drained peatlands used as pasture. The other sites that were studied had
been rewetted around twenty years prior (Table 1). A study of a Sphagnum paludiculture site found that during
the first three years after rewetting, spider community structure changed considerably, but after three years the
overall community structure remained stable**. To better support carabid species, connectivity to other peatlands
should be restored*?, and it may take time for stable populations to form. Species re-introduction may be help-
ful and has been used for example in the partially successful reintroduction of the fen raft spider (Dolomedes
plantarius) in the UK*%. However, the presence of rare and threatened species in the study sites indicates that
species assemblages are establishing in a positive trajectory. Results from the high intensity site vary between
all groups and show both significantly more plant and less carabid beetle diversity than all other sites; diverging
diversity values between carabids and plants were also found by Gérn & Fischer* emphasizing the importance
of multi-taxon studies.

Spider diversity results were unique compared to other taxa, as the unharvested Carex site had significantly
higher Shannon and Simpson’s diversity than all other sites. Plants and carabids had moderate to very low diver-
sity values for this site. Studies on spiders in fens have found that mowing reduces litter and vertical vegetation,
and thus may reduce structure-dependent species like rare wetland spiders and some widespread species**’.
Research on other invertebrate groups also found lowest species richness in recently mown reedbeds®. These
factors may be contributing to high diversity values in the site without management. Higher diversity of spider
and bird species than carabids at the high intensity Typha site may relate to mobility, since some spiders have
“ballooning” capabilities and thus higher dispersal ability*.

Qualitative analysis

All sites had a high proportion of mire-typical and general wetland species which aligns with work by Tan-
neberger et al.?2, who found that paludiculture sites host primarily species adapted to wet environments. However,
sites lacked indicators of a natural mire, since very few mire-specific species were identified. Rewetted peat-
lands have been found to differ in their plant diversity, hydrology, and geochemistry compared to near-natural
peatlands'®. These rewetted landscapes typically have tall graminoid plants, are eutrophic, and have a higher water
table'2. Despite its recent rewetting and isolated location, the high intensity Typha site hosts Red List species
from all studied taxa. For example, northern lapwing populations have declined dramatically in the last thirty
years as their habitat has decreased from both intensification and abandonment of land use and may benefit
from low or moderate management intensity'®**-*". Moreover, multiple bird species associated with landscapes
other than wetlands, including agricultural (Emberiza calandra) or open landscapes (Saxicola rubicola, Saxicola
rubetra), were breeding in the paludiculture sites indicating that such sites can indeed host at-risk species. This
is in accordance with other paludiculture projects*’. While in restored fens it may be preferable to have a high
number of mire-specific species, this may not be the case for paludiculture sites. For example, if paludiculture
sites can provide habitat for endangered agricultural and open landscape species whose habitat is disappearing,
this may also be considered a positive effect of such land use.

Further research over multiple years and on many more sites is needed to understand the conservation and
biodiversity value of paludiculture as sites change. For example, a study by Valkama et al.*® showed that after
several years, mowing significantly decreased invertebrate abundance, but in the short-term (1-2 years) the sites
appeared unaffected®. A study by Muster et al. on a Sphagnum paludiculture site noted that each successional
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stage had different species, and even at early stages sites had high conservation value species, but not mire-typical
species®. In our study, all but the high intensity Typha site reflect a long-term state, since rewetting occurred in
the early 2000s (Table 2). Future work on paludiculture biodiversity should study multiple animal groups, as each
may respond differently to management, and additionally, more multi-year studies are important to understand
succession, annual fluctuations, and dispersal in newly established sites or according to mowing regime. Long
term monitoring of such paludiculture sites would provide more information on typical species and conservation
value at each successional stage, especially on sites that are not mown annually (low-intensity management),
where species composition may vary temporally. Many factors influence the impact of mowing on biodiversity,
including the block size in when creating a mosaic of mowing regimes*’, mowing technique and machinery®',
and time of year*’. More sites and thus spatial replication are needed for a robust understanding of how these
factors influence diversity at paludiculture sites.

Methods

Site selection

The study sites are in the state of Mecklenburg-Vorpommern in northeast Germany (Fig. 1, Table 1). Site bounda-
ries were delineated by barriers (roads, open water bodies, ditches) or by transition to a new mowing regime or
vegetation type. Sites were selected for their vegetation type, either Carex or Typha, and had dominant species
of either Typha latifolia, or Carex acuta, C. acutiformis, and C. disticha. All sites have a history of deep drainage
and subsequent rewetting in the early 2000s as permanent grassland paludiculture™, except for the high intensity
Typha site, which was rewetted in 2019 and developed as a cropping paludiculture site with planted Typha. The
study locations varied in their connectivity with surrounding natural fen habitat; the Carex sites are all three
similarly close to peatlands that were only slightly drained (north of Neukalen and on the eastern side of Lake
Kummerower) (Fig. 2), Typha-unharvested and Typha-low were surrounded partly by agriculture and partly by
other rewetted peatlands, and the Typha-high site was isolated, surrounded by drained peatland used as grassland
and the Teterower Peene river, and rewetted in 2019 (Table 2). High intensity sites were harvested completely
every year, and low intensity sites were mown every two to three years, in some years only mulched (without
biomass removal). The sites are in a temperate climate and experience a mean temperature of 9.5 °C, with around
735 mm of annual precipitation, with most of this falling in the summer months®2. Site selection was limited since
few paludiculture areas have been established thus far and more replicates were not readily available, especially
for managed sites. Additionally, further sampling would have demanded too many resources and would have
been beyond the scope of the current study. Therefore, our study had replicates within each site, but did not have
true replicates for management intensity. However, geostatistical analysis of fen peatlands has demonstrated that
spatial autocorrelation is rarely present®>%. This suggests that the spatial replicates within each of our six sites
can be treated as independent and their variation is representative for their respective vegetation type.

Data collection

Vegetation data was collected in 2022, and breeding bird, carabid, and spider data in 2021. Water level classifica-
tion is based on water level measurements taken at a representative permanent monitoring well located at each
site measured from April 2021 until February 2022. Water levels are classified based on Couwenberg®, adapted
from Koska’®.

Vegetation was surveyed in late June and early July of 2022. Plots were placed using stratified random sam-
pling and number of plots varied due to differences in the size of each site (Table 2) (Carex-unharvested: 6,
Carex-low and high: 10, Typha-unharvested: 20, Typha-low: 18, Typha-high:22).Two by two-metre plots were
placed at regular intervals along a transect running through the site center. Additional plots were placed at
random if multiple vegetation zones were present. Edges, open water, and areas heavily trampled by mowing
near site entrances were avoided, resulting in a small reduction in sampling area. Cover values of each species
were estimated as percent coverage at < 1% coverage and intervals of 10%. These values were then converted into

Mean vegetation | Vegetation height | Water level

Name Mowing intensity | Area (ha) | Year drained | Year Rewetted | Water level class | pH | height (cm) SD (cm) amplitude (cm)
Carex-unharvested | None 1.0 1925 2002 5+ 9.3 92.5 8.2 62.7

Carex-low intensity | Infrequent 35 1925 2002 5+ 8.7 80.0 8.6 57.2

Carex-high Annual 25 1925 2002 5+/6+ 95 | 75.0 25.2 57.1

intensity

Typha-unharvested | None 16.5 1967 2005 4+/5+ 8.9 |120.0 40.6 61.1

Typha-low intensity | Infrequent 5.8 1940 2001 5+ 8.5 90.0 215 11.0
Typha-high Annual 9.0 1935 2019 6+ 88 | 825 55.8 20.0

intensity

Table 2. Site descriptions, use, and history. Water level class calculated from summer 2021 and winter 2021/22
median water level based on water level classification from Couwenberg®, adapted from Koska®. Water level
of 4+ may preserve peat (depending), while levels of 5+and 6+ are peat preserving or even peat forming®’.
Mean vegetation height was taken as an average across the entire site, all other values are from a single point at
the site in 2022. Amplitude gives the difference between the minimum and maximum water level during the
recorded period. pH data was collected in 2021.
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Figure 2. Map of sites in Macklenburg-Vorpommern, Germany>*. Sites are labelled by their dominant
vegetation type, Carex (C), or Typha (T), and the land use, including unharvested (UH), low intensity (LI), and
high intensity (HI). The majority of sites were located near Neukalen but the high intensity Typha site (T-LI) was
located approximately 70 km east near Anklam.

presence-absence data to fit the format required by the iNEXT package. Species were identified using Streeter
et al.%* and names verified using Euro + Med PlantBase®’.

Breeding birds were surveyed following the breeding bird territory survey method outlined by Siidbeck et al.®.
Surveys were conducted over five mornings starting 30 min before sunrise and two evenings starting 30 min
after sunset. All birds singing, calling, and all those engaged in behavior indicating breeding within the site were
recorded using QField and mapped using QGIS. Breeding pairs were determined based on their behaviour and
the time of year®?. Surveys were conducted at the end of March, end of April, middle of May (one evening, one
morning), beginning of June (evening survey), middle and end of June. Sites were surveyed over three days each
time, always with a minimum of seven days between each survey round. The order of sites surveyed, and the
route taken while surveying was altered each time.

Carabid beetles and spiders were collected using pitfall traps (six per site) and additional floating traps
were placed at the three Typha sites to collect arthropods due to high water level. Pitfall traps were made from
a standardized colorless transparent reusable plastic cup®. Cups were held in place using tent pegs. Floating
traps were constructed using a cup surrounded by a Styrofoam ring and were weighted to keep the cup rim at
surface level®. These were set within a polypropylene pipe, diameter of 15 cm and length of 100 cm to hold
traps in place. Each pipe had several 5 cm diameter holes to allow arthropods to enter and was plugged on
the upper end to prevent rainwater and debris from entering. Sampling cups had a diameter of 8 cm, depth of
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10 cm, and contained a solution of ethanol, water, glycerin, and acetic acid at a ratio of 4:3:2:1 and unscented
soap®. Locations of traps were recorded with GPS and marked with bamboo sticks and were spaced 10 m apart
and at least 20 m away from site boundaries. Five sampling periods occurred in spring (April-June) and three
in autumn (September and October) for a total of eight. Each sampling period lasted 14 days. Identification for
carabids was done following Miiller-Motzfeld® and nomenclature using Schmidt et al.%” . Spider identification
and nomenclature followed Nentwig et al.®.

Data analysis

General analysis was done in R® using RStudio”® and the package tidyverse”! and visualization done using
viridis’, ggrepel”, gt’*, MetBrewer’”, and ggplot2’°. Several methods of biodiversity analysis were utilized,
given that no one method has been found to be entirely effective or representative of site diversity. Quantitative
biodiversity analysis was made using iNEXT””78, iNEXT.4steps’®, and devtools®’. The iNEXT package provides
diversity estimates across the range of Hill numbers and thus across the range of sensitivity to species abundance
and was used following Chao et al.?*. The method is based on the work of Hill*! who found that species richness,
Simpson’s diversity and Shannon’s diversity can be placed on a continuum of diversity measures based of their
bias towards rare species. This continuum approach is more robust than using any of these diversity estimates
individually since each are biased and when used alone may provide contrasting results?*#*83. iINEXT method
enables comparison using sample completeness rather than sample size, allowing for comparison between dif-
fered sized sites without having to reduce to the smallest sample size for comparison®*3. The method for sample
completeness estimation is formulated on the codebreaking work of Allan Turing during WWII and estimates
the amount of information that is unknown to quantify what is known, given the frequency that something
appears exactly once or exactly twice®’. The INEXT.4steps package provides analysis in four steps, as suggested
by the name, but only two of these were utilized for this analysis. Sample coverage (step 1) and non-asymptotic
coverage-based rarefaction and extrapolation (step 3) were the focus, since they provide analysis of sites with
uneven sampling intensity. Step two (asymptotic and empirical diversity) has been left out, since samples were
insufficiently complete to detect true diversity, and step four (evenness) was also omitted, since a lack of replicates
resulted in large and inconclusive confidence intervals**. Samples were bootstrapped 50 times (the packages
default) to estimate 83.4% confidence limits which were used to determine significance of differences between
the land use intensities. Confidence intervals were set based on research that demonstrates non-overlap of 83.4%
confidence limits correspond with approximately an alpha of 5%2%%.

Species were also evaluated qualitatively, both concerning their endangerment status and their typical habitat
preference using literature for northeast Germany. Mire-specific plant species were identified using Hammerich
et al.®> and mire-specific spider species using Martin®. Furthermore, area-specific literature was used to deter-
mine the typical habitat for each species (vegetation®™¥, breeding birds**-*, carabids”', and spiders®>**). The goal
of this classification was to determine if paludiculture sites were attracting wetland species, or if the sites continue
to host mostly species associated with traditional agricultural land, generalists, or other habitat types. National
level Red List information was obtained from the German Red List Center for plants®, birds®**, carabids®®, and
spiders®. International information comes from the [TUCN Red List website®”.

Conclusion

The approaches taken in this study provide a multi-taxon view of biodiversity in the selected paludiculture sites
by using four different taxa and both a qualitative and quantitative approach for assessing biodiversity. All sites,
irrespective of management intensity, hosted species with high national and international conservation value,
indicating that not only protected “wilderness” sites but also paludiculture sites can provide refuge for endan-
gered species. However, these sites did not resemble natural fen conditions and had few mire-specific species but
did contain primarily wetland species. The site with greatest management influence (Typha-high intensity) had
both the lowest and the highest qualitative biodiversity values depending on the taxon. Thus, further research is
needed to understand long-term biodiversity trends in these novel ecosystems, and many more sites should be
established and studied to create a more robust understanding of the factors shaping biodiversity in paludiculture
sites. Since responses varied between taxa, management should aim to provide a habitat mosaic with variation
in management intensity. Also from a biodiversity perspective, efforts towards rewetting and management of
degraded peatlands should continue, since it has been demonstrated that this land use supports high biodiversity
and species quality compared to a drained peatland.

Data availability
All data generated or analysed during this study are included in the supplementary information files of this
published article.

Received: 17 July 2023; Accepted: 9 October 2023
Published online: 23 October 2023

References
1. Parish, F. et al. Assessment on Peatlands, Biodiversity and Climate Change. http://www.imcg.net/media/download_gallery/books/
assessment_peatland.pdf (2008).
2. Joosten, H., Clarke, D., International Mire Conservation Group. & International Peat Society. Wise Use of Mires and Peatlands:
Background and Principles Including A Framework for Decision-Making. (International Mire Conservation Group, 2002).
3. UNEP. Global Peatlands Assessment— The State of the World’s Peatlands: Evidence for Action Toward the Conservation, Restoration,
and Sustainable Management of Peatlands. Main Report. https://www.unep.org/resources/global-peatlands (2022).

Scientific Reports |

(2023) 13:18091 | https://doi.org/10.1038/s41598-023-44481-0 nature portfolio


http://www.imcg.net/media/download_gallery/books/assessment_peatland.pdf
http://www.imcg.net/media/download_gallery/books/assessment_peatland.pdf
https://www.unep.org/resources/global-peatlands

www.nature.com/scientificreports/

N

10.
11.

12.
13.
14.

15.

16.

17.

18.
19.

20.
21.
22.
23.

24.
. Haldan, K., Kéhn, N., Hornig, A., Wichmann, S. & Kreyling, J. Typha for paludiculture—Suitable water table and nutrient condi-

26.
27.

28.
29.
30.

31.
32.

33.
34.

35.
36.

37.
38.
39.
40.
41.
42.
43.

44.

45.

46.

. Joosten, H. Peatlands across the globe. In Peatland Restoration and Ecosystem Services: Science, Policy and Practice (eds. Bonn, A.

et al.) (Cambridge University Press, 2016).

. Tanneberger, F. et al. The power of nature-based solutions: How peatlands can help us to achieve key EU sustainability objectives.

Adv. Sustain. Syst. 5,1 (2021).

. Abel, S. et al. Klimaschutz auf Moorboden - Losungsansiitze und Best-Practice-Beispiele. (Greifswald Moor Centrum, 2019).
. Wilson, D. et al. Greenhouse gas emission factors associated with rewetting of organic soils. Mires and Peat 17, 1-28 (2016).
. Tanneberger, F. et al. Climate change mitigation through land use on rewetted peatlands—cross-sectoral spatial planning for

paludiculture in northeast Germany. Wetlands 40, 2309-2320 (2020).

. Wichtmann, W., Schroder, C. & Joosten, H. Paludiculture as an inclusive solution. In Paludiculture—Productive Use of wet Peatlands:

Climate Protection—Biodiversity—Regional Economic Benefits 1-2 (2020).

United Nations. Paris Agreement. https://www.un.org/en/climatechange/net-zero-coalition (2015).

IPCC. Summary for Policymakers. In Global Warming of 1.5°C. An IPCC Special Report on the Impacts of Global Warming of 1.5°C
Above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, In The Context Of Strengthening The Global
Response to the Threat of Climate Change, Sustainable Development, And Efforts To Eradicate Poverty. https://www.ipcc.ch/sr15/
chapter/spm/ (2018).

Kreyling, J. et al. Rewetting does not return drained fen peatlands to their old selves. Nat. Commun. 12,1 (2021).

Ziegler, R. Paludiculture as a critical sustainability innovation mission. Res. Policy 49, 896 (2020).

Lamers, L. P. M. et al. Ecological restoration of rich fens in Europe and North America: From trial and error to an evidence-based
approach. Biol. Rev. Camb. Philos. Soc. 90, 182-203 (2015).

Joosten, H., Gaudig, G., Tanneberger, E, Wichmann, S. & Wichtmann, W. Paludiculture: Sustainable productive use of wet and
rewetted peatlands. In Peatland Restoration and Ecosystem Services: Science, Policy and Practice 339-357 (Cambridge University
Press, 2016). https://doi.org/10.1017/CB0O9781139177788.018.

Silva-Monteiro, M., Pehlak, H., Fokker, C., Kingma, D. & Kleijn, D. Habitats supporting wader communities in Europe and rela-
tions between agricultural land use and breeding densities: A review. Glob. Ecol. Conserv. 28, 01657. https://doi.org/10.1016/j.
gecco.2021.e01657 (2021).

Middleton, B., Grootjans, A., Jensen, K., Venterink, H. O. & Margoczi, K. Fen Management and research perspectives: An overview.
In Wetlands: Functioning, Biodiversity Conservation, and Restoration (eds. Bobbink, R. et al.) vol. 191 247-268 (Springer, 2006).
Hinzke, T. et al. Can nutrient uptake by Carex counteract eutrophication in fen peatlands?. Sci. Total Env. 785, 147276 (2021).
Menichino, N. M. et al. Contrasting response to mowing in two abandoned rich fen plant communities. Ecol. Eng. 86, 210-222
(2016).

Middleton, B., Holsten, B. & van Diggelen, R. Biodiversity management of fens and fen meadows by grazing, cutting and burning.
Appl. Veg. Sci. 9, 307 (2006).

Jaszczuk, 1., Kotowski, W., Kozub, £, Kreyling, J. & Jablonska, E. Physiological responses of fen mosses along a nitrogen gradient
point to competition restricting their fundamental niches. Oikos 2023, €09336 (2023).

Tanneberger, F. et al. Saving soil carbon, greenhouse gas emissions, biodiversity and the economy: Paludiculture as sustainable
land use option in German fen peatlands. Reg. Environ. Change 22, 2 (2022).

Muster, C., Krebs, M. & Joosten, H. Seven years of spider community succession in a Sphagnum farm. J. Arachnol. 48, 119-131
(2020).

Chao, A. et al. Quantifying sample completeness and comparing diversities among assemblages. Ecol. Res. 35, 292-314 (2020).

tions for potential biomass utilization explored in mesocosm gradient experiments. Ecol. Evol. 12, 8 (2022).

Austin, P. C. & Hux, J. E. A brief note on overlapping confidence intervals. J. Vasc. Surg. 36, 194-195 (2002).

Payton, M. E., Greenstone, M. H. & Schenker, N. Overlapping confidence intervals or standard error intervals: What do they mean
in terms of statistical significance?. J. Insect Sci. 3, 785 (2003).

Blick, T. et al. Rote Liste und Gesamtartenliste der Spinnen (Arachnida: Araneae) Deutschlands. In Rote Liste gefihrdeter Tiere,
Pflanzen und Pilze Deutschlands vol. 4 (Landwirtschaftsverlag, 2016).

World Conservation Monitoring Center. Dolomedes plantarius. In The IUCN Red List of Threatened Species 1996: . T6790A12806270.
. https://doi.org/10.2305/TUCN.UK.1996.RLTS.T6790A12806270.en (1996).

BirdLife International. Vanellus vanellus (amended version of 2016 assessment). In The IUCN Red List of Threatened Species 2017:
e.T22693949A111044786 https://doi.org/10.2305/IUCN.UK.2017-1.RLTS.T22693949A111044786.en (2017).

Griineberg, C. et al. Red List of breeding birds of Germany, 5th version. Bird Conserv. Rep. 52, 19-67 (2016).

Gorn, S., Dobner, B., Suchanek, A. & Fischer, K. Assessing human impact on fen biodiversity: Effects of different management
regimes on butterfly, grasshopper, and carabid beetle assemblages. Biodivers. Conserv. 23, 309-326 (2014).

Andersen, L. H. et al. Can reed harvest be used as a management strategy for improving invertebrate biomass and diversity?. J.
Environ. Manage. 300, 85 (2021).

Sundberg, S. Quick target vegetation recovery after restorative shrub removal and mowing in a calcareous fen. Restor. Ecol. 20,
331-338 (2012).

Kotowski, W. & Diggelen, R. Light as an environmental filter in fen vegetation. J. Veg. Sci. 15, 583-594 (2004).

Kozub, L et al. To mow or not to mow? Plant functional traits help to understand management impact on rich fen vegetation. Appl.
Veg. Sci. 22, 27-38 (2019).

Giisewell, S. & le Nédic, C. Effects of winter mowing on vegetation succession in a lakeshore fen. Appl. Veg. Sci. 7, 41-48. https://
doi.org/10.1111/j.1654-109X.2004.tb00594.x (2004).

Valkama, E., Lyytinen, S. & Koricheva, J. The impact of reed management on wildlife: A meta-analytical review of European stud-
ies. Biol. Conserv. 141, 364-374. https://doi.org/10.1016/j.biocon.2007.11.006 (2008).

Carvalho, E, Brown, K. A., Waller, M. P, Razafindratsima, O. H. & Boom, A. Changes in functional, phylogenetic and taxonomic
diversities of lowland fens under different vegetation and disturbance levels. Plant Ecol. 221, 441-457 (2020).

Cowie, N. R. et al. The Effects of conservation management of reed beds II. The flora and litter disappearance. J. Appl. Ecol. 29,
896 (1992).

Hajkovd, P. et al. Conservation and restoration of Central European fens by mowing: A consensus from 20 years of experimental
work. Sci. Total Env. 846, 157293 (2022).

Nolte, D., Boutaud, E., Kotze, D. J., Schuldt, A. & Assmann, T. Habitat specialization, distribution range size and body size drive
extinction risk in carabid beetles. Biodivers. Conserv. 28, 1267-1283 (2019).

Muster, C., Gaudig, G., Krebs, M. & Joosten, H. Sphagnum farming: The promised land for peat bog species?. Biodivers. Conserv.
24, 1989-2009 (2015).

Smith, H. et al. Translocation and augmentation of the fen raft spider populations in the UK. in Global Re-introduction Perspec-
tives: 2013; Further case-studies from around the globe (ed. Soorae, P. S.) 1-5 (IUCN/SSC Re-introduction Specialist Group (RSG),
2013).

Gorn, S. & Fischer, K. Measuring the efficiency of fen restoration on carabid beetles and vascular plants: A case study from north-
eastern Germany. Restor. Ecol. 23, 413-420 (2015).

Decleer, K. Experimental cutting of reed marsh vegetation and its influence on the spider (Araneae) fauna in the Blankaart nature
reserve, Belgium. Biol. Conserv. 52, 161-185 (1990).

Scientific Reports |

(2023) 13:18091 | https://doi.org/10.1038/s41598-023-44481-0 nature portfolio


https://www.un.org/en/climatechange/net-zero-coalition
https://www.ipcc.ch/sr15/chapter/spm/
https://www.ipcc.ch/sr15/chapter/spm/
https://doi.org/10.1017/CBO9781139177788.018
https://doi.org/10.1016/j.gecco.2021.e01657
https://doi.org/10.1016/j.gecco.2021.e01657
https://doi.org/10.2305/IUCN.UK.1996.RLTS.T6790A12806270.en
https://doi.org/10.2305/IUCN.UK.2017-1.RLTS.T22693949A111044786.en
https://doi.org/10.1111/j.1654-109X.2004.tb00594.x
https://doi.org/10.1111/j.1654-109X.2004.tb00594.x
https://doi.org/10.1016/j.biocon.2007.11.006

www.nature.com/scientificreports/

47.
48.
49.
50.
51.
52.
53.
54.
55.

56.

65.
66.

67.

75.

76.
77.

78.
79.
80.

81.
82.

83.
84.
85.

. Martin, D. Rote Liste der Webspinnen (Araneae) Mecklenburg-Vorpommerns. (Ministerium fiir Klimaschutz, Landwirtschaft, landli-

87.
88.

89.
90.
91.
92.

93.

94.

Cattin, M. E, Blandenier, G., Banasek-Richter, C. & Bersier, L. E The impact of mowing as a management strategy for wet meadows
on spider (Araneae) communities. Biol. Conserv. 113, 179-188 (2003).

Kamp, J. et al. Population trends of common breeding birds in Germany 1990-2018. J. Ornithol. 162, 1-15 (2021).

Gorn, S. & Fischer, K. Ecosystem services provided by paludiculture: The effect of mowing on animals. In Paludiculture—Pro-
ductive Use of Wet Peatlands: Climate Protection—Biodiversity—Regional Economic Benefits (eds. Wichtmann, W. et al.) 79-108
(Schweizerbart, 2020).

Kleijn, D., Berendse, E, Smit, R. & Gilissen, N. Agri-environment schemes do not effectively protect biodiversity in Dutch agri-
cultural landscapes. Lett. Nat. 413, 723-725 (2001).

Kotowski, W., Jabloniska, E. & Bartoszuk, H. Conservation management in fens: Do large tracked mowers impact functional plant
diversity?. Biol. Conserv. 167, 292-297 (2013).

Climate-Data.org. Climate Demmin (Germany). https://en.climate-data.org/europe/germany/mecklenburg-vorpommern/dem-
min-60033/ (2022).

Koch, S., Jurasinski, G., Koebsch, E, Koch, M. & Glatzel, S. Spatial variability of annual estimates of methane emissions in a
phragmites australis (cav.) trin. ex steud. dominated restored coastal brackish fen. Wetlands 34, 593-602 (2014).

Koch, J., Siemann, A., Stisen, S. & Sheffield, J. Spatial validation of large-scale land surface models against monthly land surface
temperature patterns using innovative performance metrics. /. Geophys. Res.: Atmos. 121, 5430-5452 (2016).

Couwenberg, ]. Ecosystem services provided by paludiculture. In Paludiculture: Productive Use of Wet Peatlands: Climate Protec-
tion—Biodiversity—Regional Economic Benefits (ed. Wichtmann, W.) (Schweizerbart, 2020).

Koska, I. Okohydrologische Kennzeichnung. In Landschafisékologische Moorkunde (eds. Succow, M. & Joosten, H.) 92-111 (Sch-
weizerbart, 2001).

. Birr, E et al. Zukunftsfihige Land- und Forstwirtschaft auf Niedermooren—Steckbriefe fiir Klimaschonende, Biodiversititsfordernde

Bewirtschaftungsverfahren. https://www.moorwissen.de/klibb.html (2021).

. Runfola, D. et al. geoBoundaries: A global database of political administrative boundaries. PLoS One 15, €0231866 (2020).

. GeoBasis-DE/BKG. GeoContent Landsat/Copernicus (Maxar Technologies, 2023).

. Streeter, D., Hart-Davies, C., Hardcastle, A., Cole, F. & Harper, L. Collins Wild Flower Guide (D & N Publishing, 2018).

. Euro+Med. Euro+Med PlantBase—the information resource for Euro-Mediterranean plant diversity. http://www.europlusmed.

org (2006).

. Stidbeck, M. et al. Methodenstandards zur Erfassung der Brutvogel Deutschlands (Max-Planck-Institute fiir Ornithologie, 2005).
. Barber, H. S. Traps for cave-inhabiting insects. J. Elisha Mitchell Sci. Soc. 46, 259-266 (1931).
. Parys, K. A. & Johnson, S. J. Collecting insects associated with wetland vegetation: An improved design for a floating Pitfall Trap.

Coleopt. Bull. 65, 341-344 (2011).

Renner, K. Faunistisch-6kologische Untersuchungen der Kéferfauna pflanzensoziologischunterschiedlicher Biotope im Evessell-
Bruch bei Bielefeld-Sennestadt. In Berichte des Naturwis-senschaftlichen Vereins Bielefeld Sonderheft 145-176 (1980).
Miiller-Motzfeld, G. Adephaga. 1. Carabidae (Laufkafer). In Die Kifer Mitteleuropas (eds. Freude, H. et al.) vol. 2 520 (Elsevier,
2004).

Schmidt, J., Trautner, J. & Miiller-Motzfeld. Rote Liste und Gesamtartenliste derLaufkifer (Coleoptera: Carabidae) Deutschlands.
In Die Rote Liste gefihrdeter Tiere, Pflanzen und Pilze Deutschlands vol. 4 139-204 (2016).

. Nentwig, W. et al. Spiders of Europe. https://www.araneae.nmbe.ch (2023). 10.24436/1.

. R Core Team. R: A Language and Environment for Statistical Computing. https://www.R-project.org/. (2022).

. RStudio Team. RStudio: Integrated Development for R. http://www.rstudio.com/. (2020).

. Wickham, H. et al. Welcome to the tidyverse. J. Open Sourc. Softw. 4,78 (2019).

. Garnier, S. et al. Rvision—Colorblind-Friendly Color Maps for R. https://CRAN.R-project.org/package=viridis (2021).

. Slowikowski, K. ggrepel: Automatically Position Non-Overlapping Text Labels with ggplot2. https://CRAN.R-project.org/package=

ggrepel (2021).

. Iannone, R., Cheng, J. & Schloerke, B. gt: Easily Create Presentation-Ready Display Tables https://CRAN.R-project.org/package=

gt (2022).

Mills, B. MetBrewer: Color Palettes Inspired by Works at the Metropolitan Museum of Art. https://CRAN.R-project.org/package=
MetBrewer (2022).

Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer, 2016).

Hsieh, T. C., Ma, K. H. & Chao, A. 2020 iNEXT: iNterpolation and EXTrapolation for Species Diversity. http://chao.stat.nthu.edu.
tw/wordpress/software-download/. (2020).

Chao, A. et al. Rarefaction and extrapolation with Hill numbers: A framework for sampling and estimation in species diversity
studies. Ecol. Monogr. 84, 45-67 (2014).

Chao, A. & Hu, K. iNEXT.4steps: Four steps of INterpolation and EXTrapolation analysis. https://github.com/KaiHsiangHu/iNEXT.
4steps (2022).

Wichham, H., Hester, J., Chang, W. & Bryan, . devtools: Tools to Make Developing R Packages Easier. https://CRAN.R-project.org/
package=devtools. (2021).

Hill, M. O. Diversity and Evenness: A Unifying Notation and Its Consequences. Ecology 54, 427-432 (1973).

Morris, E. K. et al. Choosing and using diversity indices: Insights for ecological applications from the German Biodiversity
Exploratories. Ecol. Evol. 4, 3514-3524 (2014).

Roswell, M., Dushoff, ]. & Winfree, R. A conceptual guide to measuring species diversity. Oikos 130, 321-338 (2021).

Chao, A. & Jost, L. Coverage-based rarefaction and extrapolation: standardizing samples by completeness rather than size. Ecology
vol. 93. http://www.jstor.org, http://www.jstor.org/stable/41739612, http://www.jstor.org/stable/41739612?seq=1&cid=pdf-refer
ence#references_tab_contents (2012).

Hammerich, J. et al. Assessing mire-specific biodiversity with an indicator based approach. Mires and Peat 28, 1-29 (2022).

che Rdume und Umwelt Mecklenburg-Vorpommern, 2022).

Luthardt, V. & Zeitz, ]. Moore in Brandenburg und Berlin. (Natur+text Gmbh, 2014).

Herold, B. Vergleichende untersuchungen der Brutvogelgemeinschaften Wiederverndsster Flusstalmoore Mecklenburg-Vorpommerns
(Universitat Greifswald, 2015).

Svensson, L., Mullarney, K. & Zetterstrém, D. Collins Bird Guide. (NatureGuides, William Collins, and Bonnier Fakta, 2020).
Flade, M. Die Brutvogelgemeinschaften Mittel- und Norddeutschlands (IHW-Verl., 1994).

Briunicke, M. & Trautner, J. Lebensraumpraferenzen der Laufkifer Deutschlands—Wissensbasierter Katalog. In Angewandte
Carabidologie Supplement vol. 5 (2009).

Martin, D. Atlas zur Verbreitung und Okologie der Spinnen (Araneae) Mecklenburg- Vorpommerns. vol. 2 (Landesamt fiir Umwelt,
Naturschutz und Geologie Mecklenburg-Vorpommern, 2020).

Martin, D. Atlas zur Verbreitung und Okologie der Spinnen (Araneae) Mecklenburg- Vorpommerns, vol. 1. In Atlas zur Verbreitung
und Okologie der Spinnen (Araneae) Mecklenburg- Vorpommerns (Vol. I) (Martin, D. ed.). (Landesamt fiir Umwelt, Naturschutz
und Geologie Mecklenburg-Vorpommern, 2020).

Metzing, D., Garve, E. & Matzke-Hajek, G. Rote Liste und Gesamtartenliste der Farn- und Bliitenpflanzen (Trachaeophyta)
Deutschlands. In Rote Liste gefiihrdeter Tiere, Pflanzen und Pilze Deutschlands vol. 7 (Bundesamt fiir Naturschutz, 2018).

Scientific Reports |

(2023) 13:18091 | https://doi.org/10.1038/s41598-023-44481-0 nature portfolio


https://en.climate-data.org/europe/germany/mecklenburg-vorpommern/demmin-60033/
https://en.climate-data.org/europe/germany/mecklenburg-vorpommern/demmin-60033/
https://www.moorwissen.de/klibb.html
http://www.europlusmed.org
http://www.europlusmed.org
https://www.araneae.nmbe.ch
https://www.R-project.org/
http://www.rstudio.com/
https://CRAN.R-project.org/package=ggrepel
https://CRAN.R-project.org/package=ggrepel
https://CRAN.R-project.org/package=gt
https://CRAN.R-project.org/package=gt
https://CRAN.R-project.org/package=MetBrewer
https://CRAN.R-project.org/package=MetBrewer
http://chao.stat.nthu.edu.tw/wordpress/software-download/
http://chao.stat.nthu.edu.tw/wordpress/software-download/
https://github.com/KaiHsiangHu/iNEXT.4steps
https://github.com/KaiHsiangHu/iNEXT.4steps
https://CRAN.R-project.org/package=devtools
https://CRAN.R-project.org/package=devtools
http://www.jstor.org
http://www.jstor.org/stable/41739612
http://www.jstor.org/stable/41739612?seq=1&cid=pdf-reference#references_tab_contents
http://www.jstor.org/stable/41739612?seq=1&cid=pdf-reference#references_tab_contents

www.nature.com/scientificreports/

95. Dachverband Deutscher Avifaunisten (DDA). Rote Liste der Brutvigel. https://www.dda-web.de/index.php?cat=service&subcat=
vidonline&subsubcat=roteliste (2021).

96. Schmidt, J., Trautner, J. & Miiller-Motzfeld, G. Rote Liste und Gesamtartenliste der Laufkéfer (Coleoptera: Carabidae) Deutschlands.
In Rote Liste gefihrdeter Tiere, Pflanzen und Pilze Deutschlands vol. 4 139-204 (Landwirtschaftsverlag, 2016).

97. TUCN. The IUCN Red List of Threatened Species. https://www.iucnredlist.org/ (2022).

Acknowledgements

We thank the landowners and land managers for allowing us access to their land for our data collection. This
research was funded through the 2019-2020 BiodivERsA joint call for research proposals, under the BiodivClim
ERA-Net COFUND programme, and with the funding organisation VDI-VDE.

Author contributions

H.R.M. wrote the main manuscript text and analyzed the data. E.S., J.K.,, PM., ET. designed and supervised the
experiment. HR.M., K.L., M.E.,, A.D,, V.H., N.-W,, and C.M. collected data and identified species. All authors
reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors have no competing interests as defined by Nature Research, or other interests that might be perceived
to influence the results and/or discussion reported in this paper.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-44481-0.

Correspondence and requests for materials should be addressed to ET.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:18091 | https://doi.org/10.1038/s41598-023-44481-0 nature portfolio


https://www.dda-web.de/index.php?cat=service&subcat=vidonline&subsubcat=roteliste
https://www.dda-web.de/index.php?cat=service&subcat=vidonline&subsubcat=roteliste
https://www.iucnredlist.org/
https://doi.org/10.1038/s41598-023-44481-0
https://doi.org/10.1038/s41598-023-44481-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Paludiculture can support biodiversity conservation in rewetted fen peatlands
	Results
	Quantitative analysis
	Qualitative analysis

	Discussion
	Quantitative analysis
	Qualitative analysis

	Methods
	Site selection
	Data collection
	Data analysis

	Conclusion
	References
	Acknowledgements


