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Abstract

Semi-natural  linear landscape elements,  such as hedgerows, are vital  structures within

agricultural  landscapes  that  have  an  impact  on  ecosystem  processes  and  support

biodiversity. However, they are typically omitted from green infrastructure planning, which

could lead to significant undervaluing of landscapes and their multifunctionality in terms of

ecosystem service supply. Using the InVEST (Integrated Valuation of Ecosystem Services

and Tradeoffs)  model  suite,  we tested the effects  of  additionally  including semi-natural

linear landscape elements on the model outcomes for crop pollination, nutrient regulation,

erosion  regulation  and  water  flow  regulation  ecosystem  services  supply.  The  results

showed  that  linear  semi-natural  landscape  elements  contribute  positively  to  the

landscape’s  multifunctionality.  Small  changes  have  been  identified  for  water  flow

regulation, whereas, considering both spatial extent and magnitude of the changes, the

greatest changes have been found with respect to the supply of pollination and nutrient

regulation. Direct proximity of the linear elements had the greatest effect on ecosystem

service supply, in particular with regard to pollination. Based on our results, a more

pronounced  consideration  of  semi-natural  linear  landscape  elements  as  an  important

element of green infrastructure is advisable.
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Introduction

Agricultural landscapes are dominated by cultivated areas that are typically interspersed

with resource-rich, semi-natural elements, such as fallow fields, field margins, hedgerows

or woodlands (Bennett et al. 2006). As intensification has increased through the second

half of the 20  century in many parts of the world, agricultural landscapes have often been

associated  with  drastic  structural  changes  and  declining  biodiversity  (Robinson  and

Sutherland 2002). Supporting biodiversity within agricultural landscapes, however, is key

for  the  long-term  supply  of  multiple  ecosystems  services  and,  thus,  for  sustainable

agriculture (Bommarco et al. 2013). As such, there is a necessity to restore biodiversity and

ecosystem  processes  across  landscapes  in  order  to  harness  the  multiple  societal,

environmental and economic benefits ecosystem services provide (Bommarco et al. 2013).

One such way is the development and restoration of so-called Green Infrastructure (GI),

which is now highlighted in European planning and decision-making and has become a key

focus in reaching EU environmental policy goals (European Commission 2013a, European

Environment Agency 2017). Green Infrastructure is the interconnected network of natural

and semi-natural elements which intersperse the wider landscape, as well as man-made

connecting  elements,  such as  ecoducts  (Naumann et  al.  2011,  European Commission

2013a, CEEweb for Biodiversity 2017, EEA 2017). As a strategically planned network of

high quality natural and semi-natural areas, it is designed and managed to supply a broad

set  of  ecosystem  service  bundles  and  to  protect  biodiversity  (European  Commission 

2013b). Removal of pollutants from air and water, pollination enhancement, protection

against  soil  erosion  and  rainwater  retention  can  be  found  amongst  the  environmental

benefits to be provided by GI (European Commission 2013b, BfN 2017). As part of GI, the

integration of green corridors and buffer zones facilitates species movement, allowing for

the  establishment  of  resilient  ecological  networks  even  in  fragmented  environments

(Cannas et al. 2018, Molné et al. 2023).

At a national scale, smaller scale Linear Semi-natural landscape Elements (LSE), such as

hedgerows, rows of trees, field copses and riparian vegetation, are not typically included in

the official national GI network (BfN 2017). It has been well documented, however, that

such  LSE  increase  the  heterogeneity  and  structural  diversity  of  the  landscape,  are

associated with high internal diversity of both flora and fauna and enhance connectivity of

otherwise isolated patches (LLUR 2008, Ponisio et  al.  2015, BfN 2019),  thereby being

aligned with the EU GI aims and objectives outlined above (European Commission 2013b).

Bartesaghi  Koc  et  al.  (2016) have  advocated  the  need  to  create  a  typology  that

accommodates diverse contexts,  locations and research objectives,  embracing a multi-

scale and multi-purpose approach enabling the consideration of smaller scale elements

into GI.
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LSE  have  been  described  as  resembling  two  forest  edges  standing  back  to  back,

characterised by forest species boarded by ecotones on either side (LLUR 2008).  The

value of these elements can be related to availability of resources at their boundaries such

as berries and flowers, as well as internal characteristics such as structural complexity,

height, width and woody biomass (Graham et al. 2018). As such, they have the potential to

support a rich fauna of invertebrates, birds, mammals and reptiles, which supply not only

services to agriculture, but also cultural services to society (Burel 1996, Fuller et al. 2001, 

Gelling  et  al.  2007,  LLUR 2008,  Perennes et  al.  2020).  Nectar  and nesting  sites  can

support pollinators, while shelter, refuge and alternative prey/hosts can support biological

control agents and facilitate the supply of their services to the agricultural crops (Jobin et

al. 2001, Krewenka et al. 2011).

In adjacent fields, the presence of LSE can alter microclimate characteristics (Forman and

Baudry  1984,  LLUR  2008,  BfN  2019),  which  may  impact  agricultural  crop  production

(Cleugh 1998). LSE have  been  proven  to  reduce  wind  speed  and  evaporation,  which

increases  both  soil  and  atmospheric  moisture,  as  well  as  day  temperatures,  whilst

decreasing night temperatures (Forman and Baudry 1984, BfN 2019). These microclimate

effects directly help to mitigate soil desiccation, soil erosion and nutrient runoff (Forman

and Baudry 1984, Bird et al. 1992, Röser 1995, Burel 1996, BfN 2019). In this context, also

the landscape elements’ spatial distribution with respect to the topography, especially the

slope inclination, are of particular relevance (Forman and Baudry 1984). When LSE such

as hedgerows are planted perpendicular to a sloped inclination, they have the potential to

decrease the effective length*  of the sloped area with regard to erosion. As combination of

the described effects of the linear semi-natural landscape elements, the area’s water flow

is adapted while the potentials for erosion and nutrient runoff are decreased (Müller 1990, 

Deutscher  Verband  für  Landschaftspflege  e.V.  2006,  Schindewolf  2012).  Thus,  soil

degradation  is  prevented  or  at  least  decreased  which,  in  turn,  positively  affects  the

agricultural field’s soil fertility.

The above-described biotic and abiotic characteristics of LSE, therefore, have the potential

to  significantly  impact  the  supply  of  ecosystem  services  such  as  pollination,  nutrient

regulation, water flow regulation and erosion regulation (Klein et al.  2006, Zhang et al.

2007, Power 2010, Wiggering et al. 2016, see Table 1). The functioning of such regulating

services  is  fundamental  within  the  agro-environment  if  cropping  systems  are  to  be

maximised whilst simultaneously decreasing inputs, such as plant protection products and

fertilisers and supporting biodiversity (Power 2010, Wiggering et al. 2016, Bergez et al.

2022, Müller and Lange 2022). All four of these ecosystem services and the functions that

are  the  base  behind  their  supply  are  strongly  impacted  by  too  intensive  agricultural

production.

Conventional  agricultural  practices lead to  altered nutrient  cycles,  with  nutrient  in-  and

outputs being out of  balance (Vitousek et  al.  1997, Chapin et  al.  2011).  Consequently,

these areas evolve to be featured by either nutrient deficiency or surplus. The capacity of

nutrient-deficient ecosystems to grow crops diminishes with time. High nutrient surpluses,

on  the  other  hand,  lead  to  nutrient  losses  from the  agricultural  areas  threatening  the

environment,  for  example,  through the  enrichment  of  nutrients  in  ground-  and  surface

1
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water  (Welte and Timmermann 1985,  Sutton et  al.  2013,  Dominati  2013,  Jónsson and

Davíðsdóttir  2016,  Jónsson  et  al.  2017).  Besides,  the  temporary  character  of  the

agricultural plant cover and conventional tilling practices increase soil erosion and surface

runoff, thus affecting the ecosystem services water flow regulation and erosion regulation.

Erosion  degrades  soil  quality  and  thereby  reduces  the  fundamental  natural  base  for

agricultural  production  (Steinhoff-Knopp  and  Burkhard  2018,  Rendon  et  al.  2022).

Increased surface runoff leads to reduced groundwater recharge and increases the risk for

flooding  (Müller  et  al.  2020,  FAO 2023).  The  spatial  and  temporal  homogenisation  of

modern agricultural landscapes is accompanied by the loss of diverse resources such as

food,  nesting  or  overwintering  habitats  and  has  negative  impacts  on  biodiversity  and,

thereby,  the  occurrence  and  activity  of  pollinators  and  related  pollination  ecosystem

services. Further negative impacts arise from the application of pesticides. To counteract

these effects, agricultural practices need to be adapted and land management measures

need to  be  taken  aiming  to  increase  the  supply  of  the  ecosystem services  that  were

considered in this study (Table 1).

Pollination Pollination relates to the transfer of pollen between flower parts and even more between flowers 

(Zulian et al. 2014, Müller et al. 2020). In this context, pollination by animals, in particular insects,

plays a fundamental role (Gallai et al. 2009, Zulian et al. 2014, Müller et al. 2020). According to 

Williams (1994), more than 80% of the crop species cultivated in Europe rely on pollination by

insects. Klein et al. (2006) discovered that, globally, around 75% of all crop species that are

significant for the production of food are dependent on pollination by animals.

Nutrient

regulation

Nutrient regulation has been described as the ability and magnitude of an ecosystem to recycle

nutrients (Burkhard et al. 2014, Bicking et al. 2020). It is referred to as the capacity of an ecosystem

to filter, absorb, recycle and retain nutrients (Dominati 2013, Jónsson and Davíðsdóttir 2016, 

Jónsson et al. 2017, Müller et al. 2020). In that sense, the ecosystem service supports a functioning

and sustainable cycling of nutrients (Tivy 1987).

Water-flow

regulation

Water-flow regulation is a very important regulating ecosystem service that is influenced by

landscape configuration and the corresponding land-cover structure (FAO 2023). Water-flow

regulation refers to water flow in general, as well as groundwater recharge (Müller et al. 2020). In

that sense, water storage and buffer, natural drainage and irrigation are highly relevant aspects.

Erosion

regulation

The ecosystem service erosion regulation refers to reduced soil loss from the ecosystem (Steinhoff-

Knopp and Burkhard 2018, Haines-Young and Potschin 2018). Müller et al. (2020) define erosion

regulation as soil retention and the capacity to prevent and mitigate soil erosion and landslides.

Thus, in that sense, the ecosystem service refers to the mitigated structural impact (Fu et al. 2011, 

Guerra et al. 2014, Steinhoff-Knopp and Burkhard 2018), the erosion that would potentially occur

given the absence of vegetation. In particular, site-specific characteristics such as topography,

rainfall erosivity and soil erodibility influence potential soil loss (Fu et al. 2011, Guerra et al. 2014, 

Steinhoff-Knopp and Burkhard 2018).

Table 1. 

Definition of the considered ecosystem services.
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In  order to optimise the supply of  these four  regulating ecosystem services,  evidence-

based approaches are  required to  inform landscape management  and to  optimise the

implementation of GI measures. Here, we assessed the relevance of LSE as a potentially

integral and previously overlooked, part of GI. The objective of the study was to assess the

influence  of  LSE  on  the  simultaneous  supply  of  four  ecosystem  services  in  an

agriculturally-dominated landscape.  More precisely,  by applying the InVEST (Integrated

Valuation of Ecosystem Services and Tradeoffs) model suite, we tested the changes in

ecosystem service supply when semi-natural linear landscape elements were included in

the landscape assessment. We hypothesised that, based upon our InVEST model test:

1. including  or  excluding  linear  semi-natural  landscape  elements  changes  the

landscape’s modelled ecosystem service supply and that

2. the  extent  of  these  changes  depends  on  the  particular  ecosystem  service

considered.

In the following Section (Materials and methods), the study area, as well as the modelling

and  analysis  approach  of  the  four  ecosystem  services,  are  briefly  outlined.  In  the

subsequent Sections, the results are presented and discussed, respectively. Eventually,

the Conclusions are drawn concerning the hypotheses outlined above.

Materials and methods

Study area

The study area, the Bornhöved Lakes District, is located in the federal state of Schleswig-

Holstein in northern Germany, approximately 30 km south of the City of Kiel. With a spatial

extent of around 147 km², it includes the municipalities of Belau, Bornhöved, Gönnebek,

Kalübbe,  Rendwühren,  Ruhwinkel,  Schmalensee,  Stolpe,  Tarbek,  Trappenkamp  and

Wankendorf.  The  local  climate  is  maritime  and  humid,  with  an  annual  precipitation  of

approximately  823  mm  and  an  approximate  mean  temperature  of  8.9°C  (Deutscher

Wetterdienst 2017). The landscape of the federal state of Schleswig-Holstein is strongly

influenced by the Pleistocene and, in particular, the Saalian and the Weichselian glaciation

periods (Schott  1956).  The landscape can be divided into three main regions: Marsch,

Geest and Hügelland (Stewig 1982, Bähr and Kortum 1987). The latter two are found in the

study area (Fig. 1), with the northern part of the study area belonging to the Hügelland

(engl.: Uplands) and the central and southern parts belonging to the Geest. The study area

includes  six  glacially-formed  lakes,  which  are  surrounded  by  forests  embedded  in  an

agriculturally-dominated area. The northern parts of the study area, as well as the area in

proximity of the lakes, are featured by a more hilly relief compared to the surrounding,

flatter landscape (see Suppl. material 2). The abundance of linear semi-natural landscape

elements (LSE) increases from the northwest to the southeast of the study area (Fig. 1).

The study area was selected as the Bornhöved Lakes District  as it  is considered as a

representative landscape for northern Germany (Fränzle et al. 2008, Fohrer and Schmalz

2012), with extended networks of LSE. Furthermore, this area has been included as a case

study  site  in  the  BiodivERsA  project  IMAGINE  and  has  a  long  history  of  ecosystem
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research (Müller et al. 2006, Fränzle et al. 2008, Kandziora et al. 2013, Bicking et al. 2018, 

Perennes et  al.  2020,  Perennes et  al.  2021).  The study area belongs to four  different

watersheds,  which correspond to  the rivers  Schwentine (with  63%),  Eider  (with  3.7%),

Trave (with 4.2%) and Elbe (with 28.6%).

Ecosystem services modelling

The  four  ecosystem  services  were  modelled  with  the  open-source  software  InVEST

(Integrated  Valuation  of  Ecosystem  Services  and  Trade-offs)  geospatial  model  suite

(version 3.12.0). The various InVEST models can be used to map and quantify individual

ecosystem  services  and,  thereby,  identify  the  direction  and  magnitude  of  change  in

ecosystem service supply (Sharp et al. 2020) caused by ecosystem alterations, such as

the inclusion of LSE. For each of the four ecosystem services:

• pollination services,

• nutrient regulation,

• water flow regulation and

• erosion regulation (for definitions, see Table 1),

Figure 1. 

Location and extent of the Bornhöved Lakes District with land-use/land-cover types (LLUR

2019, Natural Earth 2020, OpenStreetMap contributors 2020).
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the corresponding InVEST models were selected:

• ‘Pollinator Abundance: Crop Pollination’ (CP);

• ‘Nutrient Delivery Ratio’ (NDR);

• ‘Seasonal Water Yield’ (SWY); and

• ‘Sediment Delivery Ratio’ (SDR).

Each InVEST model requires spatial input data which were generated using the open-

source software  QGIS 3.6.3.  Two landscape scenarios  were  simulated:  A)  landscapes

without LSE (herein, scenario A) and B) the actual landscapes with LSE (herein, scenario

B).  The  2018  CORINE Land-Cover  dataset  (GeoBasis-DE /  BKG 2020)  was  used  as

baseline  input  data  for  both  scenarios.  Additionally,  the  VEG04-Vegetationsmerkmal

(GeoBasis-DE / BKG 2020) dataset,  which  comprises,  inter  alia,  officially  mapped LSE,

such  as  hedgerows,  wooded  strips,  isolated  trees,  trees  in  line  and  groups  and  field

copses, was then overlaid to map landscapes with LSE. For means of simplification, within

the study,  no differentiation has been made into different  LSE element  types,  such as

hedgerows, wooded strips, isolated trees or field copses. Furthermore, due to limited data

availability, non-irrigated arable lands have not been differentiated into specific crop types.

Mapped  LSE  covered  approximately  5%  of  the  total  study  region.  Whereas,  in  the

landscape  of  scenario  A,  these  5% were  predominantly  allocated  to  the  ‘non-irrigated

arable  land’  (68%)  and  ‘pastures’  (19%)  Land-Use/Land-Cover  (LULC)  types  from the

CORINE classifications (GeoBasis-DE / BKG 2020) (Fig. 2).

In addition to the LULC data, the ecosystem service-specific InVEST models require so-

called “biophysical tables” as input datasets (Table 2). The biophysical tables follow the

same general  structure for  each service-specific  InVEST model,  but  comprise different

Figure 2. 

Distribution of Land-Use/Land-Cover (LULC) classes in the study area in scenario B (pie) and

scenario A (pie + bar),  i.e.  the bar plot presents the allocation of LULC classes in the model

runs excluding LSE in the 5% of the area that is covered with LSE in the model runs including

LSE (GeoBasis-DE / BKG 2020).
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information, adjusted according to the respective model. In each of these tables, for each

LULC class, model-specific information is recorded, based upon field surveys, literature

and expert assessments (Table 2). For example, for the pollinator abundance model, the

availability of nesting sites and the availability of floral resources were defined for each

LULC class.  Besides,  each service-specific  InVEST model  requires specific  input  data,

details of which can be found in Table 2. For each ecosystem service, the models were

simulated for the two scenarios.

Required data Data-sets and sources InVEST

model

Land-use/land-cover

(Scenario A and B,

respectively)

Corine Land Cover (CLC_5) 2018 (GeoBasis-DE / BKG 2020), 1:100,000,

minimum mapping unit: 5 ha)

SWY,

CP, NDR

& SDR
Corine Land Cover (CLC_5) 2018 (GeoBasis-DE / BKG 2020), 1:100,000,

minimum mapping unit: 5 ha) and VEG04-Vegetationsmerkmal (DWD

Climate Data Center (CDC) 2022a, 1:25,000, minimum mapping unit: 1 ha)

Biophysical table (CP) nesting_availability_index, floral_resources_index based upon Koh et al.

(2015), Groff et al. (2016), Jähne (2016), Fernandes et al. (2020), Wentling

et al. (2021)

CP

Guild table species, nesting_suitability_index, foarging_activity_index, alpha (average

travel distance) and relative abundance based upon Gebhardt and Röhr

(1987), Wesserling (1996), Gathmann and Tscharntke (2002), Knight et al.

(2005), Hagen et al. (2011), Jähne (2016)

CP

Precipitation (monthly) grids_germany_multi_annual_precipitation_1991-2020 (DWD Climate

Data Center (CDC) 2022b), resolution: 1 km)

SWY

Evapotranspiration

(monthly)

grids_germany_multi_annual_evapo_r_1991-2020 (DWD Climate Data

Center (CDC) 2022a), resolution: 1 km)

SWY

DEM European Digital Elevation Model (EU-DEM), version 1.1 (EEA 2016,

resolution: 25 m)

SWY,

NDR &

SDR

Soil group HYSOGs250m (Ross et al. 2018b, resolution: 250 m) SWY

Watershed European river catchments (EEA 2008) SWY,

NDR &

SDR

Table 2. 

Input  datasets  and  constant  values  (including  sources)  used  per  InVEST  model:  ‘Pollinator

Abundance: Crop Pollination’ (CP); ‘Nutrient Delivery Ratio’ (NDR); ‘Seasonal Water Yield’ (SWY);

and ‘Sediment Delivery Ratio’ (SDR).
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Required data Data-sets and sources InVEST

model

Biophysical table (SWY) Integer curve number (CN) values for each combination of soil type and

LULC (NRCS-USDA 2007, Ostrowski et al. 2014, NRCS-USDA 2017, 

Jaafar et al. 2019, Sharp et al. 2020) and Floating point monthly crop/

vegetation coefficient (Kc) values for each LULC (Nistor et al. 2018)

SWY

Rain events table

(monthly)

Proxy values for Kiel (https://de.climate-data.org/) SWY

Threshold flow

accumulation

1000 [calibration based upon a comparison between intermediate outcome

stream and AX_Gewaesserachse from the DLM250 (GeoBasis-DE / BKG

2020)]

SWY,

NDR &

SDR

Proportion of upslope

annual available local

recharge available each

month (alpha_M)

1/12 [InVEST default value] SWY

Proportion of upgradient

subsidy available for

downgradient

evapotranspiration

(beta_i)

1 [InVEST default value] SWY

Proportion of pixel local

recharge available to

downgradient pixels

(gamma)

1 [InVEST default value] SWY

Nutrient runoff proxy

(Scenario A and B,

respectively)

Quickflow index [Calculated using InVEST Seasonal Water Yield model

run without LSE]

NDR

Quickflow index [Calculated using InVEST Seasonal Water Yield model

run with LSE]

Biophysical table (NDR) load_n as nitrogen surplus (Bicking et al. 2018), eff_N (maximum retention

efficiency as nutrient regulation potential (Müller et al. 2020), crit_len_n (

Griffin et al. 2020), proportion subsurface_n (default InVEST - 0)

NDR

Borselli k parameter

(constant)

2 [InVEST default value] NDR,

SDR

Subsurface critical length

(constant)

200 [InVEST default value] NDR

Subsurface maximum

retention efficiency

(constant)

0.8 [InVEST default value] NDR

As green infrastructure, linear semi-natural habitats boost regulating ... 9



Required data Data-sets and sources InVEST

model

Rainfall erosivity index

(R)

R_FAKTOR_RADKLIM_v.2017_002_postproc (Fischer et al. 2019),

resolution: 1 km)

SDR

Soil erodibility (K) Soil Erodibility (K- Factor) High Resolution dataset for Europe (Panagos et

al. 2014, resolution: 500 m)

SDR

Biophysical table (SDR) usle_c and usle_p values for each LULC (Panagos et al. 2015, Griffin et al.

2020)

SDR

Borselli IC  parameter,

maximum slope length

parameter (L) and

maximum SDR value

(SDR )

0.5, 122, 0.8 [InVEST default values] SDR

Each service-specific InVEST model produces a number of outputs in the form of raster

layers (herein, service variables; Table 3, cell size: 625 m²), which were then handled in

QGIS 3.6.3. InVEST model results are highly dependent on the selected input data, in

terms of,  for example, quality,  spatial  scale and resolution (Nelson et al.  2009, Benez-

Secanho and Dwivedi 2019) and, furthermore, there is no readily available direct validation

technique for most of the model outcomes (Benez-Secanho and Dwivedi 2019). To mitigate

the reliance on absolute numerical  model outcomes, for evaluation and visualisation of

each ecosystem service, the output data were classified into five classes, ranging from

very low to very high supply,  which, for means of comparability,  were distributed using

quantile classification, based on the layer without LSE (herein, quantile supply classes). No

data values were omitted from the classification and all subsequent evaluation steps. Data

from the raster layers were consolidated in a point vector layer and extracted to .csv files

for  further  analysis  and visualisation.  The changes in  spatial  distribution  of  ecosystem

service  supply  across  the  landscape  were  visualised  by  mapping  the  quantile  supply

classes (very low to very high supply) for the two scenarios.

Service variable Description InVEST

model

Ecosystem

service

Total pollinator

abundance

(herein: Pollinator

abundance)

The pollinator abundance describes the activity of the pollinators in

the study area. It is estimated, based upon the availability of floral

resources and the species-specific estimated nesting potential of

the landscape. The InVEST model estimates the pollinator

abundance for each species. In this study, we only consider the

total pollinator abundance across all species.

CP Pollination

0

max

Table 3. 

Overview of considered output data (service variables) from the InVEST modelling (Sharp et al.

2020).
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Service variable Description InVEST

model

Ecosystem

service

N total export

(herein: Nutrient

export)

The nutrient export (here nitrogen only) corresponds to the

estimated quantity of the nutrients that eventually reach the stream.

It is the sum of the surface and subsurface contributions.

NDR Nutrient

regulation

Baseflow The baseflow corresponds to the local amount of precipitation that

gradually enters the sub-surface flow.

SWY Water flow

regulation

Quickflow The quickflow corresponds to the amount of precipitation that runs

off of the land directly, mostly during or shortly after a precipitation

event.

SWY Water flow

regulation

Avoided erosion The avoided erosion presents the contribution of the vegetation to

the reduction of erosion.

SDR Erosion

regulation

Ecosystem services analysis

The  post-GIS  assessment  steps  related  to  data  processing,  quality  control,  statistical

analysis  and  presentation  were  performed  in  R  (version  R-4.0.4)  ,  mainly  using  the

packages dplyr, plotly and ggplot2. The summary statistics for all variables were calculated

and, for each variable, in the context of data quality control, outliers outside of the range of

three standard deviations were deleted. Then, the relative share of  land area for each

quantile supply class and each service variable was determined for our landscape without

and with LSE.

Based upon the shifted distribution of the quantile supply classes and general summary

statistics,  the  landscapes  were  compared  for  the  supply  patterns  of  each  considered

ecosystem service. The change in ecosystem service supply with LSE in the landscape

was calculated for each variable at data points next to LSE (50 m), near to LSE (100 m)

and for all data points in the study region.

Finally,  to  assess  the  multifunctionality  of  LSE  on  agricultural  areas  and,  hence,  the

potential impact on agricultural production, the change in the mean value of each service

variable across non-irrigated arable lands and pastures (agricultural areas) was plotted. To

allow a  more  intuitive  comparison  with  the  other  service  variables,  the  inverse  of  the

variables  quickflow  and  nutrient  export  was  calculated,  i.e.  “avoided  quickflow”  and

“avoided nutrient export” (i.e. turning them from an ecosystem disservice into a service).

Results

The spatial distribution of the quantile supply classes differed the greatest between the

landscapes  of  scenario  A  and  B  for  the  ecosystem  services  nutrient  regulation  and

pollination, i.e. for the variables nutrient export and pollinator abundance (Fig. 3). Smaller

changes were detected for  the ecosystem service water  flow regulation (baseflow and
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quickflow), while the spatial distribution of the erosion regulation variable showed little to no

response to the inclusion of LSE (Fig. 3).

Referring to pollination,  large patches with very-low to low pollinator  abundances were

identified in the centre as well as along the southern and northern borders in landscapes

under  scenario  A.  Higher  pollinator  abundance values were,  in  particular  found in  and

around  the  forested  areas  (see  Fig.  1).  Under  scenario  B,  the  pollinator  abundance

increased in these areas so that much of the same spatial extent supported medium to

high abundances. These changes can be attributed to the approximate location of newly-

included  LSE,  but  moreover,  increased  abundances  in  the  surrounding  areas.  The

inclusion of  LSE increased the mean pollinator  abundance across the study region by

21.4%  (see  Suppl.  material  1 for  summary  statistics).  The  relative  area  of  very-high

pollinator abundance increased from 20% of the study area to 38%. Similarly, the relative

area with high pollinator abundance increased from 20% to 24%. Furthermore, the relative

area with very-low pollinator abundance decreased from 20% to 6% and the relative area

with low abundance decreased from 20% to 11% (Fig. 4). The observed relative change in

pollinator abundance was greatest next to LSE (50 m), where it increased by 37%. The

effect  of  LSE  inclusion  also  extended  to  at  least  100  m,  where  relative  pollinator

abundance increased by 27% (Fig. 5).

Figure 3. 

Spatial distribution of the quantile supply classes for the service variables:

1. pollinator abundance;

2. nutrient export;

3. quickflow;

4. baseflow and

5. avoided erosion;

in  scenarios  A  and  B.  For  means  of  comparability,  for  each  service  variable,  a  quantile

classification based upon the scenario A layer has been applied (background: OpenStreetMap

contributors 2020).
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In terms of nutrient export, the study area was dominated by medium to very high rates

previous  to  LSE inclusion,  with  the  exception  of  a  few patches  in  the  centre  and the

borders (scenario A). The spatial pattern very roughly followed the spatial distribution of the

calculated quickflow values.  The few patches with  relatively  low nutrient  export  values

spatially  matched forested  areas.  Once  LSE were  included,  nutrient  export  decreased

throughout the whole study region (Fig. 3, scenario B). The largest area to benefit from

reduced nutrient export was identified in the southeast of the Bornhöved Lakes District.

Mean nutrient export decreased by 25% across the study region in scenario B (Suppl.

material 1). For means of comparability with the other ecosystem services, in the following,

the inverse distribution of the variable nutrient export, herein avoided nutrient export, has

been considered. The relative area of the study region classified as high avoided nutrient

export increased from 20% to 35% and very high from 20% to 27%, resulting in land area

classified as very low, low or medium to decrease to approximately 12-14% each (Fig. 4).

The observed relative change in avoided nutrient export was greatest next to LSE (50 m),

where the ecosystem service supply increased by 36%. Increased avoided nutrient export

Figure 4. 

Distribution  of  quantile  supply  classes  with  respect  to  the  service  variables  pollinator

abundance, avoided nutrient export, avoided quickflow, baseflow and avoided erosion values

in scenarios A and B.  For  means of  comparability,  for  each service variable,  the quantile

classification based upon the scenario A layer has been applied.

As green infrastructure, linear semi-natural habitats boost regulating ... 13

https://arpha.pensoft.net/zoomed_fig/9916949
https://arpha.pensoft.net/zoomed_fig/9916949
https://arpha.pensoft.net/zoomed_fig/9916949


with LSE also extended to at least 100 m, where it increased by 30% relative to scenario A

(Fig. 5).

In terms of the water flow regulation variable baseflow, very low to low values were found

in  the  northern  part  of  the  study  area,  whereas  the  southern  part  was  dominated  by

medium to high values under scenario A. Through the inclusion of LSE in the assessment

under  scenario  B,  values  along  the  newly-included  LSE  changed  to  high  baseflow,

however, with little or no change in the surrounding areas (Fig. 3). Generally, the relatively

low baseflow values corresponded to the more hilly part  of the study area (see Suppl.

material 2) and to areas where, according to the hydrological soil group classification, the

soils were estimated to have a moderately high runoff potential (see Suppl. material 4, 

Ross et al. (2018a)). Under scenario A, high to very high quickflow values were identified

along the western and eastern part of the region, whereas the centre of the area, around

the lakes, was characterised by medium to low quickflow values. Under scenario B, values

along the newly-included LSE were reduced to very low quickflow, while little or no change

was identified in the surrounding areas (Fig. 3). Overall, the spatial pattern of relatively high

Figure 5. 

Relative changes in service variables in 50 m (light blue) and 100 m (dark blue) distance to the

linear semi-natural landscape elements (LSE) and for the total Landscape (green) for average

pollinator  abundance,  avoided  nutrient  export,  avoided  quickflow,  baseflow  and  avoided

erosion through the integration of landscape elements.
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quickflow values largely coincided with soils classified as having a moderately high runoff

potential (see Suppl. material 4, Ross et al. (2018a)). Relatively low quickflow values were

found  in  the  more  forested  areas.  The  effect  of  including  LSE in  the  landscape  only

marginally  changed  the  supply  of  baseflow  and  avoided  quickflow,  the  two  service

variables  associated  with  the  ecosystem  service  water  flow  regulation  (see  Table  3).

Baseflow increased by 0.4% in landscapes considering LSE, whereas quickflow decreased

by 3.2% (Suppl. Material 2). For means of comparability with the other ecosystem services,

in the following, the inverse distribution of the variable quickflow, herein avoided quickflow,

has been considered. Both baseflow and avoided quickflow followed similar patterns under

scenario B. Once LSE were included, the relative area contributing to high baseflow supply

increased from 20% to 28% and, in avoided quickflow, increased from 20% to 27% (Fig. 4).

Very high avoided quickflow also increased from 20% to 24% of the relative area under

scenario B; however, baseflow was found to deliver similar values under scenario A and B.

This resulted in the relative share of area classed as very low, low or medium decreased

from 60% to 53% for baseflow and from 60% to 48% for avoided quickflow. The relative

change in avoided quickflow was greatest next to the newly-included LSE (50 m) where it

increased by 8%, extending at least 100 m from LSE, where avoided quickflow increased

by 5% relative to the landscape assessment under scenario A (Fig. 5).

Concerning erosion regulation,  the  avoided erosion (corresponding to  soil  retention)  is

characterised  by  a  heterogeneous  spatial  distribution  of  the  quantile  supply  classes,

whereby the spatial  pattern seems to follow the general  topography of the region (see

Suppl.  material  2).  The inclusion of  LSE did  not  change the spatial  distribution of  the

quantile supply classes (Fig. 3, scenario B). For the ecosystem service erosion regulation,

only  marginal  differences  were  observed.  For  the  variable  avoided  erosion,  the  mean

increased by 0.8% under scenario B (Suppl. material 1). As the visual comparison of the

spatial pattern (Fig. 3) already showed, there are very small shifts in the distribution of the

quantile supply classes between scenario A and B (Fig. 4). The relative changes of the

variables showed slight variation with regard to the proximity to the newly-included LSE

(1.8% at 50 m and 1.2% at 100 m distance, Fig. 5).

The inclusion of LSE had a net positive effect on ecosystem service supply to agricultural

areas (non-irrigated arable lands and pastures).  Avoided nutrient  export  on agricultural

grounds displayed a strong positive response to LSE (Fig. 6), increasing by 22.9%. For

pollinator  abundance,  a  comparable  pattern  was  detected  with  an  increase  of  15.4%

between scenario A and B. A weak positive response to LSE on agricultural lands was also

observed in avoided quickflow (2.5%). However, the inclusion of LSE had no observed

effect  (< 0.5%) on baseflow. Additionally,  for  avoided erosion,  no relevant  change was

detected on agricultural lands between scenario A and B.

Discussion

We showed that considering linear semi-natural landscape elements (LSE) as part of the

green  infrastructure  (GI)  increased  the  modelled  multifunctionality  of  agricultural

landscapes. The five per cent of the landscape, assigned to LSE, particularly increased the
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model results with regard to the supply of the ecosystem services pollination and nutrient

regulation, whereas water regulation and erosion control did not respond that much. While

recent studies identified InVEST results to be highly dependent on data quality,  spatial

scale and resolution (Nelson et al. 2009, Benez-Secanho and Dwivedi 2019) and criticised

the lack of direct validation (Butsic et al. 2017, Benez-Secanho and Dwivedi 2019), we only

regard the here-presented relative changes in the ecosystem service supply between two

scenarios of the same study area with LSE included or excluded. For this purpose, in the

process, for evaluation and visualisation of each ecosystem service, the output data were

classified into the five “quantile supply classes”. In our analysis, we further improved the

reliability  of  the  results  by  removing  outliers  from  the  modelling  outputs  before  the

evaluation, ensuring that extreme values did not unduly influence the quantile classification

and the subsequent comparison of ecosystem service supply between the two landscape

scenarios. Unlike quantile classification, the use of natural Jenks breaks would prioritise

minimising the variability within classes without direct consideration of relative differences

between the scenarios. This could be suboptimal when the primary goal is to focus on the

relative  impacts  of  landscape  scenarios  on  ecosystem service  supply.  While  we  have

arrived at this decision for the specifics of this evaluation, it is important to point out that the

application of a quantile classification is also accompanied with drawbacks (Burkhard 2017

).  Compared  to  equal  interval  and  natural  breaks  (Jenks)  classifications,  quantile

classifications  commonly  result  in  more  heterogeneous  distributions,  with  potentially

numerous classes portraying middle value ranges. In maps, it could lead to displaying a

pseudo-heterogeneity (Burkhard 2017, Burkhard and Kruse 2017). Therefore, both author

and reader need to be aware of the specifics of the classification and its effects.

Figure 6. 

Change in multifunctionality through the integration of linear semi-natural landscape elements

(LSE) expressed as relative profiles for average pollinator abundance, avoided nutrient export,

avoided erosion, avoided quickflow and baseflow on agricultural grounds (non-irrigated arable

lands and pastures).
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Our  results  show  that  the  common  current  exclusion  of  LSE  in  national  GI  planning

disregards valuable  LSE and their  potential  to  supply  ecosystem services.  Of  the four

ecosystem  services  tested,  pollination  and  nutrient  regulation  showed  strong  positive

responses  to  including  LSE  in  the  modelled  landscape.  The  area  that  was  positively

influenced corresponds not only to the spatial extent of the LSE themselves, but extends

beyond their location, on to adjacent agricultural fields. This confirms that the supply of

ecosystem services to agriculture is highly dependent on the distribution of LSE, such as

hedgerows, in the surrounding landscape (Power 2010, Dainese et al. 2016). In line with

general  trends in literature (BLE 2018, BfN 2019, Perennes et al.  2020),  the strongest

positive  effects  of  LSE  on  the  ecosystem  services  supply  could  be  identified  in  the

proximity of the LSE themselves. Although changes could also be identified beyond that

area, peak changes in ecosystem service supply can be attributed to the area next to LSE

(50 m) and to a reduced extent near to LSE (100 m). In this vicinity, the LSE has the

largest effects on the microclimate and a large share of the species that origin from the

LSE are active in this area (Wildermuth 1978, BfN 2019).

Historically, hedgerow networks were established to mark boundaries and enclose fields

and meadows, rather than for the supply of specific ecosystem functions or services (Merot

1999, Reiß 2005). Yet, LSE, such as hedgerows, have been shown to foster biodiversity

(LLUR 2008, Diekötter and Crist 2013, Eigner and Gerth 2020), counteract – at least to

some extent – the negative effects of agricultural intensification on biodiversity (Dainese et

al. 2015, Dainese et al. 2016) and promote the supply of ecosystem services (Irmler et al.

2008, Batáry et al. 2010, Merckx et al. 2012, Haenke et al. 2014, M'Gonigle et al. 2015, 

Perennes et al. 2020, Eigner and Gerth 2020, Müller and Lange 2022). This is, because

LSE provide foraging resources, nesting sites as well as overwintering habitats for many

species (Bianchi et al. 2006, Coll 2009, Chaplin-Kramer et al. 2011, Garibaldi et al. 2011),

including wild bees (Hannon and Sisk 2009, Dar et al. 2017). Furthermore, more complex

landscapes, in which habitat fragments are connected by LSE, provide ecological corridors

for dispersal  (Forman and Baudry 1984, Dondina et  al.  2016, Staley et  al.  2019).  The

movement of animals along such corridors may enhance gene flow (Lange et al. 2011),

facilitate the dispersal of plant species (Tewksbury et al. 2002) and increase the biotic flow

of nutrients (Ellis-Soto et al. 2021).

Hedgerows are attractive foraging habitats  for  native bees, especially  in  early  summer

(Hannon and Sisk 2009) and have been shown to promote less-common species of wild

bees that were not found on flowers at weedy, unmanaged edges (Morandin and Kremen

2013). Yet, not only do hedgerows provide valuable foraging resources, but also act as net

exporters of native bees into adjacent fields (Morandin and Kremen 2013). Particularly,

when connected to source habitats of bees, hedgerows increase the pollination service

(Castle et al. 2019). While  other  studies  did  not  show  local  effects  of  hedgerows  on

pollination in adjacent crops (Albrecht et  al.  2020),  high coverage of hedgerows at the

landscape scale enhance visitation rate and seed set in phytometer plants irrespective of

local margin quality (Dainese et al. 2016). Through the permanent character of the LSE

vegetation  and  associated  alterations  in  the  local  climate  or  matter  flow (Forman and

Baudry  1984,  LLUR  2008,  BfN  2019),  the  ecosystem  may  be  influenced  beyond
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biodiversity  and  pollination.  Perennes  et  al.  (2021) assessed,  amongst  others,  the

ecosystem  service  pollination  in  the  Bornhöved  Lakes  District,  integrating  bioclimatic

information through a  hierarchical  modelling approach.  In  particular,  in  the central  and

southern part of the study area, the spatial pattern of their predicted pollination service

potential (Perennes et al. 2021, Supplementary material, Fig. 2) resembles the pattern of

our pollinator abundance quite well, whereas in the northern part of the study area, we

obtained relatively higher values.

By reducing the slope gradient and the effective slope lengths of the landscape, LSE may

be expected to reduce soil erosion and nutrient runoff. In our study, though, the ecosystem

services modelling results with regard to erosion regulation and water flow regulation were

only marginally affected by the inclusion of LSE, even though previous results suggest

otherwise (Forman and Baudry 1984,  Müller  1990,  Dreibrodt  et  al.  2009,  Power 2010, 

Schindewolf 2012, Sitzia et al. 2014, Eigner and Gerth 2020). To effectively support water

flow regulation and erosion regulation, LSE must be configured along soil boundaries and/

or perpendicular to hillslopes, which can help decrease the speed of runoff water, modulate

stream flow and decrease soil erosion (Baudry et al. 2000, Fan et al. 2015, Eigner and

Gerth  2020,  Meng  et  al.  2021).  While  some  of  these  functions  may  purposefully  or

incidentally have been fulfilled in historic times (Beyer and Schleuß 1991, Dreibrodt et al.

2009,  Montgomery  et  al.  2020),  the  indiscriminate  removal  of  hedgerows  to  increase

cropping area (Robinson and Sutherland 2002, LLUR 2008) likely affects the hydrology of

the affected landscapes (Baudry et al. 2000).

Thus, contrary to our findings, hedgerows are expected to significantly increase both the

lateral flow of water, decreasing surface runoff, as well as evapotranspiration, affecting soil

water  content,  especially  within  close proximity  (Holden et  al.  2019,  Eigner  and Gerth 

2020, Montgomery et al. 2020). These effects are further enhanced with higher densities of

trees in the LSE (Thomas et al. 2012). Through field studies on the hedgerow systems in

northern Germany, colluviums were discovered (Reiß 2005). It was found that a part of the

hedgerow system reduces the above-ground water catchment area in a way that it serves

as erosion protection. We observed that parts of  the study area with steep slopes are

covered by forest  or  grassland,  rather  than being used for  cropland (see Fig.  1).  The

Landesamt  für  Umwelt  des  Landes  Schleswig-Holstein  (2013) identified  that  the

agricultural fields in the more hilly parts of the study area have a very high risk for erosion

by water (see Suppl. material 3). When visually comparing the spatial distribution of the

LSE and the inclination of the landscape in the study area (see Suppl. material 2), we

found  that,  even  though  there  are  some  perpendicular  LSE  on  several  of  the  more

pronounced slopes, generally, LSE are relatively scarce in the northern, more hilly area

compared to the southern and flatter parts of the study area. These findings provide some

degree of evidence for the limitied influence of (LSE) on the outcomes with reference to

soil erosion.

It  needs to be considered that, in our study, LSE also included wooded strips, isolated

trees, trees in line and groups and field copses whereof some are likely less effective at

regulating  both  surface  flow and  soil  moisture  content.  Even  though  InVEST provides

powerful and relatively transparent means for the quantification and valuation of multiple
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ecosystem  services  (Polasky  et  al.  2010),  specific  limitations  arise  from  the  general

composition of  the InVEST model  suite and the specifications of  the individual  applied

models  (Lüke  and  Hack  2018).  Generally, within  the  InVEST model  suite,  spatial  and

tabular data (commonly derived from field surveys, literature and/or expert evaluation) are

combined  in  biophysical  models  to  spatially  assess  the  supply  of  ecosystem services

(Polasky et al. 2010, Benez-Secanho and Dwivedi 2019).

The accuracy  and reliability  of  ecosystem service  assessments  in  general,  as  well  as

through InVEST models, are strongly influenced by the quality, resolution and minimum

mapping unit (MMU) of available input data (Nelson et al. 2009, Bicking et al. 2018, Benez-

Secanho and Dwivedi 2019, Sharp et al. 2020). Varying data accuracy and precision can

lead to both overestimation and underestimation of ecosystem services. The MMU, which

refers  to  the  smallest  size  or  area  that  can  be  distinguished  and  mapped  in  a  given

dataset, can significantly influence the results (García-Álvarez et al.  2019, Sieber et al.

2021). When considering narrow LSE, it is imperative to utilise high-resolution data that

can accurately capture the LSE, otherwise models might significantly underestimate the

services  they  contribute,  which  could  result  in  a  general  undervaluation  of  LSE  and

overlooking of their importance in decision-making processes (Sieber et al. 2021). Even

though the LSE information utilised in this study originated from a high quality dataset, it

needs to be mentioned that the respective data, originally available as polylines, required

rasterisation  to  be  incorporated  into  the  assessment,  which  introduced  some  loss  of

precision  (Sharp  et  al.  2020).  Next  to  the  high  dependence  on  and  sensitivity  to  the

available input data (Nelson et al. 2009, Benez-Secanho and Dwivedi 2019) and the lack of

a readily available direct validation technique (Benez-Secanho and Dwivedi 2019), further

uncertainties arise from the level of abstraction, in particular with regard to hydrological

processes,  used  within  the  assessment  (Lüke  and  Hack  2018)  compared  to  more

elaborated  and  complex  hydrological  models  (such  as  the  widely  applied  hydrological

model “Soil and Water Assessment Tool” (SWAT; Arnold and Fohrer (2005)); see Vigerstol

and Aukema (2011) for a comparison of hydrological and freshwater-related ecosystem

services models).

In  line  with  our  study,  hedgerows have been proposed to  reduce nutrient  losses from

agricultural land (Holden et al. 2019). Yet, experimental evidence is scarce. Recently, Lei et

al. (2021) have shown for China that compound mulberry hedgerows significantly reduced

nutrient  losses in  an intercropping system.  Similarly,  Xia  et  al.  (2013) showed contour

Toona sinensis hedgerows to significantly reduce sediment N or sediment P losses. The

potential of oak hedgerows to counteract groundwater contamination with nitrate through

excess agricultural fertiliser application was also shown for France (Thomas and Abbott

2018).  This way, hedgerows may provide nature-based or eco-engineered solutions for

mitigating the impacts of anthropogenic environmental pressures (Collier 2021).

With  this  study,  the  assessed  multifunctionality  of  LSE  has  been  restricted  to  four

regulating  ecosystem  services.  In  order  to  obtain  a  more  coherent  and  integral

understanding  of  the  functionality  of  LSE,  related  ecosystem  services  synergies  and

potential  trade-offs  on  the  landscape scale,  additional  ecosystem services  need to  be

assessed.  Besides,  different  methodological  approaches,  data  and  models  of  different
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complexity and spatio-temporal resolution should be applied. Comparing the results will

increase the holistic understanding of LSE at the landscape scale. Furthermore, it will be

possible  to  identify  minimum  requirements  for  such  assessments  with  regard  to,  for

example,  input  data,  resolution,  complexity,  abstraction and stakeholder  involvement  to

ensure reliable results. Additionally, future assessments should integrate an analysis of the

condition of the linear semi-natural landscape elements. Information on the condition of the

LSE will  improve the quality of  the assessments and allows more accurate and robust

conclusions about the specific functionalities of the assessed structures in the landscape

context.

Conclusions

This study addresses the multifunctionality of agriculturally-dominated landscapes and the

role  of  GI,  more  precisely  semi-natural  linear  landscape  elements,  in  that  context.

Concluding from the results obtained in this model test,  the following can be stated in

regard to the research hypotheses:

1. Including  or  excluding  linear  semi-natural  landscape  elements  changes  the

landscape’s  modelled  ecosystem  service  supply.  The  modelling  demonstrated

potentially increasing ecosystem service supply through the integration of the linear

semi-natural  landscape  elements.  Even  though  positive  impacts  have  been

modelled for the whole study area, the largest changes have been identified in the

close surrounding (in 100 m and 50 m distance) to the LSE. Thus, the influence of

LSE on the modelled supply of the ecosystem services changes according to the

distance to  the LSE.  Furthermore,  the modelling revealed potentially  increasing

ecosystem service supply specifically on agricultural areas.

2. The extent of these changes depends on the ecosystem services considered. The

changes of the four ecosystem services differed in magnitude and spatial extent. In

particular with regard to the spatial  extent,  only small  changes in the modelling

results have been identified for water flow regulation and soil erosion. Considering

both spatial  extent  and magnitude,  the greatest  changes have been found with

regard to the supply of the ecosystem services pollination and nutrient regulation.

In  order  to  support  sustainable  approaches  to  agriculture,  ecological  processes  and

ecosystem functions must be preserved to supply ecosystem services (Bergez et al. 2022).

This  involves  the  strategic  planning  of  GI  to  maximise  these  benefits  for  producers.

However, if elements are undervalued or not considered, inappropriate land-use policy and

land management may be implemented (Malinga et al. 2015). The European Commission

(2013b) recognises that the diverse environmental features of the GI network function on

different scales, from small-scale structures to entire functional ecosystems. Thereby, the

European Commission (2013a) specifically identifies natural landscape elements such as

small streams, ponds, hedgerows and woodlands, which serve as ecological corridors, as

potential components of GI. Nevertheless, LSE are typically excluded from official national

GI (BfN 2017) as they are considered not to have sufficient critical mass nor connectivity

potential  to  effectively  contribute  to  the  GI  network.  Leastwise,  the  recent  regional
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biodiversity strategy of the federal state of Schleswig-Holstein mentions the relevance of

structurally  complex  landscapes,  as  landscapes  with  a  rich  historic  hedgerow  system

(MELUND 2021). As evidenced by our findings, LSE support landscape multifunctionality

and  support  the  supply  of  essential  ecosystem  services  to  adjacent  agricultural  land.

Therefore,  we highlight  the importance of  semi-natural  linear landscape elements as a

potentially integral and previously often overlooked part of the GI and, moving forward,

advice to consider them on the regional as well as supra-regional scale, as an official and

important element in the planning and management process of GI and beyond.

Acknowledgements

This research was funded as part of the BiodivERsA project ‘Integrative Management of

Green  Infrastructures  Multifunctionality,  Ecosystem  integrity  and  Ecosystem  Services:

From  assessment  to  regulation  in  socioecological  systems’  (IMAGINE,  funding  code:

01LC1611B).  We acknowledge financial  support  by Land Schleswig-Holstein  within  the

funding programme Open Access Publikationsfonds.

Conflicts of interest

The authors have declared that no competing interests exist.
Disclaimer: This article is (co-)authored by any of the Editors-in-Chief, Managing Editors
or their deputies in this journal.

References

• Albrecht M, Kleijn D, Williams N, Tschumi M, Blaauw B, Bommarco R, Campbell A,

Dainese M, Drummond F, Entling M, Ganser D, Arjen de Groot G, Goulson D, Grab H,

Hamilton H, Herzog F, Isaacs R, Jacot K, Jeanneret P, Jonsson M, Knop E, Kremen C,

Landis D, Loeb G, Marini L, McKerchar M, Morandin L, Pfister S, Potts S, Rundlöf M,

Sardiñas H, Sciligo A, Thies C, Tscharntke T, Venturini E, Veromann E, Vollhardt IG,

Wäckers F, Ward K, Westbury D, Wilby A, Woltz M, Wratten S, Sutter L (2020) The

effectiveness of flower strips and hedgerows on pest control, pollination services and

crop yield: a quantitative synthesis. Ecology Letters 23 (10): 1488‑1498. https://doi.org/

10.1111/ele.13576

• Arnold JG, Fohrer N (2005) SWAT2000: current capabilities and research opportunities

in applied watershed modelling. Hydrological Processes 19 (3): 563‑572. https://doi.org/

10.1002/hyp.5611

• Bähr J, Kortum G (1987) Schleswig-Holstein. Sammlung Geographischer Führer 15.

Gebrüder Borntraeger

• Bartesaghi Koc C, Osmond P, Peters A (2016) Towards a comprehensive green

infrastructure typology: a systematic review of approaches, methods and typologies.

Urban Ecosystems 20 (1): 15‑35. https://doi.org/10.1007/s11252-016-0578-5

• Batáry P, Matthiesen T, Tscharntke T (2010) Landscape-moderated importance of

hedges in conserving farmland bird diversity of organic vs. conventional croplands and

As green infrastructure, linear semi-natural habitats boost regulating ... 21

https://doi.org/10.1111/ele.13576
https://doi.org/10.1111/ele.13576
https://doi.org/10.1002/hyp.5611
https://doi.org/10.1002/hyp.5611
https://doi.org/10.1007/s11252-016-0578-5


grasslands. Biological Conservation 143 (9): 2020‑2027. https://doi.org/10.1016/

j.biocon.2010.05.005

• Baudry J, Bunce RG, Burel F (2000) Hedgerows: An international perspective on their

origin, function and management. Journal of Environmental Management 60 (1): 7‑22. 

https://doi.org/10.1006/jema.2000.0358

• Benez-Secanho FJ, Dwivedi P (2019) Does Quantification of Ecosystem Services

Depend Upon Scale (Resolution and Extent)? A Case Study Using the InVEST Nutrient

Delivery Ratio Model in Georgia, United States. Environments 6 (5). https://doi.org/

10.3390/environments6050052

• Bennett A, Radford J, Haslem A (2006) Properties of land mosaics: Implications for

nature conservation in agricultural environments. Biological Conservation 133 (2):

250‑264. https://doi.org/10.1016/j.biocon.2006.06.008

• Bergez J-, Béthinger A, Bockstaller C, Cederberg C, Ceschia E, Guilpart N, Lange S,

Müller F, Reidsma P, Riviere C, Schader C, Therond O, van der Werf HM (2022)

Integrating agri-environmental indicators, ecosystem services assessment, life cycle

assessment and yield gap analysis to assess the environmental sustainability of

agriculture. Ecological Indicators 141 https://doi.org/10.1016/j.ecolind.2022.109107

• Beyer L, Schleuß U (1991) Die Böden von Wallhecken in Schleswig‐Holstein I.

Klassifikation und Genese. Zeitschrift für Pflanzenernährung und Bodenkunde 154 (6):

431‑436. https://doi.org/10.1002/jpln.19911540607

• BfN (2017) Bundeskonzept Grüne Infrastruktur; Grundlagen des Naturschutzes zu

Planungen des Bundes. 

• BfN (2019) Landschaftspflegeholz: Hecken nutzen - Lebensräume erhalten -

Landschaften gestalten. Klima- und Naturschutz: Hand in Hand. Ein Handbuch für

Kommunen, Klimaschutzbeauftragte, Energie-, Stadt- und Landschaftsplanungsbüros

(8). 

• Bianchi FJ, Booij CJ, Tscharntke T (2006) Sustainable pest regulation in agricultural

landscapes: a review on landscape composition, biodiversity and natural pest control.

Proceedings of the Royal Society B: Biological Sciences 273: 1715‑1727. https://

doi.org/10.1098/rspb.2006.3530

• Bicking S, Burkhard B, Kruse M, Müller F (2018) Mapping of nutrient regulating

ecosystem service supply and demand on different scales in Schleswig-Holstein,

Germany. One Ecosystem 3 https://doi.org/10.3897/oneeco.3.e22509

• Bicking S, Steinhoff-Knopp B, Burkhard B, Müller F (2020) Quantification and mapping

of the nutrient regulation ecosystem service demand on a local scale. Ecosystems and

People 16 (1): 114‑134. https://doi.org/10.1080/26395916.2020.1722753

• Bird PR, Bicknell D, Bulman PA, Burke SJ, Leys JF, Parker JN, Sommen FJ, Voller P

(1992) The role of shelter in Australia for protecting soils, plants and livestock.

Agroforestry Systems 20: 59‑86. https://doi.org/10.1007/BF00055305

• BLE (2018) Hecken und Raine in der Agrarlandschaft: Bedeutung - Neuanlage - Pflege.

1619/2018..

• Bommarco R, Kleijn D, Potts S (2013) Ecological intensification: harnessing ecosystem

services for food security. Trends in Ecology & Evolution 28 (4): 230‑238. https://doi.org/

10.1016/j.tree.2012.10.012

• Burel F (1996) Hedgerows and their role in agricultural landscapes. Critical Reviews in

Plant Sciences 15 (2): 169‑190. https://doi.org/10.1080/07352689.1996.10393185

22 Lange S et al

https://doi.org/10.1016/j.biocon.2010.05.005
https://doi.org/10.1016/j.biocon.2010.05.005
https://doi.org/10.1006/jema.2000.0358
https://doi.org/10.3390/environments6050052
https://doi.org/10.3390/environments6050052
https://doi.org/10.1016/j.biocon.2006.06.008
https://doi.org/10.1016/j.ecolind.2022.109107
https://doi.org/10.1002/jpln.19911540607
https://doi.org/10.1098/rspb.2006.3530
https://doi.org/10.1098/rspb.2006.3530
https://doi.org/10.3897/oneeco.3.e22509
https://doi.org/10.1080/26395916.2020.1722753
https://doi.org/10.1007/BF00055305
https://doi.org/10.1016/j.tree.2012.10.012
https://doi.org/10.1016/j.tree.2012.10.012
https://doi.org/10.1080/07352689.1996.10393185


• Burkhard B, Kandziora M, Hou Y, Müller F (2014) Ecosystem service potentials, flows

and demands-concepts for spatial localisation, indication and quantification. Landscape

Online 34: 1‑32. https://doi.org/10.3097/lo.201434

• Burkhard B (2017) Ecosystem services matrix. In: Burkhard B, Maes J (Eds) Mapping

Ecosystem Services. Pensoft Publishers, Sofia. https://doi.org/10.3897/ab.e12837

• Burkhard B, Kruse M (2017) Map semantics and syntactics. In: Burkhard B, Maes J

(Eds) Mapping Ecosystem Services. Pensoft Publishers, Sofia. https://doi.org/10.3897/

ab.e12837

• Butsic V, Shapero M, Moanga D, Larson S (2017) Using InVEST to assess ecosystem

services on conserved properties in Sonoma County, CA. California Agriculture 71 (2):

81‑89. https://doi.org/10.3733/ca.2017a0008

• Cannas I, Lai S, Leone F, Zoppi C (2018) Green Infrastructure and Ecological Corridors:

A Regional Study Concerning Sardinia. Sustainability 10 (4). https://doi.org/10.3390/

su10041265

• Castle D, Grass I, Westphal C (2019) Fruit quantity and quality of strawberries benefit

from enhanced pollinator abundance at hedgerows in agricultural landscapes.

Agriculture, Ecosystems & Environment 275: 14‑22. https://doi.org/10.1016/j.agee.

2019.01.003

• CEEweb for Biodiversity (2017) Sustainable agriculture, with a little help from nature.

Green infrastructure integration into the agricultural sector. 

• Chapin FS, Matson P, Vitousek P (2011) Principles of Terrestrial Ecosystem Ecology.

Springe https://doi.org/10.1007/978-1-4419-9504-9

• Chaplin-Kramer R, O’Rourke M, Blitzer E, Kremen C (2011) A meta-analysis of crop

pest and natural enemy response to landscape complexity. Ecology Letters 14 (9):

922‑932. https://doi.org/10.1111/j.1461-0248.2011.01642.x

• Cleugh HA (1998) Effects of windbreaks on airflow, microclimates and crop yields.

Agroforestry Systems 41 (1): 55‑84. https://doi.org/10.1023/a:1006019805109

• Collier M (2021) Are field boundary hedgerows the earliest example of a nature-based

solution? Environmental Science & Policy 120: 73‑80. https://doi.org/10.1016/j.envsci.

2021.02.008

• Coll M (2009) Conservation biological control and the management of biological control

services: are they the same? Phytoparasitica 37 (3): 205‑208. https://doi.org/10.1007/

s12600-009-0028-5

• Dainese M, Luna DI, Sitzia T, Marini L (2015) Testing scale-dependent effects of

seminatural habitats on farmland biodiversity. Ecological Applications 25 (6):

1681‑1690. https://doi.org/10.1890/14-1321.1

• Dainese M, Montecchiari S, Sitzia T, Sigura M, Marini L (2016) High cover of hedgerows

in the landscape supports multiple ecosystem services in Mediterranean cereal fields.

Journal of Applied Ecology 54 (2): 380‑388. https://doi.org/10.1111/1365-2664.12747

• Dar SA, Mir SH, Rather BA (2017) Importance of hedgerows for wild bee abundance

and richness in Kashmir Valley. Entomon 42 (1). 

• Deutscher Verband für Landschaftspflege e.V. (2006) Landschaftselemente in der

Agrarstruktur - Entstehung, Neuanlage und Erhalt. DVL-Schriftenreihe "Landschaft als

Lebensraum" (9). 

• Deutscher Wetterdienst (2017) Klimareport Schleswig-Holstein.

As green infrastructure, linear semi-natural habitats boost regulating ... 23

https://doi.org/10.3097/lo.201434
https://doi.org/10.3897/ab.e12837
https://doi.org/10.3897/ab.e12837
https://doi.org/10.3897/ab.e12837
https://doi.org/10.3733/ca.2017a0008
https://doi.org/10.3390/su10041265
https://doi.org/10.3390/su10041265
https://doi.org/10.1016/j.agee.2019.01.003
https://doi.org/10.1016/j.agee.2019.01.003
https://doi.org/10.1007/978-1-4419-9504-9
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.1023/a:1006019805109
https://doi.org/10.1016/j.envsci.2021.02.008
https://doi.org/10.1016/j.envsci.2021.02.008
https://doi.org/10.1007/s12600-009-0028-5
https://doi.org/10.1007/s12600-009-0028-5
https://doi.org/10.1890/14-1321.1
https://doi.org/10.1111/1365-2664.12747


• Diekötter T, Crist T (2013) Quantifying habitat-specific contributions to insect diversity in

agricultural mosaic landscapes. Insect Conservation and Diversity 6 (5): 607‑618. 

https://doi.org/10.1111/icad.12015

• Dominati EJ (2013) Natural capital and ecosystem services of soils. In: Dymond JR

(Ed.) Ecosystem services in New Zealand - conditions and trends.

• Dondina O, Kataoka L, Orioli V, Bani L (2016) How to manage hedgerows as effective

ecological corridors for mammals: A two-species approach. Agriculture, Ecosystems &

Environment 231: 283‑290. https://doi.org/10.1016/j.agee.2016.07.005

• Dreibrodt S, Nelle O, Lütjens I, Mitusov A, Clausen I, Bork H- (2009) Investigations on

buried soils and colluvial layers around Bronze Age burial mounds at Bornhöved

(northern Germany): an approach to test the hypothesis of `landscape openness' by the

incidence of colluviation. The Holocene 19 (3): 487‑497. https://doi.org/

10.1177/0959683608101397

• DWD Climate Data Center (CDC) (2022a) Multi-annual grids of actual

evapotranspiration over grass and sandy loam. 0.x.

• DWD Climate Data Center (CDC) (2022b) Multi-annual grids of precipitation height over

Germany 1991-2020. 1.0.

• EEA (2008) European river catchments.

• EEA (2016) European Digital Elevation Model (EU-DEM). 1.0.

• EEA (2017) What is green infrastructure? https://www.eea.europa.eu/themes/

sustainability-transitions/urban-environment/urban-green-infrastructure/what-is-green-

infrastructure. Accessed on: 2020-6-10.

• Eigner J, Gerth H (2020) Das grüne Netz – Unsere Knicklandschaft in Schleswig-

Holstein. KJM Buchverlag

• Ellis-Soto D, Ferraro KM, Rizzuto M, Briggs E, Monk JD, Schmitz OJ (2021) A

methodological roadmap to quantify animal-vectored spatial ecosystem subsidies.

Journal of Animal Ecology https://doi.org/10.1111/1365-2656.13538

• European Commission (2013a) Green Infrastructure (GI) Enhancing Europe’s Natural

Capital. COM(2013

• European Commission (2013b) Building a Green Infrastructure for Europe. https://

doi.org/10.2779/54125

• European Environment Agency (2017) What is green infrastructure? https://

www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-

infrastructure/what-is-green-infrastructure. Accessed on: 2020-6-10.

• Fan F, Xie D, Wei C, Ni J, Yang J, Tang Z, Zhou C (2015) Reducing soil erosion and

nutrient loss on sloping land under crop-mulberry management system. Environmental

Science and Pollution Research 22 (18): 14067‑14077. https://doi.org/10.1007/

s11356-015-4608-2

• FAO (2023) Ecosystem Services & Biodiversity (ESB) - Regulating services. https://

www.fao.org/ecosystem-services-biodiversity/background/regulating-services/en/.

Accessed on: 2023-6-10.

• Fernandes J, Antunes P, Santos R, Zulian G, Clemente P, Ferraz D (2020) Coupling

spatial pollination supply models with local demand mapping to support collaborative

management of ecosystem services. Ecosystems and People 16 (1): 212‑229. https://

doi.org/10.1080/26395916.2020.1800821

24 Lange S et al

https://doi.org/10.1111/icad.12015
https://doi.org/10.1016/j.agee.2016.07.005
https://doi.org/10.1177/0959683608101397
https://doi.org/10.1177/0959683608101397
https://www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-infrastructure/what-is-green-infrastructure
https://www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-infrastructure/what-is-green-infrastructure
https://www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-infrastructure/what-is-green-infrastructure
https://doi.org/10.1111/1365-2656.13538
https://doi.org/10.2779/54125
https://doi.org/10.2779/54125
https://www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-infrastructure/what-is-green-infrastructure
https://www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-infrastructure/what-is-green-infrastructure
https://www.eea.europa.eu/themes/sustainability-transitions/urban-environment/urban-green-infrastructure/what-is-green-infrastructure
https://doi.org/10.1007/s11356-015-4608-2
https://doi.org/10.1007/s11356-015-4608-2
https://www.fao.org/ecosystem-services-biodiversity/background/regulating-services/en/
https://www.fao.org/ecosystem-services-biodiversity/background/regulating-services/en/
https://doi.org/10.1080/26395916.2020.1800821
https://doi.org/10.1080/26395916.2020.1800821


• Fischer FK, Winterrath T, Junghänel T, Walawender E, Auerswald K (2019) Mean

annual precipitation erosivity (R factor) based on RADKLIM. 2017.002. Deutscher

Wetterdienst. URL: http://dx.doi.org/10.5676/DWD/RADKLIM_Rfactor_V2017.002

• Fohrer N, Schmalz B (2012) Das UNESCO Ökohydrologie-Referenzprojekt Kielstau-

Einzugsgebiet – nachhaltige Wasserressourcenmanagement und Ausbildung im

ländlichen Raum. Bundesanstalt für Gewässerkunde, Koblenz https://doi.org/10.5675/

hywa_2012,4_1

• Forman RT, Baudry J (1984) Hedgerows and hedgerow networks in landscape ecology.

Environmental Management 8 (6): 495‑510. https://doi.org/10.1007/bf01871575

• Fränzle O, Kappen L, Blume H, Dierssen K (Eds) (2008) Ecosystem Organization of a

Complex Landscape - Long-Term Research in the Bornhöved Lake District, Germany.

Springer https://doi.org/10.1007/978-3-540-75811-2

• Fu B, Liu Y, Lü Y, He C, Zeng Y, Wu B (2011) Assessing the soil erosion control service

of ecosystems change in the Loess Plateau of China. Ecological Complexity 8 (4):

284‑293. https://doi.org/10.1016/j.ecocom.2011.07.003

• Fuller RJ, Chamberlain DE, Burton NH, Gough SJ (2001) Distributions of birds in

lowland agricultural landscapes of England and Wales: How distinctive are bird

communities of hedgerows and woodland? Agriculture, Ecosystems & Environment 84

(1): 79‑92. https://doi.org/10.1016/s0167-8809(00)00194-8

• Gallai N, Salles J, Settele J, Vaissière B (2009) Economic valuation of the vulnerability

of world agriculture confronted with pollinator decline. Ecological Economics 68 (3):

810‑821. https://doi.org/10.1016/j.ecolecon.2008.06.014

• García-Álvarez D, Camacho Olmedo MT, Paegelow M (2019) Sensitivity of a common

Land Use Cover Change (LUCC) model to the Minimum Mapping Unit (MMU) and

Minimum Mapping Width (MMW) of input maps. Computers, Environment and Urban

Systems 78 https://doi.org/10.1016/j.compenvurbsys.2019.101389

• Garibaldi L, Steffan-Dewenter I, Kremen C, Morales J, Bommarco R, Cunningham S,

Carvalheiro L, Chacoff N, Dudenhöffer J, Greenleaf S, Holzschuh A, Isaacs R,

Krewenka K, Mandelik Y, Mayfield M, Morandin L, Potts S, Ricketts T, Szentgyörgyi H,

Viana B, Westphal C, Winfree R, Klein A (2011) Stability of pollination services

decreases with isolation from natural areas despite honey bee visits. Ecology Letters 14

(10): 1062‑1072. https://doi.org/10.1111/j.1461-0248.2011.01669.x

• Gathmann A, Tscharntke T (2002) Foraging ranges of solitary bees. Journal of Animal

Ecology 71 (5): 757‑764. https://doi.org/10.1046/j.1365-2656.2002.00641.x

• Gebhardt M, Röhr G (1987) Zur Bionomie der Sandbienen Andrena clarkella (Kirby), A.

cineraria (L.), A. fuscipes (Kirby) und ihrer Kuckucksbienen (Hymenoptera: Apoidea).

Drosera 87: 89‑114. 

• Gelling M, Macdonald D, Mathews F (2007) Are hedgerows the route to increased

farmland small mammal density? Use of hedgerows in British pastoral habitats.

Landscape Ecology 22 (7): 1019‑1032. https://doi.org/10.1007/s10980-007-9088-4

• GeoBasis-DE / BKG (2020) DLM250.

• Geologischer Dienst NRW (2015) Erosionsgefährdung - Informationen zu den

Auswertungen der Erosionsgefährdung durch Wasser. URL: https://www.gd.nrw.de/zip/

erosionsgefaehrdung.pdf

• Graham L, Gaulton R, Gerard F, Staley J (2018) The influence of hedgerow structural

condition on wildlife habitat provision in farmed landscapes. Biological Conservation

220: 122‑131. https://doi.org/10.1016/j.biocon.2018.02.017

As green infrastructure, linear semi-natural habitats boost regulating ... 25

http://dx.doi.org/10.5676/DWD/RADKLIM_Rfactor_V2017.002
https://doi.org/10.5675/hywa_2012,4_1
https://doi.org/10.5675/hywa_2012,4_1
https://doi.org/10.1007/bf01871575
https://doi.org/10.1007/978-3-540-75811-2
https://doi.org/10.1016/j.ecocom.2011.07.003
https://doi.org/10.1016/s0167-8809(00)00194-8
https://doi.org/10.1016/j.ecolecon.2008.06.014
https://doi.org/10.1016/j.compenvurbsys.2019.101389
https://doi.org/10.1111/j.1461-0248.2011.01669.x
https://doi.org/10.1046/j.1365-2656.2002.00641.x
https://doi.org/10.1007/s10980-007-9088-4
https://www.gd.nrw.de/zip/erosionsgefaehrdung.pdf
https://www.gd.nrw.de/zip/erosionsgefaehrdung.pdf
https://doi.org/10.1016/j.biocon.2018.02.017


• Griffin R, Vogl A, Wolny S, Covino S, Monroy E, Ricci H, Sharp R, Schmidt C, Uchida E

(2020) Including Additional Pollutants into an Integrated Assessment Model for

Estimating Nonmarket Benefits from Water Quality. Land Economics 96 (4): 457‑477. 

https://doi.org/10.3368/wple.96.4.457

• Groff S, Loftin C, Drummond F, Bushmann S, McGill B (2016) Parameterization of the

InVEST Crop Pollination Model to spatially predict abundance of wild blueberry

(Vaccinium angustifolium Aiton) native bee pollinators in Maine, USA. Environmental

Modelling & Software 79: 1‑9. https://doi.org/10.1016/j.envsoft.2016.01.003

• Guerra C, Pinto-Correia T, Metzger M (2014) Mapping Soil Erosion Prevention Using an

Ecosystem Service Modeling Framework for Integrated Land Management and Policy.

Ecosystems 17 (5): 878‑889. https://doi.org/10.1007/s10021-014-9766-4

• Haenke S, Kovács-Hostyánszki A, Fründ J, Batáry P, Jauker B, Tscharntke T, Holzschuh

A (2014) Landscape configuration of crops and hedgerows drives local syrphid fly

abundance. Journal of Applied Ecology 51 (2): 505‑513. https://doi.org/

10.1111/1365-2664.12221

• Hagen M, Wikelski M, Kissling WD (2011) Space Use of Bumblebees (Bombus spp.)

Revealed by Radio-Tracking. PLoS ONE 6 (5). https://doi.org/10.1371/journal.pone.

0019997

• Haines-Young R, Potschin MB (2018) Common International Classification of

Ecosystem Services (CICES) V5.1 and Guidance on the Application of the Revised

Structure. https://doi.org/10.3897/oneeco.3.e27108

• Hannon L, Sisk T (2009) Hedgerows in an agri-natural landscape: Potential habitat

value for native bees. Biological Conservation 142 (10): 2140‑2154. https://doi.org/

10.1016/j.biocon.2009.04.014

• Holden J, Grayson RP, Berdeni D, Bird S, Chapman PJ, Edmondson JL, Firbank LG,

Helgason T, Hodson ME, Hunt SF, Jones DT, Lappage MG, Marshall-Harries E, Nelson

M, Prendergast-Miller M, Shaw H, Wade RN, Leake JR (2019) The role of hedgerows in

soil functioning within agricultural landscapes. Agriculture, Ecosystems & Environment

273: 1‑12. https://doi.org/10.1016/j.agee.2018.11.027

• Irmler U,, Hölker F,, Pfeiffer H, Nellen W, Reuter H (2008) Biocoenotic Interactions

between Different Ecotopes. In: Fränzle O, Kappen L, Blume HP, Dierssen K (Eds)

Ecosystem Organisation of a Complex Landscape - Long term Research in the

Bornhöved Lake District. Springer, Berlin, Heidelberg. https://doi.org/

10.1007/978-3-540-75811-2_7

• Jaafar H, Ahmad F, El Beyrouthy N (2019) GCN250, new global gridded curve numbers

for hydrologic modeling and design. Scientific Data 6 (1). https://doi.org/10.1038/

s41597-019-0155-x

• Jähne M (2016) Modeling and quantifying insect pollination of oilseed rape along a

gradient of landscape complexity. Master thesis. Kiel University

• Jobin B, Choinière L, Bélanger L (2001) Bird use of three types of field margins in

relation to intensive agriculture in Québec, Canada. Agriculture, Ecosystems &

Environment 84 (2): 131‑143. https://doi.org/10.1016/s0167-8809(00)00206-1

• Jónsson J, Davíðsdóttir B (2016) Classification and valuation of soil ecosystem

services. Agricultural Systems 145: 24‑38. https://doi.org/10.1016/j.agsy.2016.02.010

• Jónsson JÖ, Davíðsdóttir B, Nikolaidis NP (2017) Valuation of Soil Ecosystem Services.

Advances in Agronomy353‑384. https://doi.org/10.1016/bs.agron.2016.10.011

26 Lange S et al

https://doi.org/10.3368/wple.96.4.457
https://doi.org/10.1016/j.envsoft.2016.01.003
https://doi.org/10.1007/s10021-014-9766-4
https://doi.org/10.1111/1365-2664.12221
https://doi.org/10.1111/1365-2664.12221
https://doi.org/10.1371/journal.pone.0019997
https://doi.org/10.1371/journal.pone.0019997
https://doi.org/10.3897/oneeco.3.e27108
https://doi.org/10.1016/j.biocon.2009.04.014
https://doi.org/10.1016/j.biocon.2009.04.014
https://doi.org/10.1016/j.agee.2018.11.027
https://doi.org/10.1007/978-3-540-75811-2_7
https://doi.org/10.1007/978-3-540-75811-2_7
https://doi.org/10.1038/s41597-019-0155-x
https://doi.org/10.1038/s41597-019-0155-x
https://doi.org/10.1016/s0167-8809(00)00206-1
https://doi.org/10.1016/j.agsy.2016.02.010
https://doi.org/10.1016/bs.agron.2016.10.011


• Kandziora M, Burkhard B, Müller F (2013) Mapping provisioning ecosystem services at

the local scale using data of varying spatial and temporal resolution. Ecosystem

Services 4: 47‑59. https://doi.org/10.1016/j.ecoser.2013.04.001

• Klein A, Vaissière BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen C,

Tscharntke T (2006) Importance of pollinators in changing landscapes for world crops.

Proceedings of the Royal Society B: Biological Sciences 274 (1608): 303‑313. https://

doi.org/10.1098/rspb.2006.3721

• Knight ME, Martin AP, Bishop S, Osborne JL, Hale RJ, Sanderson RA, Goulson D

(2005) An interspecific comparison of foraging range and nest density of four

bumblebee (Bombus) species. Molecular Ecology 14 (6): 1811‑1820. https://doi.org/

10.1111/j.1365-294x.2005.02540.x

• Koh I, Lonsdorf E, Williams N, Brittain C, Isaacs R, Gibbs J, Ricketts T (2015) Modeling

the status, trends, and impacts of wild bee abundance in the United States.

Proceedings of the National Academy of Sciences 113 (1): 140‑145. https://doi.org/

10.1073/pnas.1517685113

• Krewenka K, Holzschuh A, Tscharntke T, Dormann C (2011) Landscape elements as

potential barriers and corridors for bees, wasps and parasitoids. Biological Conservation

144 (6): 1816‑1825. https://doi.org/10.1016/j.biocon.2011.03.014

• Landesamt für Umwelt des Landes Schleswig-Holstein (2013) Bodengefährdung -

Wassererosionsgefährdung nach DIN 19708.

• Lange R, Diekötter T, Schiffmann L, Wolters V, Durka W (2011) Matrix quality and

habitat configuration interactively determine functional connectivity in a widespread

bush cricket at a small spatial scale. Landscape Ecology 27 (3): 381‑392. https://

doi.org/10.1007/s10980-011-9692-1

• Lei P, Ni C, Chen F, Wang S, Zhong S, Tan S, Ni J, Xie D (2021) Effects of Crop–

Hedgerow Intercropping on the Soil Physicochemical Properties and Crop Yield on

Sloping Cultivated Lands in a Purple Soil of Southwestern China. Forests 12 (8). https://

doi.org/10.3390/f12080962

• LLUR (2008) Knicks in Schleswig-Holstein - Bedeutung, Zustand, Schutz. URL: https://

www.umweltdaten.landsh.de/nuis/upool/gesamt/bauernbl/knicks_2008.pdf

• LLUR (2019) Naturraum.

• Los P, Anderson S, Gantzer C (2001) Vegetative Barriers for Erosion Control. MU

Extension, University of Missouri-Columbia.

• Lüke A, Hack J (2018) Comparing the Applicability of Commonly Used Hydrological

Ecosystem Services Models for Integrated Decision-Support. Sustainability 10 (2). 

https://doi.org/10.3390/su10020346

• Malinga R, Gordon L, Jewitt G, Lindborg R (2015) Mapping ecosystem services across

scales and continents – A review. Ecosystem Services 13: 57‑63. https://doi.org/

10.1016/j.ecoser.2015.01.006

• MELUND (2021) Kurs Natur 2030 - Strategie zum Erhalt der biologischen Vielfalt in

Schleswig-Holstein. Ministerium für Energiewende, Landwirtschaft, Umwelt, Natur und

Digitalisierung des Landes Schleswig-Holstein. URL: https://www.schleswig-holstein.de/

mm/downloads/Fachinhalte/Biodiversitaet/20211216_KursNaturLF.pdf

• Meng X, Zhu Y, Yin M, Liu D (2021) The impact of land use and rainfall patterns on the

soil loss of the hillslope. Scientific Reports 11 (1). https://doi.org/10.1038/

s41598-021-95819-5

As green infrastructure, linear semi-natural habitats boost regulating ... 27

https://doi.org/10.1016/j.ecoser.2013.04.001
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1111/j.1365-294x.2005.02540.x
https://doi.org/10.1111/j.1365-294x.2005.02540.x
https://doi.org/10.1073/pnas.1517685113
https://doi.org/10.1073/pnas.1517685113
https://doi.org/10.1016/j.biocon.2011.03.014
https://doi.org/10.1007/s10980-011-9692-1
https://doi.org/10.1007/s10980-011-9692-1
https://doi.org/10.3390/f12080962
https://doi.org/10.3390/f12080962
https://www.umweltdaten.landsh.de/nuis/upool/gesamt/bauernbl/knicks_2008.pdf
https://www.umweltdaten.landsh.de/nuis/upool/gesamt/bauernbl/knicks_2008.pdf
https://doi.org/10.3390/su10020346
https://doi.org/10.1016/j.ecoser.2015.01.006
https://doi.org/10.1016/j.ecoser.2015.01.006
https://www.schleswig-holstein.de/mm/downloads/Fachinhalte/Biodiversitaet/20211216_KursNaturLF.pdf
https://www.schleswig-holstein.de/mm/downloads/Fachinhalte/Biodiversitaet/20211216_KursNaturLF.pdf
https://doi.org/10.1038/s41598-021-95819-5
https://doi.org/10.1038/s41598-021-95819-5


• Merckx T, Marini L, Feber R, Macdonald D (2012) Hedgerow trees and extended-width

field margins enhance macro-moth diversity: implications for management. Journal of

Applied Ecology 49 (6): 1396‑1404. https://doi.org/10.1111/j.1365-2664.2012.02211.x

• Merot P (1999) The influence of hedgerow systems on the hydrology of agricultural

catchments in a temperate climate. Agronomie 19 (8): 655‑669. https://doi.org/10.1051/

agro:19990801

• M'Gonigle L, Ponisio L, Cutler K, Kremen C (2015) Habitat restoration promotes

pollinator persistence and colonization in intensively managed agriculture. Ecological

Applications 25 (6): 1557‑1565. https://doi.org/10.1890/14-1863.1

• Molné F, Donati GA, Bolliger J, Fischer M, Maurer M, Bach P (2023) Supporting the

planning of urban blue-green infrastructure for biodiversity: A multi-scale prioritisation

framework. Journal of Environmental Management 342 https://doi.org/10.1016/

j.jenvman.2023.118069

• Montgomery I, Caruso T, Reid N (2020) Hedgerows as Ecosystems: Service Delivery,

Management, and Restoration. Annual Review of Ecology, Evolution, and Systematics

51 (1): 81‑102. https://doi.org/10.1146/annurev-ecolsys-012120-100346

• Morandin L, Kremen C (2013) Hedgerow restoration promotes pollinator populations

and exports native bees to adjacent fields. Ecological Applications 23 (4): 829‑839. 

https://doi.org/10.1890/12-1051.1

• Müller F, Schrautzer J, Reiche E, Rinker A (2006) Ecosystem based indicators in

retrogressive successions of an agricultural landscape. Ecological Indicators 6 (1):

63‑82. https://doi.org/10.1016/j.ecolind.2005.08.017

• Müller F, Bicking S, Ahrendt K, Kinh Bac D, Blindow I, Fürst C, Haase P, Kruse M, Kruse

T, Ma L, Perennes M, Ruljevic I, Schernewski G, Schimming C, Schneiders A, Schubert

H, Schumacher n, Tappeiner U, Wangai P, Windhorst W, Zeleny J (2020) Assessing

ecosystem service potentials to evaluate terrestrial, coastal and marine ecosystem

types in Northern Germany – An expert-based matrix approach. Ecological Indicators

112 https://doi.org/10.1016/j.ecolind.2020.106116

• Müller F, Lange S (2022) Atlas der Ökosystemleistungen Schleswig-Holstein. Wachholtz

Verlag, Kiel/ Hamburg. https://doi.org/10.23797/9783529092992

• Müller J (1990) Funktionen von Hecken und deren Flächenbedarf vor dem Hintergrund

der landschaftsökologischen und -ästhetischen Defizite auf den Mainfränkischen

Gäuflächen. 

• Natural Earth (2020) Natural Earth vector.

• Naumann S, McKenna D, Kaphengst T, Pieterse M, Rayment M (2011) Design,

implementation and cost elements of Green Infrastructure projects. European

Commission. Final report.

• Nelson E, Mendoza G, Regetz J, Polasky S, Tallis H, Cameron D, Chan KM, Daily GC,

Goldstein J, Kareiva PM, Lonsdorf E, Naidoo R, Ricketts TH, Shaw M (2009) Modeling

multiple ecosystem services, biodiversity conservation, commodity production, and

tradeoffs at landscape scales. Frontiers in Ecology and the Environment 7 (1): 4‑11. 

https://doi.org/10.1890/080023

• Nistor M, Man TC, Benzaghta MA, Nedumpallile VASU N, Dezsi Ş, Kizza R (2018) Land

cover and temperature implications for the seasonal evapotranspiration in Europe.

Geographia Technica 13 (1). https://doi.org/10.21163/gt_2018.131.09

28 Lange S et al

https://doi.org/10.1111/j.1365-2664.2012.02211.x
https://doi.org/10.1051/agro:19990801
https://doi.org/10.1051/agro:19990801
https://doi.org/10.1890/14-1863.1
https://doi.org/10.1016/j.jenvman.2023.118069
https://doi.org/10.1016/j.jenvman.2023.118069
https://doi.org/10.1146/annurev-ecolsys-012120-100346
https://doi.org/10.1890/12-1051.1
https://doi.org/10.1016/j.ecolind.2005.08.017
https://doi.org/10.1016/j.ecolind.2020.106116
https://doi.org/10.23797/9783529092992
https://doi.org/10.1890/080023
https://doi.org/10.21163/gt_2018.131.09


• NRCS-USDA (2007) National Engineering Handbook. United States Department of

Agriculture. URL: http://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/water/?

cid=stelprdb1043063

• NRCS-USDA (2017) National Engineering Handbook. Chapter 9 Hydrologic Soil-Cover

Complexes. Draft. URL: https://directives.sc.egov.usda.gov/

OpenNonWebContent.aspx?content=41606.wba

• OpenStreetMap contributors (2020) OpenStreetMap.

• Ostrowski M, Klawitter A, Bach M, Kraft O, Hack J (2014) Ingenieurhydrologie II.

Darmstadt.

• Panagos P, Meusburger K, Ballabio C, Borrelli P, Alewell C (2014) Soil erodibility in

Europe: A high-resolution dataset based on LUCAS. Science of The Total

Environment189‑200. https://doi.org/10.1016/j.scitotenv.2014.02.010

• Panagos P, Borrelli P, Meusburger K, Alewell C, Lugato E, Montanarella L (2015)

Estimating the soil erosion cover-management factor at the European scale. Land Use

Policy 48: 38‑50. https://doi.org/10.1016/j.landusepol.2015.05.021

• Perennes M, Campagne CS, Müller F, Roche P, Burkhard B (2020) Refining the Tiered

Approach for Mapping and Assessing Ecosystem Services at the Local Scale: A Case

Study in a Rural Landscape in Northern Germany. Land 9 (10). https://doi.org/10.3390/

land9100348

• Perennes M, Diekötter T, Groß J, Burkhard B (2021) A hierarchical framework for

mapping pollination ecosystem service potential at the local scale. Ecological Modelling

444 https://doi.org/10.1016/j.ecolmodel.2021.109484

• Polasky S, Nelson E, Pennington D, Johnson K (2010) The Impact of Land-Use Change

on Ecosystem Services, Biodiversity and Returns to Landowners: A Case Study in the

State of Minnesota. Environmental and Resource Economics 48 (2): 219‑242. https://

doi.org/10.1007/s10640-010-9407-0

• Ponisio L, M'Gonigle L, Kremen C (2015) On‐farm habitat restoration counters biotic

homogenization in intensively managed agriculture. Global Change Biology 22 (2):

704‑715. https://doi.org/10.1111/gcb.13117

• Power A (2010) Ecosystem services and agriculture: tradeoffs and synergies.

Philosophical Transactions of the Royal Society B: Biological Sciences 365 (1554):

2959‑2971. https://doi.org/10.1098/rstb.2010.0143

• Reiß S (2005) Langfristige Wirkungen der Landnutzung auf den Stoffhaushalt in der

Dithmarscher Geest seit dem Neolithikum.

• Rendon P, Steinhoff-Knopp B, Burkhard B (2022) Linking ecosystem condition and

ecosystem services: A methodological approach applied to European agroecosystems.

Ecosystem Services 53 https://doi.org/10.1016/j.ecoser.2021.101387

• Robinson R, Sutherland W (2002) Post-war changes in arable farming and biodiversity

in Great Britain. Journal of Applied Ecology 39 (1): 157‑176. https://doi.org/10.1046/j.

1365-2664.2002.00695.x

• Röser B (1995) Saum- und Kleinbiotope: ökologische Funktion, wissenschaftliche

Bedeutung und Schutzwürdigkeit in Agrarlandschaften. Ecomed, Landsberg/Lech.

• Ross CW, Prihodko L, Anchang J, Kumar S, Ji W, Hanan N (2018a) HYSOGs250m,

global gridded hydrologic soil groups for curve-number-based runoff modeling. Scientific

Data 5 (1). https://doi.org/10.1038/sdata.2018.91

As green infrastructure, linear semi-natural habitats boost regulating ... 29

http://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/water/?cid=stelprdb1043063
http://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/water/?cid=stelprdb1043063
https://directives.sc.egov.usda.gov/OpenNonWebContent.aspx?content=41606.wba
https://directives.sc.egov.usda.gov/OpenNonWebContent.aspx?content=41606.wba
https://doi.org/10.1016/j.scitotenv.2014.02.010
https://doi.org/10.1016/j.landusepol.2015.05.021
https://doi.org/10.3390/land9100348
https://doi.org/10.3390/land9100348
https://doi.org/10.1016/j.ecolmodel.2021.109484
https://doi.org/10.1007/s10640-010-9407-0
https://doi.org/10.1007/s10640-010-9407-0
https://doi.org/10.1111/gcb.13117
https://doi.org/10.1098/rstb.2010.0143
https://doi.org/10.1016/j.ecoser.2021.101387
https://doi.org/10.1046/j.1365-2664.2002.00695.x
https://doi.org/10.1046/j.1365-2664.2002.00695.x
https://doi.org/10.1038/sdata.2018.91


• Ross CW, Prihodko L, Anchang J, Kumar S, Ji W, Hanan NP (2018b) Global Hydrologic

Soil Groups (HYSOGs250m) for Curve Number-Based Runoff Modeling. ORNL

Distributed Active Archive Center https://doi.org/10.3334/ornldaac/1566

• Schindewolf M (2012) Prozessbasierte Modellierung von Erosion, Deposition und

partikelgebundenem Nährund Schadstofftransport in der Einzugsgebiets- und

Regionalskala. Dissertation. Technische Universitaet Bergakademie Freiberg

• Schott C (1956) Die Naturlandschaften Schleswig-Holsteins. Karl Wachholtz Verlag

• Sharp R, Douglass J, Wolny S, Arkema K, Bernhardt J, Bierbower W, Chaumont N,

Denu D, Fisher D, Glowinski K, Griffin R, Guannel G, Guerry A, Johnson J, Hamel P,

Kennedy C, Kim CK, Lacayo M, Lonsdorf E, Mandle L, Rogers L, Silver J, Toft J,

Verutes G, Vogl AL, Wood S, Wyatt K (2020) InVEST 3.11.0.post65+ug.gcee9825

User’s Guide. In: The Natural Capital Project (Ed.) The Natural Capital Project. Stanford

University, University of Minnesota, The Nature Conservancy, and World Wildlife Fund

• Sieber I, Hinsch M, Vergílio M, Gil A, Burkhard B (2021) Assessing the effects of

different land-use/land-cover input datasets on modelling and mapping terrestrial

ecosystem services - Case study Terceira Island (Azores, Portugal). One Ecosystem 6 

https://doi.org/10.3897/oneeco.6.e69119

• Sitzia T, Pizzeghello D, Dainese M, Ertani A, Carletti P, Semenzato P, Nardi S, Cattaneo

D (2014) Topsoil organic matter properties in contrasted hedgerow vegetation types.

Plant and Soil 383: 337‑348. https://doi.org/10.1007/s11104-014-2177-7

• Staley JT, Botham MS, Pywell RF (2019) Hedges for invertebrates and plants: how

current and historic hedgerow management alters their structural condition and value as

a semi-natural habitat. In: Dover JW (Ed.) The Ecology of Hedgerows and Field

Margins. Routledge https://doi.org/10.4324/9781315121413-3

• Steinhoff-Knopp B, Burkhard B (2018) Mapping Control of Erosion Rates: Comparing

Model and Monitoring Data for Croplands in Northern Germany. One Ecosystem 3 

https://doi.org/10.3897/oneeco.3.e26382

• Stewig R (1982) Landeskunde von Schleswig-Holstein. Gebrüder Borntraeger.

Geocolleg 5.

• Sutton M, Reis S, Riddick S, Dragosits U, Nemitz E, Theobald M, Tang YS, Braban C,

Vieno M, Dore A, Mitchell R, Wanless S, Daunt F, Fowler D, Blackall T, Milford C,

Flechard C, Loubet B, Massad R, Cellier P, Personne E, Coheur P, Clarisse L, Van

Damme M, Ngadi Y, Clerbaux C, Skjøth CA, Geels C, Hertel O, Wichink Kruit R, Pinder

R, Bash J, Walker J, Simpson D, Horváth L, Misselbrook T, Bleeker A, Dentener F, de

Vries W (2013) Towards a climate-dependent paradigm of ammonia emission and

deposition. Philosophical Transactions of the Royal Society B: Biological Sciences 368

(1621). https://doi.org/10.1098/rstb.2013.0166

• Tewksbury J, Levey D, Haddad N, Sargent S, Orrock J, Weldon A, Danielson B,

Brinkerhoff J, Damschen E, Townsend P (2002) Corridors affect plants, animals, and

their interactions in fragmented landscapes. Proceedings of the National Academy of

Sciences 99 (20): 12923‑12926. https://doi.org/10.1073/pnas.202242699

• Thomas Z, Ghazavi R, Merot P, Granier A (2012) Modelling and observation of

hedgerow transpiration effect on water balance components at the hillslope scale in

Brittany. Hydrological Processes 26 (26): 4001‑4014. https://doi.org/10.1002/hyp.9198

• Thomas Z, Abbott B (2018) Hedgerows reduce nitrate flux at hillslope and catchment

scales via root uptake and secondary effects. Journal of Contaminant Hydrology 215:

51‑61. https://doi.org/10.1016/j.jconhyd.2018.07.002

30 Lange S et al

https://doi.org/10.3334/ornldaac/1566
https://doi.org/10.3897/oneeco.6.e69119
https://doi.org/10.1007/s11104-014-2177-7
https://doi.org/10.4324/9781315121413-3
https://doi.org/10.3897/oneeco.3.e26382
https://doi.org/10.1098/rstb.2013.0166
https://doi.org/10.1073/pnas.202242699
https://doi.org/10.1002/hyp.9198
https://doi.org/10.1016/j.jconhyd.2018.07.002


• Tivy J (1987) Nutrient cycling in agro-ecosystems. Applied Geography 7 (2): 93‑113. 

https://doi.org/10.1016/0143-6228(87)90044-0

• Vigerstol K, Aukema J (2011) A comparison of tools for modeling freshwater ecosystem

services. Journal of Environmental Management 92 (10): 2403‑2409. https://doi.org/

10.1016/j.jenvman.2011.06.040

• Vitousek P, Mooney H, Lubchenco J, Melillo J (1997) Human Domination of Earth's

Ecosystems. Science 277 (5325): 494‑499. https://doi.org/10.1126/science.

277.5325.494

• Welte E, Timmermann F (1985) Düngung und Umwelt. Materialien zur

Umweltforschung. 12.

• Wentling C, Campos F, David J, Cabral P (2021) Pollination Potential in Portugal:

Leveraging an Ecosystem Service for Sustainable Agricultural Productivity. Land 10 (4). 

https://doi.org/10.3390/land10040431

• Wesserling J (1996) Habitatwahl und Ausbreitungsverhalten von Stechimmen

(Hymenoptera: Aculeata) in Sandgebieten unterschiedlicher Sukzessionsstadien. PhD

Thesis. University of Karlsruhe

• Wiggering H, Weißhuhn P, Burkhard B (2016) Agrosystem services: An additional

terminology to better understand ecosystem services delivered by agriculture.

Landscape Online 49: 1‑15. https://doi.org/10.3097/lo.201649

• Wildermuth H (1978) Natur als Aufgabe – Leitfaden für die Naturschutzpraxis in der

Gemeinde. Schweizerischer Bund für Naturschutz.

• Williams IH (1994) The dependence of crop production within the European Union on

pollination by honey bees. Agricultural Science Reviews 6: 229‑257. 

• Xia L, Hoermann G, Ma L, Yang L (2013) Reducing nitrogen and phosphorus losses

from arable slope land with contour hedgerows and perennial alfalfa mulching in Three

Gorges Area, China. CATENA 110: 86‑94. https://doi.org/10.1016/j.catena.2013.05.009

• Zhang W, Ricketts T, Kremen C, Carney K, Swinton S (2007) Ecosystem services and

dis-services to agriculture. Ecological Economics 64 (2): 253‑260. https://doi.org/

10.1016/j.ecolecon.2007.02.024

• Zulian G, Polce C, Maes J (2014) ESTIMAP: a GIS-based model to map ecosystem

services in the European Union. Annali di Bottanica 4: 1‑7,. https://doi.org/10.4462/

annbotrm-11807

Supplementary materials

Suppl. material 1: Summary statistics

Authors:  Lange et al.

Data type:  table

Brief description:  Overview of summary statistics for each considered output variable from the

InVEST assessment (post outlier removal).

Download file (37.19 kb) 

 

As green infrastructure, linear semi-natural habitats boost regulating ... 31

https://doi.org/10.1016/0143-6228(87)90044-0
https://doi.org/10.1016/j.jenvman.2011.06.040
https://doi.org/10.1016/j.jenvman.2011.06.040
https://doi.org/10.1126/science.277.5325.494
https://doi.org/10.1126/science.277.5325.494
https://doi.org/10.3390/land10040431
https://doi.org/10.3097/lo.201649
https://doi.org/10.1016/j.catena.2013.05.009
https://doi.org/10.1016/j.ecolecon.2007.02.024
https://doi.org/10.1016/j.ecolecon.2007.02.024
https://doi.org/10.4462/annbotrm-11807
https://doi.org/10.4462/annbotrm-11807
https://doi.org/10.3897/oneeco.8.e108540.suppl1
https://doi.org/10.3897/oneeco.8.e108540.suppl1
https://doi.org/10.3897/oneeco.8.e108540.suppl1
https://arpha.pensoft.net/getfile.php?filename=oo_899418.pdf


*1

Suppl. material 2: LSE and landscape's slope

Authors:  Lange et al.

Data type:  map

Brief description:  Location of inland water bodies as well as LSE and the calculated landscape’s

slope.

Download file (305.39 kb) 

Suppl. material 3: LSE and the threat to erosion by water

Authors:  Lange et al.

Data type:  map

Brief description:  Location of  LSE in the study area and the threat  to erosion by water  on

agricultural land.

Download file (294.76 kb) 

Suppl. material 4: LSE and hydrologic soil groups

Authors:  Lange et al.

Data type:  map

Brief description:  Location of LSE and hydrologic soil groups in the study area.

Download file (215.52 kb) 

Endnotes

When a slope is divided by stable structures orientated perpendicular to the gradient

(e.g. agricultural paths, hedges, grass strips or field edges) that can divert water or

significantly  slow down its  flow,  both  the  runoff  volume and  water  transport  force

decrease. This has particular significance for erosion processes on the lower slope, as

the entire  slope length is  no longer  effective in  causing erosion (Los et  al.  2001, 

Geologischer  Dienst  NRW 2015).  The  length  of  the  slope,  in  the  direction  of  the

gradient, between two stabilising structures that divide the slope is referred to here as

the effective length. A shorter effective length reduces erosion activity.
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