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A B S T R A C T

Spatial monitoring of grassland management is crucial for ecosystem assessment and the establishment of sus-
tainable agriculture. Switzerland is covered by large areas of small structured grassland parcels differing in man-
agement practices and use intensities, making the mapping of grassland management challenging. We present a
monitoring tool to map grassland management, distinguishing between mowing- and grazing practice, and be-
tween different use intensities for Swiss agroecosystems. By analyzing pixelwise spectral time series of 2015,
derived from satellite imagery of the Landsat archive, we estimated the number of management events and bio-
mass productivity. Both estimates were used to map classes of dominant management practices and use intensi-
ties following a stepwise clustering approach. The grassland management (GM) classes were evaluated relative
to established spectral and topographical patterns of grassland use intensity, and in terms of spatial conformity
with available regional land use data. The GM classes were also analyzed with respect to management related
vegetation plot data on species diversity, as well as on indicator values for nutrient supply and management toler-
ance. The stepwise clustering gave three use intensity classes for each dominant management practice of grazing
(pasture) and mowing (meadow). Use intensity was higher for meadows than pastures with a distinct intensity
gradient for each grassland practice. The GM classes reproduced established spectral and topographical patterns
of grassland use intensity, indicated by increased standard deviations (SD) of spectral time series profiles (e.g.
mean SD of 0.048 for pastures and 0.054 for meadows) and lower slopes (e.g. mean slopes of 10° for pastures and
7° for meadows). The averaged spatial conformity of the GM classes with a cantonal land use map was 82% for
meadows and 97% for pastures. The GM classes spatially matched with land use patterns of three subregions, e.g.
with an areal proportion of 73% pasture classes for a subregion dominated by grazing. Moreover, the GM classes
reproduced established vegetation patterns of grassland use intensity along the GM intensity gradient, showing a
mean decrease in species richness (33%), as well as a mean increase in indicator values for nutrient supply (5%),
grazing tolerance (4%), and mowing tolerance (6%).

1. Introduction

More than a third of the agricultural area in Europe is covered by
grasslands, widely being subject to land use intensification (O‘Mara,
2012; Smit et al., 2008). Grassland agroecosystems, as grazed pas-
tures or mown meadows, provide most of the fodder required by ru-
minant livestock to meet the growing demand for animal-derived food
(Allen et al., 2011; Oenema et al., 2014; Orr et al., 2016). Grass-
lands also provide key ecosystem services related to soil quality, hydro-
logical balance, and climate change (Askari and Holden, 2014; Is-
selstein and Kayser, 2014; Soussana and Lemaire, 2014). More-
over, temperate grasslands in Europe are rich in biodiversity, which

is recognized as the foundation for ecosystem functioning (Cardinale
et al., 2012; Kleijn et al., 2011; Wilson et al., 2012). For exam-
ple, ~18% of the endemic vascular plant species in Europe are bound to
grassland habitats (Habel et al., 2013).

Grassland management (GM) largely determines the capacity of the
agroecosystem to provide ecosystem services (Power, 2010;
Rodríguez et al., 2006). GM mainly involves practices such as graz-
ing and mowing in various combinations and use intensities (Giménez
et al., 2017; Peeters et al., 2014). The term ‘use intensity’ of-
ten refers to the frequency of management practices and alongside,
to the amounts of mineral or organic fertilizer inputs, which deter-
mines biomass productivity (Hudewenz et al., 2012; Rose and
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Leuschner, 2012). Use intensity depends on the environmental setting
related to terrain conditions, growth period, water supply, soil nutrient
levels, and plant species compositions (Kizeková et al., 2018; Mottet
et al., 2006; Tasser and Tappeiner, 2002), and often adversely af-
fects ecosystem services (Foley et al., 2011; Porqueddu et al. 2016;
Soussana and Lemaire, 2014). Rose et al. (2012) found that higher
mowing intensity decreased groundwater recharge. Zhou et al. (2017)
demonstrated that higher grazing intensity significantly increased the
loss of carbon and nitrogen in the soil. Moreover, higher use intensity is
associated with biodiversity declines, often accompanied by landscape
homogenization (Allan et al., 2014; Foley et al., 2011; Gossner et
al., 2016).

The large extents of agricultural grasslands, combined with the ad-
verse effects of land use intensification on ecosystem services and bio-
diversity, outline the need for sustainable GM systems (Huyghe et al.,
2014; Simons and Weisser, 2017; Tälle et al., 2016). This is in line
with European agricultural policies, such as the Common Agricultural
Policy of the European Union (CAP) and the Swiss Agricultural Policy
(SAP; EC, 2018; FOAG, 2018). A key measure of these policies com-
prises payments linked to management practices and use intensities that
promote ecosystem services and the conservation of biodiversity (Henle
et al., 2008; Kleijn and Sutherland, 2003). However, ecological ben-
efits in terms of reduced greenhouse gas emissions and biodiversity con-
servation seem to be limited in Switzerland (Kleijn et al., 2006; Knop
et al., 2006; Leifeld and Fuhrer, 2005). Moreover, it has recently
been claimed that CAP measures, intended to preserve ecosystem ser-
vices and halt biodiversity declines in the European Union, are ineffi-
cient (Kleijn et al., 2011; Pe'er et al., 2014; Pywell et al., 2012).

Current efforts to establish sustainable grassland management sys-
tems include the development of monitoring tools to derive detailed spa-
tial and temporal information on management practices and use inten-
sities (Nagendra et al., 2013; Zaks and Kucharik, 2011). Spectral
time series from space-borne imagery allow progressing phenological
stages to be detected, which in turn allows vegetation trends and GM
to be mapped (Ali et al., 2016; Kennedy et al., 2014; Svoray et
al., 2013). However, spatial and temporal resolutions of spectral im-
agery are often inadequate to capture small-structured landscapes with
diverse GM (Giménez et al., 2017; Li et al., 2017; Zhu et al. 2012).
Moreover, the spatio-temporal availability of spectral data is often con-
strained by sparse data records and high monetary expenses (Asam et
al., 2015; Kolecka et al., 2018; Sakowska et al., 2016).

With this study we contribute to the establishment of a sustainable
GM system for Switzerland at a national scale. The objective is the
development of a monitoring tool for annually mapping the manage-
ment practice (mowing vs. grazing) and use intensity of small-structured
grassland systems. Exemplarily, the tool is applied and evaluated for the
year 2015.

The methodological framework is based on a spatial estimation of
the management frequency and biomass productivity using pixelwise
time series from multi-temporal satellite imagery. Both variables are
used for a stepwise classification and clustering approach to derive GM
classes, which describe the use intensity for areas dominated by grazing
and mowing, respectively. The GM classes are evaluated by a statisti-
cal comparison with established spectral and topographical patterns of
grassland use intensity. The GM classes are also evaluated by analyzing
their spatial conformity with regional land use data, available for the
entire canton of Berne and for three subregions with characteristic GM.
In addition, the GM classes were analyzed with respect to management
related vegetation plot data on species diversity, as well as bioindicators
for nutrient supply and management tolerance.

2. Materials and methods

2.1. Study area

Switzerland covers an area of 41,000 km2. The altitude varies be-
tween 196 m and 4634 m (a.s.l.). Total annual precipitation is
~500–2000 mm and the monthly mean temperature ranges from 1 °C
in January to 17 °C in July (MeteoSwiss, 2018a,b). The Swiss agroe-
cosystem covers 10,000 km2 and is small-structured with a mean farm
size of about 20 ha. Approximately 70% of the agricultural land is
managed grassland, of which 12% is temporary grassland in rotation
with other crops that is typically managed intensively. The majority of
the managed grasslands are permanent pastures and meadows (SFSO,
2018; Stumpf et al., 2018). Most intensive grassland farming in
Switzerland occurs in a band of moderate climate and suitable topog-
raphy, running from southwest to the northeast of the northern half
of the country (Leifeld et al., 2005; Price et al., 2015). With in-
creasing elevations towards the alpine foothills in the south and the
Jura uplands in the north, extensive grassland farming becomes domi-
nant (SFSO, 2018). The study area demarcates the agricultural grass-
land area <1400 m (a.s.l.) in 2015, which covered ~5400 km2 (Fig. 1;
Stumpf et al., 2018).

2.2. Data base

2.2.1. Spectral time series data
Spectral time series for the study area were acquired from all avail-

able scenes of the optical satellite sensors Landsat ETM + and Landsat
OLI in 2015.

Both sensors record a blue, a green, a red (RED), a near-infrared band
(NIR), as well as two shortwave-infrared bands at a spatial resolution of
30 m × 30 m. Each scene was corrected to surface reflectance accord-
ing to the Landsat Ecosystem Disturbance Adaptive Processing System
(Schmidt et al., 2013). All pixels covered by clouds, cloud shadows,
water, and snow were masked according to the CFmask algorithm (Zhu
et al., 2015). Corrupted pixels, defined by at least one ‘NoData’ score
in the spectral bands, were also removed (Stumpf et al., 2018). The
Normalized Difference Vegetation Index (NDVI; Eq. (1); Rouse et al.,
1974) was calculated for each scene, serving as a proxy for plant bio-
mass (Liu et al., 2017; Schweiger et al., 2015; Weber et al., 2018).

(1)

The NDVI data were aggregated to a stack of median composite im-
ages, which establish pixelwise and spatially harmonized time series.
The time series aggregation was optimized to cover as much of the
growth period and study area as possible, and to provide an accurate
temporal match between the composite periods and vegetation status.
Accordingly, the most adequate time series stack was selected from a
pool of iteratively aggregated time series stacks following the optimiza-
tion criteria i) temporal extent and resolution, ii) balanced time step in-
tervals and composite periods, and iii) spatial coverage. Moreover, time
series with more than three missing values or with at least two con-
secutive missing values were excluded from the analysis. Missing val-
ues for the remaining time series were imputed using cubic spline in-
terpolation (Wolberg and Alfy, 1999). The final NDVI time series
ran from 16 March to 24 September of 2015 in 14 time steps, with
composite periods between 3 and 9 days, time step intervals between
5 and 13 days, and a grassland area coverage of 89% (Figs. 1 and
2). The scenes were selected and processed using the computing plat-
form Google Earth Engine API (Gorelick et al., 2017). Data aggrega-
tion for the final NDVI time series and imputation of missing values was
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Fig. 1. Territory of Switzerland (a) with managed grasslands <1400 m a.s.l. (red + yellow) and the territory of the canton of Berne (b) with official data on grassland use (‘NDVI’: Nor-
malized Differenced Vegetation Index; ‘BPA’: Biodiversity Promotion Area, see Section 2.2.3). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. Available Landsat scenes (sensors: ETM + and OLI) for the Swiss grassland area in 2015 (black dots), aggregated to a time series of composite images (red bars), and the areal
coverage of the composite images relative to the total grassland area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

processed using the R-packages “zoo” and “raster” (Hijmans et al.,
2017; Zeileis et al., 2018).

2.2.2. Terrain data
We acquired a digital elevation model (Elev) and derived the slope

(Slope) with a spatial resolution of 25 m × 25 m. The elevation model
is based on interpolating digitized terrain elements and contains mean
errors of 1.5–3 m (SwissTopo, 2018). The slope was calculated accord-
ing to the algorithm by Horn (1981), which applies 3 × 3 pixel win-
dow and is particularly suitable for rough surfaces. The terrain grids
were resampled based on bilinear interpolation to a raster cell size of
30 m × 30 m to fit the spatial resolution and extent of the spectral time
series data. Terrain data were processed using the R-packages

“raster” and “base” (Hijmans et al., 2017; R Core Team, 2016;
Table 1).

2.2.3. Cantonal grassland use data
We obtained georeferenced grassland use data, which determine the

payment of agricultural subsidies for the canton of Berne for 2015 (Fig.
1; LANAT, 2018). The data include two classes of conventional grass-
land use (‘Meadow’ and ‘Pasture’; see Fig. 1) and two classes of bio-
diversity promotion areas (‘Meadow BPA’ and ‘Pasture BPA’; see Fig.
1). These land use classes are defined in terms of management prac-
tices related to grazing and mowing, as well as related to the appli-
cation of farmyard manure and plant protection agents. The Meadow
class represents land subject to at least one mowing event without fur-
ther restrictions. The Meadow BPA class contains land subject to at least

3
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Table 1
Summary statistics for the terrain variables elevation and slope (Min: Minimum; Q1:
25%-quartile; Q3: 75%-quartile; Max: Maximum; SD: Standard deviation).

Min Q1 Median Mean Q3 Max SD

Elevation (Elev) [m] 388 556 693 712 840 1400 191
Slope [°] 0 4.1 8.2 9.6 13.6 33.5 6.9

one mowing event after 15 June, 1 July, or 15 July, depending on el-
evation and associated growth period. While grazing is permitted after
1 September, the application of farmyard manure and plant protection
agents is prohibited. The Pasture class is confined to grazing as domi-
nant management practice without further restrictions. The Pasture BPA
class represents land dominated by grazing, while the application of ma-
nure and plant protection agents is prohibited. All land use units < 1 ha
were excluded for the analysis to ensure a match with the spatial resolu-
tion of the spectral and terrain data (Table 2; AGRIDEA, 2018, SFA,
2018).

2.2.4. Subregional grassland use data
We also compiled semi-quantitative management information for

three contrasting grassland-dominated subregions in the cantons of
Lucerne, Zurich, and Jura based on the Swiss National Farm Census and
other published data. Each subregion was randomly selected within the
cantons of interest, covering a total area of 2.3 km2 × 2.3 km2 of which
at least 50% are managed grasslands. The Swiss National Farm Census
is the main instrument for administering direct payment schemes from
the Swiss Federal Agency for Agriculture and includes annual data on
livestock units (LSU) at farm level (AGIS, 2017; FOAG, 2018; Gärt-
ner et al., 2013). In the Swiss context, LSU indicates use intensity of
animal farming systems, since it is related to management practices such
as grazing and mowing frequencies and organic fertilizer inputs (FOAG,
2018; Giménez et al., 2017). The livestock density index, defined
as the ratio of livestock units to grassland area, was calculated using
the livestock data for the farms in each subregion and served as indica-
tor for use intensity. The mean mowing frequency and dominant man-
agement practice for each subregion were determined from published
data. The grassland of the subregion in Lucerne (LU) is predominantly
managed by intensive mowing and high application rates of farmyard
manure (Liebisch, 2011). Grassland management of the subregion in
Zurich (ZU) is characterized by mowing and grazing in varying intensi-
ties, and by different manure application rates (Giménez et al., 2017).
Grasslands in the subregion of Jura (JU) are predominantly managed by
grazing in low to moderate intensities (Table 3; Fig. 1; Chételat et al.,
2013; Masé, 2005).

2.2.5. Vegetation data
We acquired vegetation plot data on species occurrence from the

Swiss Biodiversity Monitoring Network (BDM), which spans

Table 2
Summary area statistics for the grassland use units of the canton of Berne according to
grassland management classes in 2015 (Min: Minimum; Q1: 25%-quartile; Q3: 75%-quar-
tile; Max: Maximum; SD: Standard deviation; BPA: Biodiversity promotion area).

Min Q1 Median Mean Q3 Max SD Total

Meadow
[ha]

1 1.3 1.8 2.3 2.7 33.1 1.7 40,702

Meadow
BPA [ha]

1 1.1 1.4 1.6 1.8 21.9 1 3933

Pasture [ha] 1 1.3 1.7 2.4 2.6 40.5 2.1 20,659
Pasture BPA
[ha]

1 1.3 1.7 2.4 2.6 22.5 1.9 5723

Table 3
Grassland management characterization of subregions in the cantons Lucerne (LU), Zurich
(ZU), and Jura (JU) in terms of the dominant practice, mowing frequency in 2014, and the
livestock density index in 2015 (LSU: livestock unit).

Dominant practice
[–]

Mowing frequency
[–]

Livestock density index
[LSU*ha-1]

LU Mowing >5 1.87
ZU Mowing/Grazing 2–5 1.36
JU Grazing – 0.94

a 6 km × 4 km sampling grid across Switzerland (BDM, 2014, 2017).
Data were obtained at circular plots of 10 m2 around the grid intersec-
tions (±5 cm) between 20 July and 20 September in 2012 to 2015. We
identified a total of 120 sample plots that intersected spatially with the
study area (Fig. 1).

The vegetation data is based on recording each identifiable vascular
plant species within the sample plot. The data set includes species rich-
ness (SR) and the Landolt N indicator, which is similar to Ellenberg’s
nutrient indicator but adapted for the Swiss biogeography (Ellenberg,
1974; Landolt et al., 2010). Landolt N values are an ordinally scaled
quantification of the species nutrient preferences, ranging from 1 to 5
with a higher value indicating an increased nutrient supply (Diekmann,
2003; Landolt et al., 2010; Pauler et al., 2019). The plotwise un-
weighted mean of the Landolt values (NLandolt) indicates the site spe-
cific nutrient availability or soil fertility (Bartelheimer and Poschlod,
2016; Duprè et al., 2010; Klaus et al., 2012). Based on the species
record, we also calculated the unweighted mean indicator values for
grassland utilization according to Briemle et al. (2002), indicating tol-
erance for mowing (MTBrie.) and grazing (GTBrie.). Values of MTBrie. and
GTBrie. range between 1 and 9, corresponding to the range from least
to most tolerant for mowing and grazing, respectively (Briemle et al.,
2002; Moog et al., 2002).

2.3. Spatial monitoring of grassland management

2.3.1. Mapping management practice and use intensity
Grassland use intensity was spatially quantified from the pixelwise

NDVI time series (see Section 2.2.1), described by the management fre-
quency (Mfreq) and biomass productivity (BP). NDVI changes of a spe-
cific time series were used as local proxy for fluctuations in biomass
(Flynn et al., 2008; Gao et al., 2013; Jiang et al., 2014). A loss
of biomass greater than a threshold value q was deemed to be land use
induced, and therefore identified as a management event (Kennedy et
al., 2010; Sulla-Menashe et al., 2014). Based on the probability den-
sity function of all NDVI changes across the time series, q was specified
for the probability p = 0.01 using the quantile-function of the R-pack-
age “stats” (Hyndman and Fan, 1996; R Core Team, 2016). Subse-
quently, Mfreq was defined as the count of management events for each
time series, while BP was defined as the accumulated absolute NDVI
changes in the management events (Eq. (2) and (3)).

(2)

(3)

where K is the time series (i = 1,2,…,13), NDVI is the NDVI value (Eq.
(1)), and q is the threshold to ensure human interference for a biomass
loss (q = 0.02). The variables Mfreq and BP were calculated using the
R-package “base” and “stats” (R Core Team, 2016).
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We mapped GM classes as a combination of dominant management
practice (grazing vs. mowing) and use intensity, applying a stepwise
classification and clustering approach based on Mfreq and BP. First, the
study area was sub-divided into three initial grassland classes using the
categorization of use intensity for Swiss grassland, Mfreq <= 2, 3 <=
Mfreq <= 4, and Mfreq >= 5 (PRIF, 2017). Second, unsupervised
Kmeans clustering for each initial grassland class was performed using BP
to identify areas dominated by grazing and mowing. Grazing areas are
characterized by low BP values and gradually changing NDVI profiles,
while mowing areas show higher BP values and abrupt changes in the
NDVI profile (Dusseux et al., 2014a, b; Fang et al., 2015; Tau-
gourdeau et al., 2013; Weber et al., 2018). Therefore, the six GM
classes were intended to describe gradual changes in use intensity for ar-
eas dominated by grazing (“Pasturelow”, “Pasturemoderate”, “Pasturehigh”),
and for areas dominated by mowing (“Meadowlow”, “Meadowmoderate”,
“Meadowhigh”). The Kmeans clustering was performed using the Har-
tigan-Wong implementation of the R-package “stats” (Hartigan and
Wong, 1979; R Core Team, 2016).

2.3.2. Evaluation of grassland management classes
The adequacy of the estimated GM classes was assessed using differ-

ent approaches and independent datasets.
First, we evaluated the GM classes by considering the statistical con-

formity with established change patterns of NDVI profiles for grassland.
Meadows are predominantly characterized by bimodal NDVI profiles
and increased BP values compared to pastures with mainly unimodal
profiles. High intensity grasslands have bimodal NDVI profiles with in-
creased variability, Mfreq, and BP compared to lower intensity grasslands
with flattened or unimodal NDVI profiles (Dusseux et al., 2014b; Es-
tel et al., 2015; Taugourdeau et al., 2013; Weber et al., 2018). We
compared the GM classes based on the mean NDVI profile changes for
each class, and based on the absolute NDVI profile changes from a ran-
domly selected location within each class. Descriptive statistics, Mfreq,
and BP were used as comparative measures.

Second, we evaluated the GM classes in relation to topographical
conditions, which largely determine use intensity of grasslands. Increas-
ing elevation is related to decreasing mean temperature, and therefore
to a shorter growth period, which involves a decrease in use intensity
(Lamarque et al., 2011; Weber et al., 2018; Zeeman et al., 2010).
Similarly, increasing slope is related to decreasing use intensity, because
of constraints on access for mowing machinery and livestock to a lesser
extent (Peter et al., 2008; Tasser and Tappeiner, 2002; Weber et
al., 2018). We analyzed these relationships between GM and topogra-
phy by comparing the GM classes based on the classwise distributions of
elevation and slope (see Section 2.2.2; Table 1).

Third, we evaluated the GM classes using the georeferenced grass-
land use data for the canton of Berne in 2015 (see Section 2.2.3; Table
2). The conventional cantonal grassland use classes (“Meadow”, “Pas-
ture”) are characterized by higher variability and use intensity in terms
of Mfreq and fertilizer inputs compared to the biodiversity promotion
classes (“Meadow BPA”, “Pasture BPA”; AGRIDEA, 2018; SFA, 2018).
We assessed the representativeness of the GM classes according to the
cantonal grassland classes by identifying the areal proportions of the GM
classes within each cantonal grassland class.

Fourth, we evaluated the GM classes based on semi-quantitative GM
information from the three subregions LU, ZH, and JU (see Section
2.2.4; Table 3). Use intensity decreased and the dominance of grazing
increased in the order LU, ZH, JU. We assessed how well the GM classes
match GM in the three subregions. Thus, we determined the areal pro-
portion of each GM class within each subregion.

Fifth, we evaluated the GM classes by a comparison to established
management related change patterns of SR, NLandolt, MTBrie., and GTBrie.
(see Section 2.2.5; Table 4). In this context, SR decreases with higher
grassland use intensity (Allan et al., 2015; Gossner et al.,

Table 4
Summary statistics for the vegetation data (SR, NLandolt, MTBrie., GTBrie.: see Section 2.2.5;
Min: Minimum; Q1: 25%-quartile; Q3: 75%-quartile; Max: Maximum; SD: Standard devia-
tion).

Min Q1 Median Mean Q3 Max SD

SR [-] 12 21 26 26 30 44 7
NLandolt 3.1 3.5 3.7 3.6 3.8 4 0.2
GTBrie. 4.5 5.3 5.7 5.7 6.1 6.8 0.5
MTBrie. 5.6 6.8 7.1 7.0 7.3 7.7 0.4

2016; Socher et al. 2013). Moreover, NLandolt, MTBrie., and GTBrie. in-
creases with higher use intensity (Blüthgen et al., 2012; Peter et al.,
2008; Weber et al., 2018). We investigated the relationships between
GM and grassland vegetation by comparing the GM classes based on the
classwise distributions of SR, NLandolt, MTBrie, GTBrie..

Classwise outliers of the respective evaluation data, defined by a dis-
tance of two standard deviations from the mean, were removed for the
analyses. Tukey‘s HSD tests were used to analyze the difference of class-
wise distributions with respect to BP and topography. Statistical calcula-
tions were performed using the R-package “base” and “stats”, while the
R-packages “raster” and “rgdal” were applied for geospatial processing
(Hijmans et al., 2017,; Bivand et al., 2016; R Core Team, 2016).

3. Results

3.1. Grassland management classes and NDVI patterns

The NDVI profiles of the GM classes show statistical conformity
with established change patterns for grassland (Fig. 3a, d; see Sec-
tions 2.2.1 and 2.3.2). The mean NDVI profile changes for all GM
classes show bimodal temporal distributions, while use intensities are
higher for meadows than for pastures with an increase across the class-
wise intensity graduation (“low”, “moderate”, “high”). The standard de-
viations (SDs) of the pasture classes increase in the order “Pasturelow”
(SD = 0.046), Pasturemoderate (SD = 0.049), Pasturehigh (SD = 0.50).
The profiles of the meadow classes are consistently more variable, but
SDs increase in the same order, Meadowlow (SD = 0.056), Meadowmod-
erate (SD = 0.062), “Meadowhigh” (SD = 0.065). The median NDVI of
the classwise profiles (Mmed) varies in the same way as the variability
increases, with Mmed being 0.04 for Pasturelow, 0.056 for Pasturemoder-
ate, 0.067 for Pasturehigh, 0.078 for Meadowlow, 0.103 for Meadowmoder-
ate, and 0.113 for Meadowhigh. For all the GM classes, management was
more frequent in May, July, and less pronounced in September (Fig. 3a;
Appendix A-B). The classwise profiles of the absolute changes in NDVI
for the randomly selected sites show similar but less distinct patterns
compared with the mean NDVI profile changes (Fig. 3b–c; Appendix
B-C). The median BP of the GM classes indicates higher use intensity
for meadows than for pastures and an increase from low to high inten-
sity grades. The median BP values are 0.13 to 0.253 and 0.366 for Pas-
turelow, Pasturemoderate, and Pasturehigh, respectively, and 0.34, 0.501,
and 0.619 for Meadowlow, Meadowmoderate, and Meadowhigh (Fig. 3d;
Appendix C).

3.2. Grassland management classes and topography

The topography of the GM classes corresponds to established pat-
terns of grassland use intensity (Fig. 4a; Table 1; see Sections 2.2.2
and 2.3.2). Slopes are lower for meadows than pastures, and de-
crease as use intensity increases. The median slopes are 12° for Pas-
turelow, 10° for Pasturemoderate, 9° for Pasturehigh, 8° for Meadowlow, 7°
for Meadowmoderate, and 6° for Meadowhigh. Elevations decrease as the
use intensity increases and are slightly lower for meadows than pas-
tures (Fig. 4b). The median elevations are 748 m for Pasturelow, 720 m
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Fig. 3. The grassland management classes described by temporal profiles of mean NDVI changes (a), by temporal profiles of NDVI changes from randomly selected locations (in situ;
b–c), and related to the underlying biomass productivity (BP) and management frequency (Mfreq, d). Significant differences between the classwise distributions (Tukey HSD, P < 0.05) are
indicated by different letters above the boxplots.

for Pasturemoderate, 667 m for Pasturehigh, 712 m for Meadowlow, 687 m
for Meadowmoderate, and 649 m for Meadowhigh (Appendix D).

3.3. Grassland management classes and cantonal grassland use

The GM classes spatially match the main patterns of the grass-
land use data for the canton of Berne (Fig. 5; Table 2; see Sections
2.2.3 and 2.3.2). For example, 85% and 79% of the cantonal meadow
classes Meadow and Meadow BPA, respectively, are covered by the GM
meadow classes (Meadowlow, Meadowmoderate, Meadowhigh). The high
intensity GM meadow class (Meadowhigh) covers 11% less of the biodi-
versity promoting meadow class (Meadow BPA) than the conventional
meadow class (Meadow). The cantonal pasture classes Pasture and Pas-
ture BPA are covered by 93% and 100%, respectively, by the GM pas-
ture classes (Pasturelow, Pasturemoderate, Pasturehigh). The GM class Pas

turelow covers 10% more of the biodiversity promoting pasture class
(Pasture BPA) than the conventional pasture class (Pasture; Appendix
E).

3.4. Grassland management classes and subregional grassland use

The GM classes capture the main GM patterns of the subregions
LU, ZH, and JU (Fig. 6; Table 3; see Sections 2.2.4 and 2.3.2).
With an increase of mowing frequency and livestock density in the or-
der JU, ZH, LU, the areal proportions of GM meadow classes increase,
while the areal proportions of GM pasture classes show a contrary trend.
For example, JU is dominated by low intensity grazing (livestock den-
sity index: 0.94 LSU*ha-1), which is reproduced by the GM pasture
classes with an areal proportion of 73% and prevailing low to moder-
ate intensities (Pasturelow: 13%, Pasturemoderate: 49%, Pasturehigh: 11%).
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Fig. 4. Grassland management classes compared to slope as proxy for land use constraints
(a), and to elevation as proxy for the length of the growth period (b). Significant differ-
ences between the classwise distributions (Tukey HSD, P < 0.05) are indicated by differ-
ent letters above the boxplots.

The mixture of mowing and grazing at different intensities in ZH (mow-
ing frequency: 2–5; livestock density index: 1.36 LSU*ha-1) is repro-
duced by the GM classes with high areal proportions of moderate to
high intensity GM pasture and meadow classes (Pasturemoderate: 31%,
Pasturehigh: 13%, Meadowmoderate: 29%, Meadowhigh: 15%). The LU sub-
region is dominated by high intensity mowing (mowing frequency: >5;
livestock density index: 1.87 LSU*ha-1), which is reproduced by GM
meadow classes of moderate to high use intensity with an areal propor-
tion of 74% (Meadowmoderate: 37%, Meadowhigh: 37%; Appendix A).

3.5. Grassland management classes and vegetation patterns

Changes of plotdata-SR, -NLandolt, -GTBrie., and -MTBrie. across the GM
classes correspond to established patterns related to grassland use inten-
sity (Fig. 7; Table 4; see Sections 2.2.5 and 2.3.2). SR is higher for
pastures than meadows, and decreases as use intensity increases. The
classwise median SR values are 33 for Pasturelow, 28 for Pasturemoder-
ate, 26 for Pasturehigh, 27 for Meadowlow, 23 for Meadowmoderate, and
21 for Meadowhigh. NLandolt is lower for pastures than meadows, and
increases with higher use intensity, confirming the well-known nega-
tive correlation with SR (Appendix F, G). The classwise increase of
NLandolt is more pronounced for meadows. The median NLandolt values
are 3.53 for Pasturelow, 3.53 for Pasturemoderate, 3.56 for Pasturehigh,
3.61 for Meadowlow, 3.67 for Meadowmoderate, and 3.74 for Meadowhigh.
Similar trends are observed for GTBrie. and MTBrie.. The classwise me-
dian GTBrie. values are 5.34 for Pasturelow, 5.7 for Pasturemoderate, and
5.86 for Pasturehigh, while the median MTBrie. val

Fig. 5. The areal proportions of the grassland management classes within the cantonal
land use classes of Berne (Meadow, Meadow BPA, Pasture, Pasture BPA; BPA: Biodiversity
promotion area).

ues range from 6.79 for Meadowlow, 7.14 for Meadowmoderate to 7.15 for
Meadowhigh (Appendix F, G).

4. Discussion

4.1. Mapping grassland management

Mapping GM from multi-temporal satellite imagery is often confined
to a spatial representation of use intensity, disregarding the hetero-
geneity of GM practices (Green et al., 2016; Kolecka et al., 2018;
Li et al., 2017). However, GM practices alternate spatially and of-
ten involve combinations of grazing and mowing at different intensi-
ties (Asam et al., 2015; Jeangros and Thomet, 2004). Integrat-
ing GM practices and use intensity is therefore highly relevant when
monitoring spatial patterns of GM (Erb et al., 2013; Kuemmerle et
al., 2013). In this study, we mapped the dominance of mowing and
grazing, combined with associated use intensities exemplarily for Swiss
grasslands in 2015. Pixelwise spectral time series were used to esti-
mate Mfreq and BP in order to subsequently define GM according to
six classes using a stepwise classification and clustering approach (Fig.
3; see Section 2.3.1). A similar method was previously applied for
the Swiss case by Giménez et al. (2017), who mapped mowing fre-
quencies and grazing intensities for an area of 67 km2 based on Rapid-
Eye data. However, their approach was limited to spectral time series
of only five time steps and a fragmentary coverage of the growth pe-
riod. The pixel resolution of 5 m × 5 m allowed to capture small struc-
tured land use patterns, but the commercial nature and a relatively
low spatial coverage of RapidEye data qualifies particularly for map-
ping small areas. Other studies used MODIS imagery (Moderate Reso-
lution Imaging Spectroradiometer), which are available at a daily basis
and a spatial resolution of 250 m × 250 m since 2002, and therefore

7
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Fig. 6. Mapped grassland management classes and their areal proportions within three subregions of characteristic grassland management in Switzerland (JU: Jura, LU: Lucerne, ZH:
Zurich).

mainly qualify to map large areas with homogenous spatio-temporal
landscape structures (Estel et al., 2018; Green et al., 2016; Li et
al., 2017). Monitoring exercises targeting current and future GM bene-
fit from the use of Sentinel imagery, which are characterized by a revisit
of 3–10 days and a spatial resolution of 10 m × 10 m, available since
2017 (Claverie et al., 2018; Griffiths et al., 2019; Kolecka et al.,
2018). We used spectral data from the Landsat archive, available since
1984 and allowing to annually cover large areas with dense time series
for timely capturing land use activities at national scale and for most of
the growth period. Our Landsat time series for 2015 covers the growth
period in 14 time steps and the grassland area by 89% at a spatial reso-
lution of 30 m × 30 m (Figs. 1, 2).

GM classes were determined by identifying management related
patterns in the temporal profiles of spectral time series (Ali et al.,
2016). The profiles describe dynamics of biophysical vegetation prop-
erties based on NDVI as indicator for plant biomass (Dusseux et al.,
2014b; Psomas et al., 2011). The strength of the NDVI-biomass re-
lationship varies spatially, determined by local site characteristics with
respect to plant species composition, vegetation growth stage, topogra-
phy, soil exposure, and dense biomass (Garroutte et al., 2016; Met-
zger et al., 2016; Porter et al., 2014). However, NDVI has been ap-
proved to be a stable and robust biomass proxy in various landscapes
(Ali et al., 2016; Nestola et al., 2016; Zhang et al., 2003). In
the present study, we used the NDVI because it is resistant to spec-
tral noise, caused by topography and cloud shadows, particularly for
rugged terrain (Huete et al., 2002). Moreover, remote sensing based
NDVI profiles have been approved to be a reliable data source to de

scribe grassland management in the Swiss context. Kolecka et al.
(2018) successfully mapped mowing frequencies in the northern Swiss
canton Aargau (1403 km2) based on NDVI profiles from Sentinel im-
agery. Weber et al. (2018) showed the adequacy of Landsat NDVI pro-
files to discriminate grassland management practice and use intensity at
3000 sites distributed across Switzerland and covering ~240 km2.

4.2. Validity of the grassland management classes

The GM classes were evaluated with respect to typical NDVI profiles
for GM, topographical site conditions related to GM, cantonal grassland
use data, and semi-quantitative grassland use data from three subre-
gions. Moreover, the GM classes were evaluated using established man-
agement related change patterns of species richness (SR), and vegetation
based indicator values for nutrient supply (NLandolt) and management
tolerance (MTBrie., GTBrie.; see Section 2.3.2).

Temporal NDVI profiles of the proposed GM classes are statistically
distinct, while showing higher variabilities, BPs, and Mfreq, as well as en-
hanced bimodal distributions for meadows than for pastures and from
low to high use intensity. Thus, the GM classes match typical manage-
ment related NDVI patterns for grassland systems (Fig. 3; Appendix
B-C; Dusseux et al., 2014a, b; Fang et al., 2015; Taugourdeau et
al., 2013; Weber et al., 2018).

Elevations and slopes of the GM classes are lower for meadows than
pastures and decrease as the use intensity increases. These patterns in-
dicate the validity of the GM classes, because with increasing eleva
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Fig. 7. Grassland management classes compared to species richness (SR), to Landolt N (NLandolt), to grazing tolerance (GTBrie.), and to mowing tolerance (MTBrie.). Significant differences
between the classwise distributions (Tukey HSD, P < 0.05) are indicated by different letters above the boxplots.

tion BP is incrementally limited due to a lower mean temperature and
shorter growth period (Fig. 4b; Schermer et al., 2016; Weber et al.,
2018; Zeeman et al., 2010). In addition, increasing slopes hamper
the use of machinery for GM, which is associated with decreased use in-
tensity (Fig. 4a; Appendix D; Lamarque et al., 2011; Peter et al.,
2008; Tasser and Tappeiner, 2002). The large overlapping ranges in
the elevation and slopes of the GM classes for the entire Swiss grassland
<1400 m (a.s.l.) could be attributed to typical spatial variability in BP,
caused by numerous interrelated factors, such as topography, climate,
soil quality, and species composition (Porqueddu et al., 2016).

The GM classes are consistent in terms of spatial and contextual de-
tail with georeferenced data on grassland use for the canton of Berne.
The conformity is very high for pastures, but lower for meadows, which
could be explained by grazing events that are possible according to the
class definition of the cantonal land use data (Fig. 5; Appendix E;
AGRIDEA, 2018, SFA, 2018). This discrepancy in class definitions
also explains the relatively small deviations between the GM classes and
the cantonal data comparing conventional and BPA meadows and pas-
tures, respectively.

Regional differences in GM of the subregions in the cantons Lucerne
(LU), Zurich (ZH), and Jura (JU) are realistically reflected in the GM
classes. For instance, LU with a long growth period, high livestock den-
sities, and mowing frequencies is largely characterized by moderate to
high intensity GM meadow classes. In contrast, ZH and JU with shorter
growth periods, lower livestock densities, but predominantly managed
by grazing are characterized by larger proportions of low to moder-
ate GM pasture classes (Fig. 6; Appendix A; Chételat et al., 2013;
Giménez et al., 2017; Masé, 2005).

Our results reveal trends of decreasing SR, as well as increasing
NLandolt, MTBrie., and GTBrie. along the increase of use intensity. These
trends reproduce established change patterns of species diversity, nutri-
ent availability, and management tolerance on agricultural grasslands
(Blüthgen et al., 2012; Peter et al., 2008; Weber et al., 2018

). Some of the difference between pasture and meadow GM classes may
also stem from the geographical distribution of the two classes, e.g. more
pastures at steeper slopes and higher elevations. The large overlapping
ranges in species based variables (SR, NLandolt, MTBrie., GTBrie.) of the GM
classes could be associated to relatively low SR ranges for pastures of
the used data, as well as to the limited and imbalanced number observa-
tions n across the GM classes (Fig. 7; Appendix F-G; SRPastures: 17–44;
SRMeadows: 12–39; nPastures: 6–29; nMeadows: 4–38). Previous studies found
SR ranges of 24–64 for pastures and 10–36 for meadows with different
grazing and mowing frequencies (Kleijn and Müller-Schärer, 2006;
Liebisch et al., 2013, Pauler et al., 2019). However, observed differ-
ences between meadows and pastures, and vegetation trends along the
GM intensity gradient, approve the GM classification to be robust. The
generally large variability of SR observed in the GM classes is likely an
effect of additional factors such as nutrient management or regional dif-
ferences in species abundance among others.

5. Conclusion

The developed spatial monitoring tool for detecting grassland man-
agement systems discriminates mowing and grazing practices, as well
as associated use intensities for Swiss grasslands. The tool is based on
high resolution spectral time series derived from freely available satel-
lite images with adequate spatial resolution. This data source allows
small structured agroecosystems and frequent management activities to
be captured at the national scale and on an annual basis for future and
retrospective studies. We applied the grassland monitoring tool exem-
plarily for the growth period of the year 2015. The plausibility of the
tool was approved by an evaluation scheme that includes regional land
use data, as well as established management related patterns of NDVI
phenology, topography and vegetation. The land use information pro-
vided by the grassland monitoring tool may help to establish a bal-
ance between agricultural production and the maintenance of ecosystem
functioning at the landscape scale.
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