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Abstract: Traditional orchards are distinctive features of cultural landscapes in Central Europe.
Despite their high level of ecological importance, they are in decline, and comprehensive spatial
data over broad extents, which could enable a trend analysis, are lacking. We analysed traditional
orchard maps from 1952 to 1967 and a map from 2010, generated via aerial image interpretation,
for the state of Hesse (ca. 21,115 km2), which has the second largest share of traditional orchards in
Germany. We aimed to (1) quantify long-term orchard dynamics, (2) compare orchard characteristics
in terms of topographical, ecological, and socioeconomic factors, and (3) identify key drivers of
orchard loss. We found that the number and area of orchards have clearly decreased across Hesse,
with varying local and regional patterns. Further, historically old orchards tended to have a larger
area, higher shape complexity, and were located closer to settlements, highways, and neighbouring
orchards. In contrast, newly established orchards were often found at higher elevations and on
steeper slopes. Finally, the three historical orchard hotspots also experienced the most notable losses
driven by different factors, namely the expansion of Artificial Surfaces, Residential Buildings, and
Agricultural Land. We highlight the importance of such multitemporal spatial data for a wide range
of ecological applications, and we encourage the use of novel technologies to support geospatial
analyses in the future.

Keywords: traditional orchards; orchard meadows; agroforestry; Streuobstwiese; biodiversity;
scattered trees; fruit trees; extensively cultivated landscapes

1. Introduction

Traditional orchards, also known as orchard meadows, are distinctive features of
cultural landscapes in Central Europe [1–4]. They are characterised by fruit trees with high
trunks, scattered across meadows or pastures that are managed with low intensity. Unlike
high-intensity fruit plantations, traditional orchards exhibit a much wider age distribution
and typically feature a diverse array of fruit tree species and varieties that were planted at
low densities [4].

Covering a wide range of environmental conditions, traditional orchards play a cru-
cial role in preserving biodiversity at both the local and landscape scales [5–8]. The
extraordinary biodiversity found in these traditional agroforestry systems derives from the
combination of low-intensity fruit production and grassland management, which creates a
high level of structural diversity, allowing for many species to co-exist [4,9]. In Germany,
traditional orchard meadows (in German Streuobstwiese) provide a habitat for more than
5000 plant and animal species, and they are regarded as a particular hotspot for biodiversity
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north of the Alps [3]. They are also important in terms of genetic diversity, representing a
reservoir for old domestic animal breeds and fruit tree varieties [10].

Beyond their high value for biodiversity conservation, traditional orchards offer
numerous essential ecosystem services and functions. Their complex structure, with the
unique combination of a tree and an herbaceous stratum, and the minimal to nonexistent
use of chemical fertilisers and pesticides support a wide array of provisioning, cultural,
supporting, and regulating services [3,11]. Provisioning services include the production
of regional fruits and products derived from fruit such as juices or wines, as well as
fodder for domestic animals [12]. Culturally, these traditional orchards contribute to
recreation, education, tourism, the landscape’s aesthetic value, and the regional identity of
people [13–15]. Finally, they contribute to essential regulation and support services such as
regulation of the microclimate, carbon sequestration, or a reduction in surface run-off and
erosion [16–19]. Therefore, such traditional agroforestry systems could play a vital role in
agroecological schemes in Europe [20].

Despite their ability to provide multiple ecosystem services at high levels and their
substantial ecological value, orchard meadows are an endangered biotope type in Germany.
Following the expansion of fruit trees during the 18th and 19th centuries and the peak
of traditional orchards in the mid-20th century, both their quantity and the ecological
quality have steadily declined due to the increasingly uneconomical nature of their mainte-
nance [1,3,21]. They have only recently reached protection status at the national level [22].
However, in Germany, no comprehensive spatial data sets exist on the cover and distribu-
tion of traditional orchards to estimate the current area or to monitor temporal trends [3].
Although the official data sets available for the country, such as the Digital Landscape
Model (DLM) and the Digital Land Cover Model (LBM), include spatially explicit data
on traditional orchards, estimates of orchard areas from these sources differ strongly, and
many inconsistencies are apparent when compared to external reference maps [3]. While
spatial data exist at the federal state level, differences in mapping methodologies often limit
their interpretative value [3]. Historical data sets that would enable trend analyses [15,23]
are similarly inconsistent [3]. High-quality data sets do exist for twelve so-called model
regions in Germany, but these are mostly limited to the district level and cover an area
between 10 and 1000 km2 [3]. To properly analyse the current situation and historical
trends in traditional orchards, large-scale data with high spatial resolution, acquired using
consistent methodologies, are required, but these are currently only available locally.

The considerable loss of traditional orchards observed during recent decades can be
attributed to a variety of socio-ecological factors. These include topographical and edaphic
factors such as slope or soil quality, landscape metrics such as parcel size or perimeter–area
ratio, and surrogate measures of socio-economic development such as distance to urban
settlements or main roads [23]. For example, the case study of Plieninger et al. [23] on
orchards in southwestern Germany revealed that distance to urban settlements was the
most important factor determining the observed loss of orchard area and the decrease in
average patch size. However, temporal patterns and trends in orchard loss might differ
regionally due to different environmental and societal contexts and can be attributed to
both the intensification of land use and the abandonment of land [24]. In some regions,
the abandonment of traditional orchards and subsequent succession towards shrubby
vegetation, as well as conversion into forests, could be explained by the long distance
to roads and the low cover of settlements and sealed areas, while orchards persisted in
other areas, especially upland and in low mountain regions [7]. Therefore, understanding
the socio-ecological drivers behind traditional orchard loss requires a comprehensive
approach, considering a wide range of attributes and indicators. To accurately assess
regional differences and generalise findings, it is essential to use high-resolution data that
cover a large spatial extent.

Here, we selected the federal state of Hesse as the study area. Hesse has the second
largest share of traditional orchards in Germany [3]. These orchards are an integral part
of the cultural landscape, characteristic of the surroundings of many municipalities [12].
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They are designated as a protected habitat type [22], with a state-level protection strategy
in place [25]. The main hotspots of traditional orchards are predominantly located in
the southern part of the state [12,25]. Politically, their ecological relevance was explicitly
acknowledged in the latest coalition treaty in Hesse, where, for example, their preferential
use for compensation measures is emphasised [26], making them highly relevant for
landscape monitoring and planning.

Comprehensive base data for spatio-temporal analyses of traditional orchard prop-
erties in Hesse are available. These include spatial data sets on land use and land cover
(LULC) [27], data on soil quality [28,29], and a publicly accessible, high-resolution digital
elevation model [30], facilitating detailed topographical analyses. Furthermore, traditional
orchards were mapped across the entire state in 2010 via a manual interpretation of public
aerial imagery [31]. Georeferenced digitised historical aerial photos covering the time
span of 1952–1967 have also been made publicly available, but their potential for detailed
trend analyses of traditional orchards at a broad spatial extent has yet to be fully utilised
(e.g., [32]).

Therefore, the main objectives of this study were to (1) quantify long-term orchard
dynamics, (2) compare orchard characteristics from historic and recent datasets in terms
of their topographical, ecological, and socioeconomic factors, and (3) identify the key
drivers of orchard loss from the local to regional levels for the entire state of Hesse. This
information is crucial for the timely development of effective policies to prevent orchard
loss and protect ecosystem services.

2. Materials and Methods
2.1. Study Area

The federal state of Hesse is located in Central Germany and has a total area of ca.
21,116 km2 [33] (Figure 1). Hesse is subdivided into three government districts, namely
Kassel (ca. 8291 km2) in the north, Gießen (ca. 5381 km2) in the centre, and Darmstadt
(ca. 7444 km2) in the south (referred to as North, Centre, and South, respectively, in the
following) (Figure 1). Government districts are major socio-economic regions according
to the European Nomenclature of Territorial Units for Statistics (NUTS) and belong to
the second NUTS level (NUTS 2) [34]. These government districts are further subdivided
into smaller administrative districts (NUTS 3). The latter include rural (Landkreise in
German) and urban districts (Kreisfreie Städte). Hesse comprises twenty-one rural and
five urban districts. In this study, the government districts are defined at the regional level,
while the smaller administrative districts are defined as the local level. The whole state of
Hesse has a population of about 6.3 million people, with more than a third living in the
Frankfurt–Rhine/Main area in the south of the state [35].

Aside from the highly urbanised parts, such as the Frankfurt–Rhine/Main area, Hesse
is characterised by a high share of forests (ca. 42%), especially in the northeast and east,
where forests cover up to 50% of the landscape [36]. Intensively used agricultural regions
are present in the area, e.g., in the Wetterau district north of Frankfurt [37], where forest
cover is low (15%, [36]), as well as peripheral areas with large proportions of non-intensively
used grasslands, such as the Lahn–Dill district [38]. The highest mountain, at almost
950 m a.s.l, is located in the Fulda district, west of one of the largest continuous basalt areas
(mainly located in the Vogelsberg district [39]).

The climate of Hesse is rather continental. The average annual precipitation ranges
between 600 and 800 mm. The lowlands of the Upper Rhine Valley in the south are
characterised by an even lower annual rainfall of 500 mm, while at higher elevations, such
as in the Vogelsberg district, annual precipitation exceeds 1400 mm [40]. The average annual
temperature for the period of 1981–2010 was 8.8 ◦C [40], showing an increase compared
to the time period of 1951–1980, where it was lower, at 8.2 ◦C [41]. Pronounced variations
in annual temperature can be observed, primarily oriented along a north–south gradient,
with higher temperatures in the south [40,41]. The Climate Protection Scenario for Hesse
predicts that average temperatures will continue to increase, subsequently leading to an
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increase in exceptionally warm days with temperatures higher than 30 ◦C [41]. At the same
time, the risk of late frost remains, and precipitation patterns are expected to change [42].
In the future, precipitation maxima are more likely to occur in winter than in summer, and
the probability of both heavy precipitation and drought events is likely to increase, too [42].
Recent extreme drought events, such as that in 2018, had a noticeable effect on ecosystem
conditions across Land Use/Land Cover types in Hesse [43].
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Figure 1. Location of the federal state of Hesse in Central Germany with a digital elevation model
(DEM) ranging between 70 and 950 m above sea level in the background. The bold black line
delineates the three government districts of Kassel, Gießen, and Darmstadt, which correspond to the
regions North, Centre, and South, while the thin black lines delineate the rural and urban districts.
The shiny blue lines represent the Rhine and Main rivers, respectively. Wiesbaden (underlined) is the
state capital, and Frankfurt (asterisk) is the largest city in Hesse.

2.2. Geospatial Data

The geospatial data analysed in this study comprised spatial information on recent
and historic traditional orchard distribution, soil quality, road network, Land Use/Land
Cover, and topography (Table 1).

Traditional orchards, together with woody features, tree rows, and tree alleys, were
mapped via manual image interpretation of aerial orthophotos from 2008 to 2010 by the
Hessian Agency for Nature Conservation, Environment and Geology (HLNUG) for the
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entire Hesse [31]. These data are available in vector format and are referred to as recent
data in the following. Ancillary data for this manual interpretation included cadastral
information as well as the results of the statewide biotope mapping [31,44]. The landscape
elements were distinguished based on structure, texture, spectral information, size, and
shape, and were only mapped outside urban areas [44]. In addition, historical digital aerial
images covering the years 1952–1967 are available for almost the whole state of Hesse via
the Web Map Service, with only a few data gaps in the northeast near the former border
between East and West Germany [45]. Due to the high quality of the historical images, we
were able to apply the HLNUG mapping key [44] to also produce maps in vector format
via manual image interpretation for traditional orchards in Hesse for the period 1952–1967,
referred to in the following as historic data. In addition, the recent and historic vector data
were intersected. Therefore, we identified traditional orchards that existed either only in the
historic data set and were removed after 1952–1967 (referred to as loss), or only in the recent
data set and were established after 1952–1967 (gain), or in both data sets and remained
orchards throughout the years (remain) (Table 1). Polygon fragments in the gain, loss, or
remain data set resulting from the aforementioned intersection that had a smaller size than
the minimum polygon size of the recent and historic data, i.e., 50 m2, were removed.

For all traditional orchards of these five data sets (recent, historic, gain, loss, remain),
we computed the following landscape ecological attributes: Area, Perimeter, Perimeter–
Area Ratio, Distance Nearest Orchard, and the Shape Complexity Index [46]. In addition,
soil quality was extracted from the yield potential map of the HLNUG [28,29]. The yield
potential ranges from 1 (very low) to 5 (very high) and combines information on the
usable field capacity of the rooting zone, the effects of groundwater, land use, and base
saturation [28]. If an orchard polygon was covered by more than one yield class, the final
yield potential class for the respective orchard was computed proportionally (i.e., if 750 m2

of an orchard was covered by yield potential class 3, and 250 m2 by class 2, the resulting
yield class was 2.75).

The distances from traditional orchards to urban settlements or main roads (Table 1),
as surrogate measures of socio-economic development [23], were computed based on
the aforementioned orchard maps and vector data on highways (classes autobahn and
bundesstrasse) and urban settlements (class siedlung) extracted from the German Digital
Landscape Model of Hesse [27]. To analyse the main drivers of orchard decline, LULC
information was extracted for the lost orchards based on the German Digital Landscape
Model [27] (class objektart) and recoded based on Table S1, resulting in seven LULC classes:
Agricultural Land, Artificial Surfaces, Forest, Other Vegetation, Residential Buildings,
Water Bodies, and Woody Features. For further analysis, LULC conversion data were
aggregated at the local (district) level.

Finally, the topographical attributes Slope, Northness, and Eastness were computed
for each traditional orchard based on the 5 m digital elevation model provided by the
Hessian Agency for Land Management and Geoinformation (HVBG) [30].

Data were processed using the packages terra (version 1.7–78) [47], sf [48,49] (1.0–16),
exactextractr (0.10.0) [50], dplyr (1.1.4) [51], units (0.8–5) [52], and nngeo (0.4.8) [53], and
data were tabulated using the packages gtsummary (2.0.1) [54] and gt (0.11.0) [55], in R
statistical software (4.4.0) [56]. The Shape Complexity Index was computed using Whitebox
Toolbox (2.4.0) [46].

Table 1. Overview of the geospatial data and the derived attributes for each traditional orchard.

Geospatial Data Derived Attribute for Each Traditional Orchard

Administrative Units [57]

Regional level (NUTS 2):
Government Districts; Regions North, Centre, South
Local level (NUTS 3):
Districts
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Table 1. Cont.

Geospatial Data Derived Attribute for Each Traditional Orchard

Maps of Traditional Orchards:
Recent (2008–2010) [31,44] and Historic
(1952–1967) [this study]

Status:
Historic, Recent; Gain, Loss, Remain

Landscape Ecological Parameters:
Area
Perimeter
Perimeter–Area Ratio
Distance Nearest Orchard
Shape Complexity Index

Soil Map [28,29] Soil Quality: Yield Potential

Digital Landscape Model
(Basis-DLM) [27]

Socioeconomic Parameters:
Nearest Highway
Nearest Settlement
Land Use/Land Cover (LULC)

Digital Elevation Model (DEM) [30]

Topographical Parameters:
Slope
Northness
Eastness

2.3. Data Analysis and Modelling

To produce area-based overviews of historic, recent, gained, lost, and remaining
traditional orchards independently of administrative regions, hexagonal grid maps [58]
were produced with a cell size of 55.46 km2. Orchard density per hexagon was computed
as orchard area divided by hexagonal cell area.

To compare the attributes of traditional orchards between the regions and between
historic and recent, as well as gained, lost, and remaining orchards, first the normality of the
data were assessed using Q-Q plots and the Shapiro–Wilk test [59] and the homogeneity of
variances was checked using Bartlett’s test [60]. The data set was also controlled for missing
data and infinite values, which were subsequently removed. We employed nonparametric
tests for our analyses because the data did not follow a normal distribution and exhibited
unequal variances. The Mann–Whitney U test (p-value ≤ 0.05) was used to compare
historical and recent data. For multiple comparisons across different regions (North, Centre,
and South) and across different status categories (gain, loss, and remain), we applied the
Kruskal–Wallis (KW) test [61] (p-value ≤ 0.05), followed by the Benjamani–Hochberg (BH)
correction test [62].

To analyse if differences regarding orchard attributes at the regional level enable the
regions to be distinguished in a semi-automated way using machine learning, Random
Forest classification models [63] were applied using the orchard attributes as predictors
and the three regions as response variables for both historic and recent data. Random
Forest is also a powerful machine learning algorithm [64] for ecological applications [65].
To account for potential differences between orchards in the South, an orchard hotspot [12],
compared to the other regions, a three-class model with the original response classes and
a two-class model, where Centre and North were merged, were calculated for each data
set. The data were split into 75% training and 25% test data, preserving class distributions.
Models were trained using 10-fold cross-validation with five repeats and the parameter
mtry was optimised for overall accuracy using a search grid ranging from one to eleven
while the parameter ntree was set to 1000. Model quality was evaluated based on test
set data and several accuracy metrics, including Overall Accuracy, Kappa, Sensitivity,
Specificity, Positive Predicted Value, Negative Predicted Value, and F1, considering, if
applicable, the Prevalence of the data as well as Precision and Recall [66]. In case of a two
class-model, accuracy was evaluated based on a confusion matrix of the test set data, as in
Table 2. For the three class-model, each class was compared to all other classes in a similar
manner, using a “one versus all” approach [66].
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Table 2. Confusion matrix of the test set data as a basis for the calculation of the accuracy metrics for
the two class-model with the class South and the merged class Centre_North.

Reference

Predicted South Centre_North
South A B

Centre_North C D

Based on the confusion matrix in Table 2, the accuracy metrics were calculated as
follows, based on [66]:

Overall Accuracy =
A + D

(A + B + C + D)
, (1)

Kappa = O−E
1−E ,

where O is the observed accuracy and E is the expected accuracy,
(2)

Sensitivity =
A

(A + C)
, (3)

Specificity =
D

(B + D)
, (4)

Prevalence =
(A + C)

(A + B + C + D)
, (5)

Positive Predicted Value =
sensitivity × prevalence

((sensitivity × prevalence) + ( (1 − speci f icity)× (1 − prevalance)))
, (6)

Negative Predicted Value =
(speci f icity × (1 − prevalence))

(((1 − sensitivity)× prevalence) + ( (speci f icity)× (1 − prevalance)))
, (7)

Precision =
A

(A + B)
, (8)

Recall =
A

(A + C)
, (9)

F1 =
2 × precision × recall
(precision + recall)

. (10)

The loss rate of traditional orchards between 1952–1967 and 2008–2010 at the local
level was calculated as in [23], following [67]:

r =
(

1
2009 − 1959.5

)
× ln

(
Area 2009

Area 1959.5

)
(11)

To examine a potential north–south gradient regarding the drivers of orchard loss at
the local level, the y-coordinate of each district centre was extracted and correlated against
the percentage/area of each LULC class using the Spearman–Rank correlation [68].

Data analysis and modelling was performed using R statistical software (see above)
including the packages car (3.1.2) [69] and multcompView (1.4–25) [70]. Violin plots with
embedded box plots to examine the orchard attributes were produced using the packages
ggplot2 (3.4.2) [71], gridExtra (2.3) [72], ggbreak (0.1.2) [73], and cowplot (1.1.1) [74]. Ran-
dom Forest modelling was performed using the packages caret (6.0.-94) [66], randomForest
(4.7–1.1) [75], doParallel (1.0.17) [76], and corrplot (0.92) [77]. All maps were created in
QGIS, version 3.34 “Prizren” LTR [78], and the coordinate reference system for all data was
EPSG: 25832—ETRS89/UTM zone 32N.
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3. Results
3.1. Long-Term Dynamics of Traditional Orchards at the State Level

At the state level, the density of traditional orchards has strongly decreased over the
past 50 to 60 years (Figure 2a,b). Historically, these orchards were concentrated in the
South near the Main River and towards the southern border of the state, as well as in the
North near the town of Kassel. By 2010, only the southern hotspots remained noticeable,
albeit at much lower levels (Figure 2b). These comparably high densities in 2010 were
historically common throughout the state (Figure 2a,b). Consequently, both the number
and the total area of traditional orchards decreased dramatically, from 66,602 orchards
covering 504 km2 historically (Table S2) to 21,544 orchards covering 117 km2 in recent
times (Table S3). In fact, the number of traditional orchards at the state level in 2010 was
almost equivalent to the number of traditional orchards found in the Centre region alone in
1952–1967 (21,568 orchards, Tables S2 and S3). This strong decrease in absolute numbers is
actually even higher than that recorded, as the northeastern part of the study area was not
covered by the historic imagery (Figure 2a).
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Figure 2. Hexagonal grids of traditional orchard density in Hesse for (a) historical (1952–1967),
(b) recent (2008–2010), (c) gained, (d) lost, and (e) remaining orchards. Grey lines delineate govern-
ment districts, which define the regional level in this study.

The proportional loss in the number and the area of traditional orchards varied among
regions. Statewide, the number of traditional orchards dropped to 32% of historic levels
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with an even sharper decrease in area, which fell to 23% (Tables S2 and S3). The South
mirrored these trends, with reductions to 35% in number and 22% in area (Tables S2 and S3).
The North exhibited the lowest proportional decreases, with numbers falling to 46% and
area to 33%, while the Centre experienced the most significant losses, with both number
and area declining to 23% of historic levels (Tables S2 and S3).

However, there were also slight increases in traditional orchard density, reflecting
the establishment of new orchards in locations that historically had different land uses.
These gains were primarily observed in the South around two hotspots (Figure 2c), with the
largest gains in parts of the main area and near the border of the Centre region, where most
of the remaining orchards were located (Figure 2e). Slight increases were also observed in
the Centre (Figure 2c). The areas with the largest losses of traditional orchards corresponded
to the historical hotspots in both the North and South (Figure 2a,d).

In summary, the loss of traditional orchards occurred all over the state, though the
patterns of decline varied by region. Pronounced losses occurred near historical hotspots,
with only the South retaining some of these historic hotspots in recent imagery, due
to a relatively high number of remaining and newly established traditional orchards.
Meanwhile, the North showed generally low densities. The locations of hotspots have
shifted slightly, particularly in the South towards the Centre region, where a relatively high
proportion of historical orchards persisted. In addition to the hotspot in the South, slight
gains were also observed in large parts of the Centre, highlighting the regional differences
in orchard dynamics.

3.2. Characteristics of Traditional Orchards at Regional Level

The attributes of orchards differed significantly between regions, with the exception of
the exposition-related parameters Northness and Eastness, where no significant differences
were observed between Centre and South, and North and Centre, respectively (Figure 3).
In all regions, historic traditional orchards differed significantly from recent ones across all
12 tested parameters, although the direction of these changes varied between the regions
(Figure 3, Tables S2 and S3). For instance, all ecological landscape attributes, namely
Area, Perimeter, Perimeter–Area Ratio, and Shape Complexity Index, were generally
lower in recent orchards compared with historic ones across nearly all regions (Figure 3,
Tables S2 and S3). The only exceptions were an increase in Perimeter in the North, and a
rise in median Area from 2223 m2 to 2655 m2 in the Centre (Tables S2 and S3). In contrast,
all distance-related attributes, namely Distance Nearest Orchard, Distance Settlement, and
Distance Highway, along with the topographical attributes Slope and Elevation, increased
(Tables S2 and S3). Thus, in 2010, traditional orchards were located, on average, at higher
elevations and on steeper slopes compared to 1952–1967 (Figure 3, Tables S2 and S3). The
exposition-related attributes showed diverging trends: while exposition shifted slightly
towards the northeast in the North and South, it shifted towards the southwest in the
Centre (Tables S2 and S3). Soil quality remained relatively stable, with a slight decline
observed in the South, suggesting that recent orchards are, on average, located on less
fertile soils compared to 1952–1967 (Tables S2 and S3).

The comparisons of attributes among newly established (Gain), lost (Loss), and re-
maining (Remain) orchards revealed a consistent pattern (Figure 4, Tables S4–S6). All
attributes showed significant differences, except for the exposition-related parameters.
Specifically, Northness showed significant variation only in the North, while Eastness did
not differ at all across regions (Figure 4). All ecological landscape parameters differed
significantly between lost orchards and both newly established and remaining orchards
(Figure 4, Tables S4–S6). Lost orchards had, on average, a larger Area, higher Perimeter val-
ues, and a greater Shape Complexity, while Distance Nearest Orchard and Perimeter–Area
Ratio was consistently lower (Figure 4, Tables S4–S6). Additionally, lost orchards tended to
be closer to highways, situated on moderately steep slopes, and, with the exception of the
South, facing towards the south (Figure 4, Tables S4–S6).
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Figure 3. Comparison of the twelve computed traditional orchard attributes between the three regions
and between the historical (1952–1967, red) and the recent (2008–2010, yellow) data. The capital letters
above the violin plots indicate significant differences in the comparisons between the regions for both
historic and recent data, and the small letters below the violin plots indicate significant differences
in the comparisons between historic and recent data within each region (p-value ≤ 0.05). Orchard
attributes include (a) Area, (b) Perimeter, (c) Perimeter-Area-Ratio, (d) Soil Quality, (e) Distance
Nearest Orchard, (f) Distance Settlement, (g) Distance Highway, (h) Slope, (i) Northness, (j) Eastness,
(k) Elevation, and (l) Shape Complexity Index.
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Figure 4. Comparison of the twelve computed traditional orchard attributes of the three regions and
between the newly established or gained (green), lost (red), and remaining (blue) traditional orchards
for the time spans 1952–1967 and 2008–2010. The capital letters above the violin plots indicate the
significant differences in the comparisons between the regions of gained, lost, and remaining orchards,
and the small letters below the violin plots indicate significant differences in the comparisons between
gained, lost, and remaining orchards within each region (p-value ≤ 0.05). Orchard attributes include
(a) Area, (b) Perimeter, (c) Perimeter-Area-Ratio, (d) Soil Quality, (e) Distance Nearest Orchard,
(f) Distance Settlement, (g) Distance Highway, (h) Slope, (i) Northness, (j) Eastness, (k) Elevation,
and (l) Shape Complexity Index.
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In contrast, newly established orchards were characterised by a relatively high Perimeter–
Area Ratio and both a greater Distance Nearest Orchard and Distance Highway (except
for the North). These orchards also showed consistently higher Distance Settlement and
were slightly more oriented towards the north, with a general trend towards orchards
being located at higher elevations (Figure 4, Tables S4–S6). Soil quality was moderate for
all orchards, with slightly better soil quality in the South (Figure 4, Tables S4–S6).

Comparing the remaining with the newly established orchards, the most notable
differences were related to Area, Distance Nearest Orchards, and Distance Settlement.
Newly established orchards were slightly (Centre) or clearly (South) smaller than the
older orchards from 1952 to 1967, while in the North they were actually about 10% larger.
Similarly, the distances between remaining orchards were, on average, smaller in the Centre
and in the South, but clearly larger in the North compared to the distances between the
newly established orchards. In contrast, the distance to settlements showed consistent
patterns. The remaining orchards in all regions were located closer to settlements than the
newly established orchards, with minimum distances for the older orchards occurring in
the North and maximum distances occurring in the South (Figure 4, Tables S4–S6).

In addition to the observed regional patterns in traditional orchard dynamics (Figure 2),
we also found significant differences in orchard attributes between regions (Figures 3 and 4).
However, the RF model using these orchard attributes as predictors to classify orchards
as either North, Centre, or South did not reveal such differences in the historic or in the
recent data set (Tables S9–S12). The three-class model yielded rather moderate test set
accuracies, with an overall accuracy of 0.71 and 0.64, a Kappa value of 0.47 and 0.41, and
an F1 ranging between 0.40 and 0.79 and 0.49 and 0.79 for the historic (Table S9) and the
recent (Table S10) data set, respectively. The per-class accuracies (Tables S9 and S10) and
the confusion matrices (Tables S11 and S12) indicated higher classification accuracies for
the South, but lower accuracies for the Centre, and particularly for the North.

In contrast, the two class-model, which discriminated between the South and a merged
Centre_North class, resulted in higher test set accuracies, with Kappa values ranging
between 0.52 and 0.54 and all other metrics between 0.72 and 0.80 (Table 3). The two-class
classification showed a good model fit for both the historic and the recent data set, with F1
scores of 0.78 and 0.79 (Table 3), respectively. This indicated balanced errors (see also the
confusion matrices in Tables S7 and S8), despite the high prevalence of the South class and,
thus, imbalanced data sets. Therefore, traditional orchards in the South differ from those in
the Centre and in the North in both the historic and recent years.

Table 3. Accuracy metrics of the two-class Random Forest classification model comparing traditional
orchards in the South with those in the North and Centre for both (a) historic and (b) recent data.

Accuracy Metric Historic Recent

Overall Accuracy 0.77 0.77
Kappa 0.54 0.52

Sensitivity 0.76 0.80
Specificity 0.77 0.72

Pos. Pred. Value 0.80 0.78
Neg. Pred. Value 0.73 0.74

F1 0.78 0.79

The RF models were optimised for the mtry parameter and overall accuracy. The
optimal mtry value for the RF models based on historical data were lower (4) than those
based on recent data (7). Variable importance followed this pattern (Figures 5 and S1), and
despite significant differences between almost all attributes (Figure 3, Tables S2 and S3),
variable importance differed. In the two-class models, the selected predictors had similar
ranks for both the historic and recent datasets. Median Elevation emerged as the most
important variable and Median Slope also had high importance. Conversely, the Shape
Complexity Index, Median Eastness, and Soil Quality were less important. The importance
of other predictors differed between the historic and recent datasets. While Perimeter-Area
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Ratio and Area were more important in models based on the historical data, all distance-
related predictors (Distance Nearest Orchard, Distance Highway, Distance Settlement) were
more important in recent years.
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Figure 5. Variable importance of the two-class Random Forest classification model comparing
traditional orchards in the South with those in the North and Centre for both (a) historic and
(b) recent data.

3.3. Key Drivers of Traditional Orchard Loss at the Local Level

The dynamics and drivers of the conversion of traditional orchards to other land
use types varied between regions and at the local level (Table 4, Figure 6). The lowest
historical area of orchard cover for a rural district was found in the North (Waldeck–
Frankenberg, Table 4), while the highest area of historical orchard cover, together with the
lowest proportional loss, was located in the South. In the Wetterau district, 41% of the
historical 43.13 km2 of orchard area remained by 2010, with an annual loss rate of 1.83%
(Table 4, Figure 6), accompanied by relatively high densities and slight gains due to newly
established traditional orchards (Figure 2). At the same time, the district with the highest
proportional loss was also located in the South. In the Rheingau–Taunus district, only 10%
of the historical 18.96 km2 of orchards remained by 2010, with an annual loss rate of 4.68%
(Table 4, Figure 6), the second highest loss rate after the urban district of Kassel (8.22) in
the North. The median loss rate for Hesse at the district level was 3.37%, with a standard
deviation of 1.31.

Table 4. Overview of traditional orchard conversion into other Land Use/Land Cover (LULC) types
including loss rate per district ordered by region as well as correlation along a South–North gradient.
Urban districts were always specified, rural districts only if they shared the same name with an urban
equivalent. The main drivers included Artificial Surfaces (Artif. Surfaces), Residential Buildings
(Resid. Build.) and Agricultural Land (Agri. Land). Other Veg. = Other vegetation. Minimum (except
Water Bodies) and maximum values (regarding percentages) are in bold and highlighted in grey.

District

Area Traditional Orchards LULC Conversion [km2] ([%])

Historic
[km2]

Recent
[km2]

Ratio
R/H
[%]

Loss
Rate
[%]

Agri.
Land

Artif.
Surfaces Forest Other

Veg.
Resid.
Build.

Water
Bodies

Woody
Features

Main
Drivers

[%]
North
1 Kassel (rural) 13.81 3.39 25 2.84 2.79 (21) 3.15 (24) 0.68 (5) 0.57 (4) 5.55 (42) 0.01 (0) 0.47 (4) 87
2 Kassel (urban) 8.99 0.15 2 8.22 0.24 (3) 2.46 (27) 0.03 (0) 0.26 (3) 5.81 (65) 0 (0) 0.21 (2) 94
3 Schwalm-Eder 16.19 2.11 13 4.12 3.50 (22) 5.39 (34) 0.31 (2) 0.40 (3) 5.08 (32) 0.04 (0) 1 (6) 89
4 Waldeck-
Frankenberg 10.2 1.93 19 3.37 2.88 (30) 3.10 (32) 0.38 (4) 0.22 (2) 2.62 (27) 0.01 (0) 0.47 (5) 89
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Table 4. Cont.

District

Area Traditional Orchards LULC Conversion [km2] ([%])

Historic
[km2]

Recent
[km2]

Ratio
R/H
[%]

Loss
Rate
[%]

Agri.
Land

Artif.
Surfaces Forest Other

Veg.
Resid.
Build.

Water
Bodies

Woody
Features

Main
Drivers

[%]
Centre
5 Gießen 26.11 8.15 31 2.35 7.74 (36) 4.18 (20) 0.76 (4) 0.35 (2) 6.58 (31) 0.02 (0) 1.63 (8) 87
6 Lahn–Dill 20.26 5.04 25 2.81 5.09 (28) 3.41 (19) 1.28 (7) 0.29 (2) 6.45 (35) 0.02 (0) 1.88 (10) 81
7 Limburg–
Weilburg 16.68 2.55 15 3.79 4.82 (30) 3.17 (20) 1.13 (7) 0.39 (2) 4.86 (31) 0.01 (0) 1.48 (9) 81

8 Marburg–
Biedenkopf 14.97 2.78 19 3.40 3.30 (24) 4.03 (29) 0.57 (4) 0.23 (2) 4.79 (34) 0 (0) 0.98 (7) 87

9 Vogelsberg 12.65 2.21 17 3.52 3.97 (33) 3.98 (33) 0.26 (2) 0.15 (1) 2.85 (24) 0 (0) 0.75 (6) 90
South
10 Bergstraße 38.32 8.91 23 2.95 17.93 (53) 4.34 (13) 1.28 (4) 0.47 (1) 8.47 (25) 0.01 (0) 1.48 (4) 90
11 Darmstadt
(urban) 3.50 0.75 21 3.12 0.83 (27) 0.84 (27) 0.08 (3) 0.11 (4) 1.00 (33) 0 (0) 0.19 (6) 88

12 Darmstadt-
Dieburg 21.76 5.03 23 2.96 7.60 (39) 3.69 (19) 0.37 (2) 0.40 (2) 6.34 (33) 0.01 (0) 1.05 (5) 91

13 Frankfurt a. M.
(urban) 37.21 3.03 8 5.07 5.14 (14) 17.64 (48) 0.16 (0) 1.41 (4) 10.62 (29) 0.08 (0) 1.65 (4) 91

14 Groß-Gerau 19.75 2.97 15 3.83 7.62 (39) 3.66 (19) 0.77 (4) 1.57 (8) 4.90 (25) 0.15 (1) 0.75 (4) 83
15 Hochtaunus 23.98 4.01 17 3.61 5.84 (27) 5.01 (23) 0.71 (3) 0.32 (2) 8.91 (41) 0 (0) 0.68 (3) 92
16 Main-Kinzig 38.34 8.78 23 2.98 9.68 (28) 7.02 (21) 2.08 (6) 0.74 (2) 12.09 (35) 0.03 (0) 2.44 (7) 84
17 Main-Taunus 31.72 6.38 20 3.24 8.60 (31) 5.47 (19) 1.10 (4) 0.95 (3) 10.09 (36) 0.03 (0) 1.91 (7) 86
18 Odenwald 21.50 6.95 32 2.28 9.57 (53) 2.92 (16) 0.42 (2) 0.14 (1) 4.35 (24) 0 (0) 0.55 (3) 94
19 Offenbach
(rural) 18.63 3.51 19 3.37 4.62 (28) 4.18 (26) 0.65 (4) 0.42 (3) 5.16 (32) 0.07 (0) 1.25 (8) 85

20 Offenbach
(urban) (urban) 5.37 0.29 5 5.91 0.37 (7) 2.52 (48) 0.05 (1) 0.17 (3) 2.04 (39) 0 (0) 0.13 (2) 93

21 Rheingau-
Taunus 18.96 1.87 10 4.68 8.16 (43) 2.86 (15) 1.12 (6) 0.57 (3) 5.00 (26) 0.01 (0) 1.21 (6) 85

22 Wetterau 49.13 19.90 41 1.83 15.05 (41) 7.50 (21) 1.09 (3) 0.79 (2) 9.91 (27) 0.03 (0) 2.21 (6) 89
23 Wiesbaden
(urban) 27.29 5.08 19 3.40 4.93 (21) 8.03 (34) 0.50 (2) 0.44 (2) 8.39 (35) 0 (0) 1.36 (6) 90

Correlation along south–north gradient −0.42 0.37 0.17 0.05 0.32 −0.22 0.17 −0.15

The three main drivers of traditional orchard loss, namely conversion to Residential
Buildings, Artificial Surfaces, and Agricultural Land, accounted for 81% to 94% of the ob-
served loss. The maximum loss of 94% was found both in the North and the South, although
the specific drivers differed. In the North, the urban district of Kassel, located near a former
orchard hotspot (Figure 2a), showed the highest proportional conversion to Residential
Buildings (Table 4, Figure 6). In contrast, in the South, the districts Bergstraße and Oden-
wald, which were also former (and are recent) hotspots of traditional orchards (Figure 2a,b),
were predominantly characterised by conversion to Agricultural Land (Table 4, Figure 6).

Regarding the third main driver, major conversions to Artificial Surfaces were observed
in the urban districts of Frankfurt and Offenbach near the Main River (Table 4, Figure 6),
areas that coincide with the third historical hotspot and that have experienced high orchard
losses (Figure 2a,b). The conversion to Other Vegetation and Water Bodies was highest
in the district of Groß-Gerau in the South, although the area and proportion were low
(Table 4). The Centre contained districts with the highest, but proportionally still minor,
conversions to Forests and Woody Features in Lahn–Dill and Limburg–Weilburg (Table 4,
Figure 6).

In summary, the three historical traditional orchard hotspots (Figure 2) were also
areas of major conversions, driven by different factors in each region (Table 4, Figure 6).
Accordingly, the three main drivers showed moderate Spearman rank correlations of −0.42
for Agriculture, 0.37 for Artificial Surfaces, and 0.32 for Residential Buildings along a
South–North gradient at the state level, while all other drivers were only weakly correlated
(Table 4).
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Figure 6. Map of traditional orchard conversion into other Land Use/Land Cover (LULC) types
including loss rate per district. The numbers of the districts correspond to the numbers in Table 4.

4. Discussion

Traditional orchards are complex landscape elements. This complexity is reflected
by their different characteristics and different spatio-temporal dynamics at the local and
regional scales. In this study, we analysed, to the best of our knowledge, the most com-
prehensive data set for temperate European orchards. Our findings revealed several
key insights:

(a) A decline in traditional orchards: The number and area of traditional orchards have
significantly decreased across Hesse, with the pattern of decline varying by region.
Notably, major losses occurred near historical hotspots.
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(b) Characteristics of old vs. new orchards: Historically old orchards tended to have larger
Areas, higher Shape Complexity, and were located closer to settlements, highways,
and neighbouring orchards. In contrast, newly established orchards were often found
at higher elevations and on steeper slopes.

(c) Regional differences: Despite significant differences in orchard attributes, the regions
could only be distinguished in a two-class model, with the Centre being merged with
the North. This highlights the distinctiveness of the traditional orchards in the South.

(d) Hotspots of orchard loss: The three historical orchard hotspots also experienced the
most notable losses, driven by different factors in each region. In two hotspots, the ex-
pansion of Artificial Surfaces and Residential Buildings was the primary driver, while
in the southernmost hotspot, conversion to Agricultural Land played a dominant role.

Generalising findings about temporal dynamics and the loss of traditional orchards
is a challenging task and requires fine-scale spatial data to broad spatial extents. The
median annual loss rate of 3.37% in Hesse is notably high and aligned with and exceeded
maximum loss rates reported by case studies in Austria (3.47% [79]) and France (2.80% [80]),
as reported by Plieninger et al. [23]. Even in districts with the lowest loss rates and the
lowest proportional loss, such as the Wetterau, the losses exceeded those observed in similar
studies. For example, the lowest loss rates and highest ratio of recent and historical orchard
areas, of 1.83% and 41%, respectively, were more than double those observed in a study
in southwest Germany for a similar time span and a slightly smaller area [23]. Therefore,
overall orchard loss in Hesse is notably high even in areas where small gains due to newly
established orchards were observed and new hotspots have emerged. Additionally, the
strong differences within Hesse compared to southwestern Germany [23] that were found
in this study underline the necessity of comprehensive historical data to evaluate the
severeness and spatial patterns of traditional orchard loss.

Distance to settlements and main roads were identified as the main drivers of orchard
decline in southwestern Germany [23]. In our study, the expansion of Artificial Surfaces and
Residential Buildings emerged as the most critical factor contributing to orchard decline in
two historic orchard hotspots, which aligns with the model regions for Hesse proposed by
Henle et al. [3]. In addition, lost orchards were typically located closer to highways, with
both proximity to highways and settlements being important factors that distinguished
orchards in the South from those in the Centre and North. In contrast, in the third hotspot
located in the South (Bergstraße), orchard decline was primarily driven by conversion to
Agricultural Land. In general, the high proportion of conversion to Agricultural Land in
Hesse is likely a result of agricultural policy changes in Germany during the 1950s (e.g.,
Emser Beschluss in 1953) that encouraged and financially supported the conversion of
traditional agroforestry systems into grasslands or arable land. Additionally, the European
Community’s grubbing-up scheme, which continued until 1974, further accelerated this
trend [81]. Conversion to Agricultural Land also showed the strongest correlation along
the south–north gradient, indicating its significant impact, particularly in the South, where,
traditionally, horticulture and special crops played an important role in agricultural pro-
duction due to the favourable growing conditions, but also to socioeconomic reasons and
local agricultural structures [82]. Changes in the latter two were also the main reasons
for the decline of orchards, e.g., in the form of conversion to other agricultural uses [82].
Furthermore, orchard decline might also result from abandonment, leading to succession
towards dense woody vegetation and forests [7], a trend observed in the Centre region.
This trend could have been overlooked if the focus had been solely on model regions
and/or historic orchard hotspots. Overall, the drivers of orchard loss and the characteristics
of orchards themselves are manifold and vary both regionally and locally. Despite this
heterogeneity, the Random Forest-based classification model for the two classes reached
good and fairly balanced accuracies for a real-world ecological data set (see, e.g., [83])
underlining the distinctive features of the South compared the rest of the state. However,
the feature importance changed between historic and recent data sets, indicating that even
though orchards can be discriminated with similar accuracies, the temporal dimension
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needs to be considered to understand why they can be distinguished. While Random Forest
is one of the most popular algorithms used in landscape ecological studies, novel methods
based on Deep Learning are on the horizon, which would enable a deeper analysis of
complex data [84]. Such approaches might be able to decipher even local differences across
landscapes, but appropriate geospatial data on orchard distribution, orchard attributes,
and drivers of loss are required to train and validate such novel algorithms. Therefore, this
study highlights the need for data at broad spatial extents to fully understand the dynamics
of these small, but important landscape elements.

High-resolution spatial data of traditional orchards, acquired in a standardised way,
are essential. Not only could they address data gaps in model regions [3] or correct
existing cadastral data products [3,85], these data are crucial for effective conservation
planning [4], monitoring compliance with agricultural policies, and guiding landscape
planning in the context of compensation measures [12], especially in orchard hotspots such
as southern Hesse, where an expansion of Artificial Surfaces and Residential Buildings is
to be expected [86]. Moreover, spatial maps of traditional orchards can also be used for
computing carbon sequestration potentials [11,16] and other ecosystem services [11], and
are also central to biodiversity studies on orchards at the landscape scale [4]. For instance,
the area requirements of species within orchards and the importance of habitat connectivity
are still poorly understood and it remains an open question whether species that require
larger areas can also thrive in landscapes characterised by smaller, but well-connected
orchards [4]. A local study in one of the orchard hotspots in southern Hesse by [87]
demonstrated that the diversity and number of protected bird species increase with the size
and connectivity of orchards, emphasising the conservation priority for such landscape
features. Similarly, a study by [88], which compared 30 traditional orchards, found that
the effects of habitat isolation can be more important than habitat amount in traditional
orchards, with these effects likely being specific to different species groups. Furthermore,
the links between orchard size, isolation, and species traits are still underexplored [4].
Given these challenges, multitemporal spatial data sets on traditional orchards, which
can also provide insights into orchard age and historical fragmentation, are essential for a
wide range of applications, from basic ecological research to the computation of ecosystem
services and environmental planning.

While using manual image interpretation to produce maps of traditional orchards is
highly accurate, it is also labour-intensive and costly, highlighting the need for automa-
tised approaches. In this context, novel methods from the field of Artificial Intelligence
(AI) could play a transformative role. Deep Learning approaches have already been suc-
cessfully applied to vegetation mapping [89–91], including the classification of historical
imagery [92] and the identification of individual tree canopies [93]. AI models that leverage
information from existing, general databases (e.g., [91]), as well as specific reference data
on orchards (e.g., [3]) and similar landscape elements such as small woody features [85]
from public sources, could enable high-resolution orchard mapping across broad spatial ex-
tents. Additionally, these models could enhance the transferability of mapping techniques
between regions or states, as traditional orchards are not only diverse landscape features
by themselves, but also occur within landscapes of varying complexity [16].

Beyond quantitative parameters, there is also a notable lack of data on orchard qual-
ity [3]. This includes spatial information on the number and area of individual trees [3],
shrub encroachment, and succession towards forests [3,7,24]. Recent advances in deriv-
ing parameters on ecosystem structure from 3D remote sensing data [94] could facilitate
the mapping of quality indicators for traditional orchards. For example, the increasing
availability of airborne laser scanning (LiDAR) data allows for multitemporal analyses of
tree dimensions, ground vegetation growth, and developments towards forest-type vege-
tation [32]. Therefore, in line with the recently published strategic dialogue on the future
of EU agriculture [20], we advocate for the adoption of novel technologies to support the
analysis of dynamics of complex landscape features and traditional agroforestry systems
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such as traditional orchards, promoting landscape monitoring and management in the
context of agricultural policies, compensation measures, and nature conservation.

5. Conclusions

Traditional agroforestry systems in Central Europe, such as orchard meadows, are
in decline, and the state of Hesse is no exception. Local annual loss rates are high, and
major losses occur near hotspots, but both patterns and drivers vary locally and regionally.
Orchards in the traditional hotspot region in the South are characterised by distinctive
topographical, ecological, and socioeconomic attributes compared to the rest of the state, but
the importance of these attributes changes over time. Newly established orchards are often
situated at higher elevations and on steeper slopes, while historically old orchards were
located closer to settlements, highways, and neighbouring orchards, and were characterised
by comparably larger areas and higher complexity. The most important drivers of loss
were expansions of Artificial Areas, Residential Buildings, and Agricultural Land, while,
locally, conversions into Forests or Woody Features also occurred. Comparisons to other
study areas are helpful but limited due to the unavailability of spatial data. Therefore,
we emphasise the necessity of high-resolution, multitemporal maps of these complex and
biodiverse landscape features to enable evaluation of the severity of orchard loss and
to facilitate the monitoring of the condition of traditional orchards in terms of quantity
and quality. Continuous and long-term geospatial data on traditional orchards could also
provide information on orchard age and the dynamics of orchard fragmentation, serving
as backbone data for basic ecological research, calculations of ecosystem services, and
environmental planning. Recent advances in geospatial technology and analysis have
the promising but untapped potential to simplify the retrieval of orchard maps including
quality indicators over broad spatio-temporal extents in support of agroecological schemes.
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