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Intact forests contribute to the ecosystem functionality of landscapes by storing and

sequestering carbon, buffering and cooling the microclimate, and providing a range

of related ecosystem functions. Forest fragmentation not only poses a threat to many

organisms but also reduces the resistance and resilience of the ecosystem, which

is especially relevant to the ongoing climate crisis. The effects of recent extreme

heat years on forests in Germany have not been studied in detail for the influence of

fragmentation. We investigate the relation of forest fragmentation with temperature

and vitality in Germany per ecoregion at the canopy level using satellite imagery at

1-km and 30-m resolution. We compiled and correlated forest maps for connectivity

based on Thiessen polygons, canopy temperatures on the hottest days based on land

surface temperature, and forest vitality based on the maximum normalized difference

vegetation index per growing season. We differentiated between ecoregions and

main forest types. In 2022, larger intact tree-covered areas that are less fragmented

have relatively low temperatures on hot days and higher overall vitality. Nearly 98% of

the almost 1.95 million forest fragments at 30-m resolution in Germany are smaller

than 1 km2, which cover nearly 30% of the total forest area. To counteract the

forest crisis, forest and landscape management should aim to reduce fragmentation

and maintain tree biomass and forest cover in the landscape. Increasing the size

of continuous forest fragments contributes to ecosystem-based adaptation to

climate change.

KEYWORDS

land surface temperature (LST), normalized difference vegetation index (NDVI), Thiessen
connectivity, forest fragmentation, forest cover

1. Introduction

Land use and infrastructure increasingly fragment naturally continuous ecosystems into
several smaller fragments more or less isolated from each other (Riitters, 2007; Ibisch et al., 2016).
While large unfragmented forest landscapes are considered some of the most vital ecosystems
in the world that provide crucial benefits to numerous species (Minnemeyer and Potapov,
2017), fragmentation is a key driver for the loss of ecosystem integrity (Rogers et al., 2022).
Large intact forests are the greatest sinks of atmospheric carbon and store disproportionately
higher amounts of carbon than fragmented forests, making them an important natural solution
in any climate change mitigation and adaptation solution (Potapov et al., 2017; Moomaw
et al., 2019). In addition, risks of diminished biodiversity and local extinctions are higher with
increasing fragmentation of intact forest landscapes (Betts et al., 2017). Forest fragmentation
results in the expansion of forest edges, exposing the forest fragments to higher anthropogenic
disturbances (Vieilledent et al., 2018). Higher fragmented and more isolated forest fragments
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tend to advance changes in local climatic conditions, leading to
drier, hotter, and increasingly volatile microclimate (Laurance et al.,
2002; Briant et al., 2010; Tuff et al., 2016). Nevertheless, small
forest fragments and green canopy cover adjacent to the highly
modified anthropogenic landscape also provide substantial benefits
for regulating the microclimate (Aalto et al., 2022). However, such
effects are more pronounced in large intact forests (Gohr et al., 2021).

The long-term history of forest fragmentation in Central Europe
has led to a mosaicked landscape that consists of agricultural lands
with scattered fragments of temperate forests. In Central Europe,
nearly 40% of the current forested area is located closer than 100-m
from the forest edge including the largest continuous mountain
forests (Estreguil et al., 2013). Penetration of drought stress and wind
into a forest can be measured until several hundred meters from the
forest edge, leading to alterations in the forest microclimate and an
increase in tree mortality (Laurance et al., 2011). Forest microclimatic
changes have been reported at tens to hundreds of meters from the
forest edge (Harper et al., 2005; Tuff et al., 2016). This could possibly
be one reason for the increased damage due to forest fires every year
(Armenteras et al., 2013; Driscoll et al., 2021). The carbon loss that
is associated with the edge effects caused by forest fragmentation
is another recently recognized factor associated with fragmentation
(Silva Junior et al., 2020).

This study refers to all the forest patches as forest fragments
irrespective of their size. Smaller forest fragments are largely
influenced by the effects of their surrounding edges, and only
larger forest fragments with a substantial proportion of interior
area can buffer from environmental and biotic changes associated
with the edge. The forest edge effect is the outcome of many
interacting environmental effects. There are both physio-chemical
and biotic impacts from the surroundings on the forest ecosystem.
Microclimatic and mesoclimatic impacts are of special relevance for
forest vitality as heat and drought stresses have increased over the
past decades and are expected to rise substantially in the near future
(Jacob et al., 2018). Extreme heat events are more likely to occur with
ongoing climate change and contribute to water stress and drought,
especially for forest ecosystems (Fisher et al., 2017). In Germany, we
speak of a forest crisis based on the severe forest damage in recent
years due to droughts, heat waves, pests (especially the bark beetle
outbreak in 2018), and mismanagement (Lindner et al., 2014; Schuldt
et al., 2020; Blumröder et al., 2021; Ibisch, 2022; Thonfeld et al., 2022).
Healthy forests can contribute to landscape cooling, especially on hot
days and during heat waves (Gohr et al., 2021).

Although there is a wealth of knowledge on how fragmentation
affects temperature and forest vitality in tropical forests (Taubert
et al., 2018; Silva Junior et al., 2020), very little research has linked
the patterns of fragmentation with temperature and forest vitality
altogether in temperate forests, such as forests in Germany. The
characteristic features of temperate and tropical forests are inherently
different; hence, it is important to understand these linkages specific
to temperate forests to develop region or biome-specific forest
management strategies. Therefore, it is imperative to understand
these effects in temperate forests also. This study aims to expand the
current knowledge about the relationship between forest fragments,
their sizes, and the associated variations in temperature and forest
vitality in Germany. In particular, we addressed the following
questions:

(1) Is forest fragmentation associated with spatial variations in
landscape temperature and forest vitality?

(2) Are the thermal gradients and variations in forest vitality inside
forest fragments influenced by the size and degree of isolation of
the forest fragments?

The information obtained in this study provides input to both
forest management and landscape planning striving for ecosystem
resilience and an ecosystem-based adaptation to climate change.
Existing monitoring apps such as the European Forest Condition
Monitor (Buras et al., 2021) or the Waldmonitor (Welle et al.,
2022) focus on vegetation vitality. Extending this monitoring with
analyses of forest fragmentation can contribute to the understanding
of forest vulnerability. This study provides evidence-based arguments
for reducing forest fragmentation in intensively managed landscapes.

2. Materials and methods

We quantified the relation of forest fragmentation with land
surface temperature and forest vitality in Germany per ecoregion
at the canopy level using a four-step methodological approach: (i)
compilation of annual national forest cover for the year 2022 as well
as temperature and vegetation vitality data; (ii) preliminary treatment
of all datasets, including standardization of spatial resolution and
calculation of annual averages of the hottest days and the maximum
vitality within the growing season; (iii) conversion of the forest
dataset into a presence–absence forest cover map and calculation of
the degree of fragmentation; and (iv) analysis of the relation between
forest fragmentation, temperature, and forest vitality using zonal
statistics and bivariate choropleth mapping per ecoregion and per
forest type. Dataset preprocessing was performed in the code editor
of the Google Earth Engine. Post-processing and visualizations were
prepared with ArcGIS 10.7 and RStudio version 4.0.3.

2.1. Ecoregions of Germany

To account for the influence of regional characteristics, such
as altitude and plant communities, we based our analysis on nine
defined ecoregions in Germany (Olson et al., 2001; Bundesamt für
Naturschutz [BfN], 2017; Figure 1). The justification of ecoregions as
a conglomerate of similar geographical and biological characteristics
in terms of the assemblage of species is considered proven (Smith J. R.
et al., 2018). The influence of altitudinal effects is represented in the
segmentation of the ecoregions in Germany. Hence, we consider the
investigation of fragmentation patterns within the ecoregion borders
appropriate. Since the two northernmost ecoregions in Germany, the
Baltic Sea ecoregion and the North Sea ecoregion, exhibit little forest
cover, they were excluded from the analysis.

2.2. Forest cover and forest types

We created a forest cover map of Germany at a 30-m resolution
for 2022 from the Global Tree Cover 2000 dataset, using a canopy
cover threshold of 50%, by subtracting the tree cover loss from 2001
to 2021 (Hansen et al., 2013). We did not account for forest cover
gain since no reliable data are available to date. The dataset is derived
from the Landsat 7ETM + data, and forest cover is characterized
as any vegetation taller than 5 m in height (Hansen et al., 2013).
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FIGURE 1

Map of Germany categorized by seven ecoregions (left, Bundesamt für Naturschutz [BfN], 2017). The Baltic Sea and North Sea with low forest cover
shares are excluded from the original dataset. Forest cover (green) is based on the Global Forest Change dataset (Hansen et al., 2013) with forest areas of
2021 (defined per pixel as more than 50% forest coverage based on Hansen et al., 2013). An example region of a forest-covered area with corresponding
Thiessen polygons and corresponding connectivity values in the range of 0–1 is shown on the right.

This threshold is based on the ability to distinguish tall woody
vegetation in multispectral imagery, particularly those present in
global-scale earth observation systems such as Landsat and MODIS
(Hansen et al., 2010). Despite being criticized for not differentiating
native and planted forests, these high-resolution maps are suitable for
capturing biophysical features that depend on forest cover across the
globe (Tropek et al., 2014). The resulting forest coverage of 27.9%
for Germany in 2022 (Supplementary Table 1) differs from the
official statistics. The official statistics, with a forest coverage for 2021
of 31.9% (Bundesministerium für Ernährung und Landwirtschaft
[BMBL], 2022), include “legal forest” areas without actual tree cover
and do not include some woodlands or tree coverage in urban
areas. In comparison, in this study, only forest with measurable tree
cover is considered and the relatively small forest patches on small
islands and at the coastline of the Baltic Sea and the North Sea
ecoregions are omitted, which leads to the smaller area of total forest
coverage.

We created a forest type map of Germany at 30-m resolution
from the latest available CORINE Land Cover product of
2018 at 100-m by first reclassifying the dataset into three

forest type classes, namely, broad-leaved, coniferous, and
other forests, and secondly reprojecting, resampling (to 30-m),
and masking the dataset to the compiled forest cover map at
30-m resolution.

2.3. Forest fragmentation

Thiessen polygon connectivity (refer to, e.g., Ibisch et al.,
2016; Mehdipour et al., 2019; Wu et al., 2019) of the forest
fragments was used as a proxy to estimate forest fragmentation. The
measure combines both fragment size and isolatedness from other
forest fragments and is a unitless value ranging between 0 (high
fragmentation) and 1 (low fragmentation). It is defined as the ratio
between the size of a forest fragment and its surrounding Thiessen
polygon. A Thiessen (or Voronoi) polygon describes the area around
a sample point/area where any position taken from inside the polygon
is closer to the sample point/area than to any of the other sample
points/areas. The greater the value of Thiessen connectivity, the
closer the neighboring forest fragments are and hence the lower the
fragmentation.
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The forest cover raster dataset of Germany for 2022 was
converted to forest polygons using the centroid method, and
one point per forest polygon was generated. Thereafter, Thiessen
polygons were created, and Thiessen polygon connectivity values
were computed per forest polygon (refer to Figure 1). Using these
connectivity values based on the forest cover of Germany for 2022,
we generated a forest fragmentation map at 30-m resolution.

2.4. Forest temperature

Extreme heat events are more likely to occur with ongoing
climate change and contribute to water stress and drought, especially
for forest ecosystems (Fisher et al., 2017). In the temperate biome,
healthy forests can contribute to landscape cooling (Gohr et al.,
2021). At the same time, the forests are heavily impacted by natural
and anthropogenic disturbances. The radiative skin temperature
of the land surface is the driving force in the exchange of long-
wave radiation and turbulent heat fluxes at the surface–atmosphere
interface (Li et al., 2013) and has presented valuable results in
several sensible heat flux models (Zhan et al., 1996). Land surface
temperature closely resembles air temperature trends when analyzing
the effects of forest cover on local temperature even at different
latitudinal zones (Li et al., 2016) as even with the heat effect of land
surface during the day, there is a heat exchange between air and land
surfaces (Jin and Dickinson, 2010; Mildrexler et al., 2011). Therefore,
the land surface temperature dataset of Germany qualifies for the
assessments of forest canopy temperature and is based on the MODIS
Aqua MYD11A1 dataset at 1-km spatial resolution, captured every
day at ∼1.30 pm Central European Time (CET). The temperature is
measured from the radiation intensity in the infrared range (bands
31 and 32 with 10.8–12.3 µm) (Wan et al., 2015). To create a dataset
with the per pixel mean temperature of the hottest days in 2022
from January until October, each day was signatured with the mean
temperature of Germany and subsequently the resulting 124 days that
exceed 30◦C were selected (Supplementary Table 1, refer to Gohr
et al., 2021). This way, we generated a map of the mean temperature
on the hottest days in German forests for 2022, the warmest year since
records began (Deutscher Wetterdienst [DWD], 2022; together with
2019, the summer of 2022 was the third warmest summer since 1881;
Imbery et al., 2022). The same procedure was applied to generate
means of the temperature on the hottest days for the years 2013–2022
in respect to ecoregions (Supplementary Figure 1).

2.5. Forest vitality

The normalized difference vegetation index (NDVI) is a measure
of photosynthetic activity and is commonly used as a proxy for
vegetation stress and water balance and therefore indicates vegetation
vitality (Lambert et al., 2013; Chakraborty et al., 2022). Furthermore,
the NDVI can serve as an explanatory variable for the effects of
temperature changes on forest cover (Weng et al., 2004; Deng et al.,
2018). The NDVI dataset of Germany is based on the MODIS Aqua
MYD13A2 dataset of 16-day composites at 1-km spatial resolution.
The composite is preprocessed from MODIS imagery using the near-
infrared and visible spectra, is captured every day at ∼1.30 pm
CET, and is completed by selecting the best pixel with low clouds,
a low view angle, and the highest NDVI (Didan, 2015). For the

growing season from May to September, this results in 10 images
covering Germany in 2022. We created a map of forest vitality for
Germany in 2022 using the maximum value of the growing season.
The maximum value per pixel was selected to acknowledge different
peaks of “greenness” for different vegetation for the tree-covered
areas in 2022. The minimum value was not considered since the
influence of fragmentation on healthy forests was the main objective.
Minimum values have a diverse range of potential reasons such as
outbreaks of pests and diseases, water stress, or other environmental
factors. If only the maximum values are taken into account, the loss
of vitality may be somewhat underestimated, but this error does
not affect the regional assessment of spatial patterns (or temporal
changes) substantially. The same procedure was applied to generate
means of the greenest NDVI for the years 2013–2022 with respect to
forest types and ecoregions (Supplementary Figures 2, 3).

2.6. Analysis

We reclassified the forest fragments into three different categories
based on fragment size, that is, small (below 1 km2), medium
(between 1 and 5 km2), and large (larger than 5 km2). We resampled
the preprocessed temperature and NDVI datasets to 30-m spatial
resolution. We extracted the raster datasets using the forest cover
mask to prepare temperature, NDVI, Thiessen connectivity, and
forest type data for forest cover in Germany. In order to study
the spatial relationship between fragmentation, temperature, and
forest vitality across different ecoregions in Germany, we prepared
bivariate choropleth maps that spatially represent the variation in
one variable with respect to another. In addition, we computed
statistical information per forest fragment size per ecoregion for
Thiessen connectivity, temperature, and vitality, respectively, using
the zonal statistics tool in ArcMap 10.7. For a time series of changes
in maximum vitality per growing season and changes in the mean
temperature on the hottest days, we used a similar approach. For
each year from 2013 to 2022 and each ecoregion, we extracted the
mean and standard deviation of the temperature and vitality dataset
in the corresponding forested areas (by subtracting forest loss of
previous years).

3. Results

Conditions regarding fragmentation, temperature, and vitality in
the tree-covered areas vary widely across Germany. Larger intact tree-
covered areas that are less fragmented (e.g., parts of the Black Forest
in the Southwest, Figure 2A) exhibit relatively low temperatures on
hot days (Figure 2B) and higher vitality (Figure 2C). Populated areas
with low forest coverage and higher fragmentation (e.g., parts of
Northwest Germany) feature higher temperatures on hot days and
lower vitality in the often very small forest fragments.

3.1. Fragmentation, temperature, and
vitality

The current forest distribution in Germany is the result of a long
history of anthropogenic land use (Kaplan et al., 2009). The current
forest cover in Germany accounts for approximately 9.9 million
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FIGURE 2

Characteristics of tree-covered areas in Germany 2022 across the terrestrial ecoregions in terms of (A) forest fragmentation (Thiessen connectivity), (B)
land surface temperature [land surface temperature (LST); MODIS Aqua MYD11A1] indicated as the per pixel mean of hot days (≥30◦C) in 2022, and (C)
forest vitality (NDVI; MODIS Aqua MYD13A2) indicated as the maximum value of the growing season May–September.

hectares with our study approach [official statistics state 11.4 million
hectares (Bundesministerium für Ernährung und Landwirtschaft
[BMBL], 2022)] and, at a 30-m resolution, is fragmented into nearly
1.95 million small forest fragments out of which 1.92 million are
smaller than 1 km2 and only around 2,000 forest fragments are larger
than 5 km2 with a maximum size of 3,800 km2.

With respect to distribution within different ecoregions, 68%
(Alps) to 16% (Northwest Lowlands) of Germany is covered by
forest (Supplementary Table 1). In terms of total area covered by
forests, the West Uplands have the highest forest share of 21,960 km2.
A higher value of Thiessen connectivity (closer to 1) indicates higher
connectedness of forest fragments and hence less fragmentation. We
analyzed the median of Thiessen connectivity values over all the
forest fragments in different size classes, and the results indicate that
large forest fragments have higher values of Thiessen connectivity
in all the ecoregions ranging from 0.75 to 0.87 (Supplementary
Table 2), while this range is only 0.58–0.70 in medium-sized forest
fragments and 0.31–0.51 in the small-sized forest fragments. When
comparing Thiessen connectivity across different ecoregions, forest
fragments in all the size classes have the highest values in the Alps.
Thiessen connectivity across different forest sizes in all the ecoregions
is higher in the large-sized forest fragments than small-sized forests
by a magnitude of 0.35–0.49, while this value for large- to medium-
and medium- to small-sized fragment comparison lies in the range
of 0.13–0.27. The median of Thiessen connectivity values across the
ecoregions is high when grouping the values per fragment size.

The 2022 hottest day median temperatures of forests with
large fragments were lower compared to small fragments in all
the ecoregions by 1.29◦C in the Alps to as large as 3.28◦C in the
Southwest Uplands (Supplementary Table 2). When comparing
medium-sized forest fragments with large fragments within these
two ecoregions, this difference is between 0.8 and 2.46◦C. When
comparing small- and medium-sized forest fragments, the difference
in temperature ranges between 0.46 and 0.82◦C. The highest variation

in temperatures between the different-sized forest fragments
was found in the Southwest Uplands. The effect of decreasing
temperatures with higher elevation is depicted by the ecoregions
since the elevation is one classification variable of ecoregions. This
pattern was validated on a pixel basis throughout Germany (refer
to Supplementary Figure 4). The total of hot days in 2022 varied
per ecoregion. In the Alps, 24 days above 30◦C were registered, in
comparison with the Southwest Highlands 107 days above 30◦C in
2022 (full list refer to Supplementary Table 1).

The median vitality values, compiled as medians of the maximum
NDVI of the growing season in 2022 in Germany, are generally lower
in smaller forest fragments and higher in larger forest fragments
(Figure 3 and Supplementary Table 2). Since the areas are not
discriminated by forest type (Supplementary Figures 3, 5, 6), a more
generalized pattern can be observed. The highest vitality is found
in the largest fragments of the Alps, the Western Uplands, and the
Southwest Uplands. Vitality values below 0.8 are only observed in the
smallest fragments of the Southwest Uplands, and the Northeast and
Northwest Lowlands.

Small forest fragments correspond to low connectivity, low
vitality, and higher temperatures throughout all ecoregions and their
respective altitudinal ranges when looking at the scaled medians
across Germany in 2022 (Figure 3 and Supplementary Table 2). The
uncertainty (under- or overestimation due to mixed pixel effect) of
values in small fragments below 1 km is high since the temperature
and forest vitality are originally captured at 1-km spatial resolution.
Nevertheless, there are regional specifics for the temperature and
forest vitality. The highest temperatures were observed in the small
fragments of the Southwest Uplands, and the lowest temperatures
could be found in the largest fragments of the Alps. In the small
fragments of the Northeast and Northwest Lowlands, the lowest
vitality was observed. The highest vitality was registered in the largest
fragments of the Alps and the Western Uplands.
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FIGURE 3

Scaled median (median per indicator for tree-covered areas in Germany 2022 divided by the standard deviation) per ecoregion with respect to different
forest fragment sizes (<1 km2, 1–5 km2, and >5 km2). The indicators are Thiessen connectivity for forest-covered areas in Germany in 2022 (blue), land
surface temperature [land surface temperature (LST); MODIS Aqua MYD11A1] based on the mean of the hottest days in 2022 (red), and the NDVI (MODIS
Aqua MYD13A2) based on the maximum value of the growing season 2022 (green). Altitudinal ranges per ecoregion are depicted below the headings.
The coverage of each fragment size group is depicted above the X-axis in km2.

3.2. Spatial variations in fragmentation,
temperature, and forest vitality

The bivariate choropleth maps between Thiessen connectivity
and land surface temperature (Figure 4A) and Thiessen connectivity
and forest vitality (NDVI) (Figure 4B) depict how the studied proxy
indicators vary in geographical space with respect to each other. Cyan
and magenta color tones on the map indicate a positive association
between the two variables, while blue and red color tones indicate
a negative association. For instance, the spatial variation between
the high connectivity of tree-covered areas in Germany in 2022
and respective low temperatures can be observed in larger, better-
connected forest areas (Figure 4A, blue areas). This relationship
is not only true for large forest landscapes (e.g., part of the Black
Forest or the Alps) but can also be found in areas with smaller forest
fragments (e.g., Schorfheide in the Northeast Lowlands). Similar
patterns can be found between the high connectivity of tree-covered
areas and a high vitality (Figure 4B, magenta areas). However,
the spatial pattern is more scattered. Especially the Northeast
Lowlands show higher connectivity with a lower vitality signal. In
the higher altitudes (e.g., the Alps), temperatures are low when
the connectivity is high, but only some areas show a high vitality
with high connectivity, while other areas show reduced connectivity

and vitality (Figure 4B, Alps ecoregion magenta and green areas).
When comparing the bivariate choropleth maps for broad-leaved
and coniferous forest types (Supplementary Figures 5, 6), there is
a clear indication that broad-leaved forests in Northern and Eastern
Germany, representing the natural vegetation, have been severely
degraded and fragmented in the past. Coniferous plantations seem
to benefit from larger forest blocks and higher connectivity, having a
higher NDVI such as the northern Black Forest in the Southwest of
Germany.

The range of variations taking into account all the forest
fragments per ecoregion can be observed in the scaled data ranges
of the connectivity in tree-covered areas in their relation to hot
day temperatures and maximum vitality (Figure 5). Forest in the
Alps is relatively less fragmented than in other ecoregions, is cooler,
and has the highest forest vitality. The Lowlands show the lowest
median connectivity and lowest vitality, while having similar median
temperatures as the Uplands. The highest median temperature is
recorded in the Southwest Uplands. In the Western and Eastern
Uplands and the Prealps, slightly higher connectivity is accompanied
by lower temperatures and higher vitality. When investigating the
distribution of Thiessen connectivity per ecoregion regardless of
fragment groups, the connectivity is much lower (Figure 5), the
reason being that all the ecoregions are dominated by the presence
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FIGURE 4

Bivariate maps of tree-covered areas in Germany in 2022 and the relation between the degree of fragmentation with temperatures and vegetation
vitality. (A) Thiessen connectivity and land surface temperature of hot days in 2022. (B) Thiessen connectivity and the maximum NDVI per growing
season in 2022.

of forest fragments smaller than 1 km2. Hence, lower overall
connectivity values are evident.

4. Discussion

In the studied year 2022, forest fragmentation clearly impacted
local temperatures on hot days and forest vitality. Here, we show
that these effects vary by ecoregion and we discuss implications for
landscape and forest management.

4.1. Regional implications of
fragmentation on forest temperature and
vitality

Independent of the ecoregion, larger fragments of tree-covered
areas show the highest connectivity, the lowest temperatures, and
the highest vitality. Lower values of Thiessen connectivity in all
ecoregions result from the dominance of small-sized forest fragments
indicating a great degree of fragmentation. The area with the
least fragmented forest in Germany are the Alps (highest Thiessen
connectivity with a median of 0.38 as compared to the maximum
value of 1). In comparison with the other ecoregions, this area is
less urbanized due to its topography, and therefore, the effects of

fragmentation through infrastructure (Ibisch et al., 2016) or cities are
less severe. The overall high forest vitality in the Alps ecoregion is
congruent with other studies that measured a growing biomass stock
and an expanding forest-covered area, despite intensified natural and
human-induced disturbances (Bebi et al., 2017). The Alps are the
smallest of all ecoregions with 7,796 data points of the tree-covered
areas observed. The high elevation and terrain with steep slopes are
most likely a reason for the diverse range of temperature values from
low to high. Even though fewer hot days in the year 2022 for the
Alps ecoregion were detected, the Alps are also threatened by climate
change and more frequent temperature extremes (Seidl et al., 2011;
Gobiet et al., 2014). A larger forest cover in mountainous regions
can help retain permanent snow cover longer than non-tree-covered
areas (Hesslerová et al., 2018).

The Prealps are characterized by the highest altitudinal range of
all ecoregions from 299- to 1,468-m elevation (refer to Figure 3). As a
consequence of more intensive land use, the tree-covered areas in the
Prealps are less connected and less vital as compared to the Alps, and
the land surface temperature median is ca. 5◦C higher than in the
Alps. The foothills of the Alps are also impacted by climate change
(e.g., Thrippleton et al., 2020).

The Southwest Uplands are the ecoregion in Germany with the
highest measured temperatures of forest canopies in 2022. Therefore,
the forest is rarely connected (Thiessen connectivity median 0.18)
with a medium vitality (median NDVI 0.79) and high temperatures
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FIGURE 5

Boxplots of connectivity, temperature, and vitality for tree-covered
areas in Germany 2022 per ecoregion including all values regardless
of the size of a fragment. The median of each dataset per boxplot is
depicted as a bold horizontal line, the line above represents the upper
quartile of which 75% of the values fall below and the line below the
median represents the lower quartile with 25% of the values below.
(A) Thiessen connectivity for forest-covered areas in Germany as of
2022. (B) Land surface temperature (LST) based on the mean of the
hottest days in 2022. (C) Vitality (NDVI) based on the maximum value
of the growing season in 2022 (for better readability, outliers below
0.6 are not depicted). The count of data points per ecoregion is
depicted above the X-axis.

(median of 28.7◦C is 7◦C hotter than in the Alps). It is in fact the
hottest region in Germany in terms of regional climate and is highly
populated. In this ecoregion, there are a few highly connected forests

such as the Black Forest in the south-westernmost part but mostly
areas with low connectivity and smaller forest fragments. A small-
scale study in the area, investigating Scots pine forest edges using
dendroecological investigations and close-range remote sensing,
found that these forest edges are more vulnerable to drought, showing
increased mortality rates and lower tree vitality (Buras et al., 2018).
A study conducted in Switzerland using thermal imaging found that
the resilience to the drought of broad-leaved forests varies by species
(Scherrer et al., 2011). Lower vitality values with a median of 0.71 for
the year 2022 can be related to the spruce forest dieback, which is the
dominant tree type in the ecoregion. Still, coniferous forests in dense
stands seem to benefit from higher connectivity and show higher
vitality, especially in the Black Forest (Supplementary Figures 3, 5,
6). Larger broad-leaved dominated forest areas in the northern part
of the ecoregion, such as the Spessart, Steigerwald, or Ebrach forests,
show relatively high vitality (Supplementary Figure 5).

The Eastern Uplands share a similar value of low connectivity
(median 0.18) as the Southwest Uplands but a higher vitality (median
0.81) and 2◦C lower temperatures. A strong temperature decline,
vitality, and connectivity increase from medium to large forest
fragments and can be associated with less intensively managed
forests. In the Bavarian forest region, the mainly coniferous forest is
relatively vital and connected (Figure 4). However, the vegetation is
under stress due to climate-related bark beetle outbreaks of spruce
before 2012 (Lausch et al., 2013a,b). The same is true for the
Erzgebirge with deforestation due to a recent bark beetle outbreak
(Gdulová et al., 2021). The Thuringian Forest still can be recognized
as a relatively well-connected area with relatively low temperatures
and higher vitality, despite Norway spruce being the main tree species
(Thiel et al., 2006). But for some years, it already suffers from heavy
storms and bark beetle outbreaks, and it is most likely, that in this
area, the effects of climate change will become more frequent, such
as a rise in temperatures, more frequent temperature extremes, and a
decreased water supply during the growing season (Frischbier et al.,
2014).

The Western Uplands are characterized by slightly higher overall
connectivity than the Eastern and Southwest Uplands but show
higher temperatures and not notably higher vitality (Figure 5A).
A high connectivity and high vitality are visible in the Palatinate
Forest (Pfälzerwald), on the southern edge of the ecoregion. In
general, the vitality is higher than in the other Uplands, especially,
because of the relatively high share of broad-leaf forests with a
higher vitality range per se (Supplementary Figure 3). At the same
time, the ecoregion is dominated by large coniferous plantations
and experienced strong Norway spruce dieback in the last years.
The Western Uplands are one of the formerly largest forest regions
in Western Germany, including the Sauerland, Bergisches Land,
Siegerland, and Harz mountains. After years of massive dieback and
salvage logging, the remaining forests are in relatively poor condition,
fragmented, and with reduced vitality (Popkin, 2021).

In the Northeast Lowlands and the Northwest Lowlands, the
small size forest fragments show the lowest connectivity. Even in
larger forest fragments with higher connectivity detected, the vitality
values are low. This is due to a large number of coniferous plantations
in both ecoregions (Supplementary Figure 6). Many Scots pine
plantations do not seem to benefit from the generally somewhat lower
temperatures in the north. They are often well-connected, but this
does not translate into a better vitality signature. In general, there
seems to be a gradient toward higher vitality in the north, possibly
due to the buffering impact of the sea with its maritime climate, a

Frontiers in Forests and Global Change 08 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1099460
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1099460 January 16, 2023 Time: 14:27 # 9

Mann et al. 10.3389/ffgc.2023.1099460

higher precipitation potential, and a lower drought potential than in
the south of Germany (Zink et al., 2016). This effect of continentality
is reflected to some extent by the ecoregions. The median connectivity
of 0.09 and median vitality of 0.76 are the lowest of all ecoregions
in the Northwest Lowlands and therefore can be attested to the
less connected forest cover of all ecoregions. The fragmented
landscape leads to low connectivity and higher temperatures, and
the coniferous plantations (according to ground-truthing) have low
vitality. These effects are repercussions, especially of the extreme
years from 2018 onward, and consequent bark beetle outbreaks (refer
to Supplementary Figure 2). Interestingly, the largest beech forest in
Northern Germany, the Elm, lies within the Northwest Lowlands and
shows relatively high Thiessen connectivity values with high vitality
and low temperatures (refer to Supplementary Figures 5, 7).

4.2. Effects of fragmentation

Independent of the ecoregion, larger fragments of tree-covered
areas show the highest connectivity, the lowest temperatures, and the
highest vitality (Figure 3). The cooling functions of forest fragments
increase with higher connectivity. This cooling effect was also
observed in a study on reforestation (Huang et al., 2022). Our results
regarding the correlation between high connectivity and increasing
forest vitality, based on the NDVI in the temperate forest realm,
correspond to other studies with similar results. Others used the
NDVI, and for connectivity “vegetation continuous fields,” and found
that higher connectivity in protected areas correlates to high NDVI
values (Sun et al., 2021). Other factors influencing the NDVI that are
not covered in this study would be local and regional characteristics
such as climate, soil moisture, dominant tree species, and the degree
of disturbance.

This study focuses on regional assessments and could not
scrutinize the effects of fragmentation through skidding trails and
small-scale edge effects. These patterns potentially increase the
fragmentation impacts and most likely have additional effects on
the local forest temperature and vitality (Buckley et al., 2003; Sufo
Kankeu et al., 2016; Shirvani et al., 2020). The characteristics of
native and planted forests in Germany were not covered in this
study. To date, no comprehensive and explicit spatial information
on the native and planted forests is available, neither for the globe
(Grantham et al., 2020) nor for Germany. It is also important to
note that in some areas, the NDVI and Thiessen connectivity are not
necessarily positively correlated. There are definitely other relevant
effects such as the type of forests. For example, in the Scots pine
forests of northeastern Germany, relatively low vitality is observed
despite high connectivity. However, especially these forests represent
mostly planted even-aged monocultures with low structural diversity,
relatively open canopies, and many timber extraction roads and trails.
Our analysis could not take into account that there is also internal
forest fragmentation, which contributes to the vulnerability of the
ecosystem in the form of forest roads and skid trails as there are
currently no data available. The situation in Germany is currently
worsening because the infrastructure for the expansion of renewable
energy production is pushing into the forest. Here, wide permanent
access roads and openings for wind turbines increase the forest edges
and the edge effects in the midst of the forest.

To promote the protection of remaining old-growth broad-leaved
forests, UNESCO recognized some old temperate forests in Europe as
natural heritage, which are component parts of the serial UNESCO

transnational property “Ancient and Primeval Beech Forests of the
Carpathians and Other Regions of Europe” (Voloscuk et al., 2013;
Ibisch et al., 2017; Jovanović et al., 2019; UNESCO, 2022). In
Germany, the Hainich National Park, Kellerwald-Edersee National
Park, Serrahn Forest, and the Grumsin Forest are part of this property
and show relatively high connectivity, especially in the core zones,
despite being of relatively small size. These areas are highly important
not only in terms of being a heritage site but also as a cooling factor
in the landscape, a remnant habitat, and are of recreational value for
humans.

4.3. Recommendations for landscape and
forest management

Forest vitality and functionality are not only impacted by
climate change and natural disturbances but also by silvicultural
management. The management attempts of the last decades to
protect forests in Europe did not mitigate climate warming (Naudts
et al., 2016) but even led to increased temperatures within forests
(Blumröder et al., 2021). Effective ecosystem management must allow
ecosystems to mature through the growth of biomass, information,
and network and to maintain or enhance working capacity in the
best possible way. The production and storage of biomass and
biogenic free energy in the ecosystem—including dead wood, humus,
or organic molecules in mineral soil—are the physical basis of all
possible natural ecological processes in the ecosystem. Linking to
the development of biophysical capacity is also an increase in the
ecohydrological capacity of forest ecosystems. The conservation of
“green water” stored and mobilized by ecosystems (Ellison et al.,
2017; Sheil, 2018; Te Wierik et al., 2021) and microclimatic regulation
(Blumröder et al., 2021, 2022) deserve the highest priority in
management (Ibisch, 2022). To mitigate hot temperature extremes
in European forests, the increase in the broad-leaved tree fraction
is a necessary measure (Schwaab et al., 2020). German forests
are already highly fragmented. In some forest-poor regions, it is
recommended to increase tree and forest cover to buffer temperatures
and contribute to forest vitality (Gohr et al., 2021). The regulating
function of connected forests within the water, energy, and carbon
cycles is more needed than ever (Ellison et al., 2017) since highly
fragmented forests with more forest edges provoke more carbon loss
(Smith et al., 2018).

Remote sensing and especially new datasets like the dominant
tree species of German forests (Welle et al., 2022) will support
monitoring fragmentation as seen in other countries (Kupfer, 2006).
It is an urgent task for the state rapporteurs of the federal states
and the federal ministries responsible for forests to ensure that
forest fragmentation is included in the forest status reports and the
corresponding analyses of forest health.

Fragmentation is caused by infrastructure expansion and land
use changes but also by (past) forest management: When plantations
collapse by massive tree dieback, they are often salvage-logged. The
regeneration capacity decreases under climate change and potentially
these areas are then converted into open lands. It is inevitable that
forest fragmentation in the near future will further increase due to
large-scale tree dieback in monocultures. The ban on salvage logging
and clearcutting seems to be a necessary step in forest management.
The existing smaller forest fragments have the potential to be
transformed into larger core forest areas for enhanced ecosystem
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development. This can be achieved by the abandonment of timber
extraction, implementing reforestation measures such as assisted
restoration, planting native trees, natural regrowth, agroforestry
solutions, and commercial plantations.

5. Conclusion

The study reflects that the forests in Germany are highly
fragmented, which weakens their ecosystem functionality. This study
provides observational evidence to show that highly fragmented
forests exhibit higher temperatures and less forest vitality. Thereby,
the fragmentation in Germany as of 2022 substantially contributes
to the current and ongoing forest crises. The existing small forest
fragments have immense potential to be transformed into larger
core areas for better ecosystem functioning. With increasing forest
fires and extreme climatic events in Germany and worldwide in
general, there is an urgent need to advance forest management
and restoration efforts that can safeguard the benefits of functional
forests as much and as long as possible. Reducing the fragmentation
of forests is a crucial contribution to ecosystem-based adaptation
to climate change.
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