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The European spruce bark beetle (Ips typographus) is an insect species that causes significant
damage to Norway spruce (Picea abies) forests across Europe. Infestation by bark beetles can
profoundly impact forest ecosystems, affecting their structure and composition and affecting the
carbon cycle and biodiversity, including a decrease in net primary productivity (NPP), a key
indicator of forest health. The primary objective of this study is to enhance our understanding of
the interplay among NPP, bark beetle infestation, land surface temperature (LST), and soil
moisture content as key components influencing the effects of climate change-related events (e.g.,
drought) during and after a drought event in the Bavarian Forest National Park in southeastern
Germany. Earth observation data, specifically Landsat-8 TIR and Sentinel-2, were used to retrieve
LST and leaf area index (LAI), respectively. Furthermore, for the first time, we incorporated a time
series of high-resolution (20 m) LAI as a remote sensing biodiversity product into a process-based
ecological model (LPJ-GUESS) to accurately generate high-resolution (20 m) NPP products. The
study found a gradual decline in NPP values over time due to drought, increased LST, low pre-
cipitation, and a high rate of bark beetle infestation. We observed significantly lower LST in
healthy Norway spruce stands compared to those infested by bark beetles. Likewise, low soil
moisture content was associated with minimal NPP value. Our results suggest synergistic effects
between bark beetle infestations and elevated LST, leading to amplified reductions in NPP value.
This study highlights the critical role of integrating high-resolution remote sensing data with
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ecological models for advancing the understanding of forest carbon dynamics and improving
predictive capabilities to inform forest management under climate change.

1. Introduction

The European spruce bark beetle (Ips typographus) is an insect herbivore primarily targeting mature and old Norway spruce (Picea
abies) stands, causing widespread outbreaks across European coniferous forests (Fahse and Heurich, 2011; Miiller et al., 2008; Senf and
Seidl, 2021). Bark beetle infestations can spread rapidly under favourable climatic and forest stand conditions (Christiansen and
Bakke, 1988; Seidl et al., 2016). Climate change exacerbates these outbreaks, as higher temperatures lead to earlier hatching and faster
development of beetles (Wermelinger, 2004), with severe infestations fuelled by rising temperatures and extreme drought events
(Pirtskhalava-Karpova et al., 2024). Droughts weaken trees by reducing resin production, a primary defence against beetles, making
them more vulnerable (Wermelinger, 2004). These outbreaks have significantly altered European forest ecosystems, reducing timber
production, impacting tourism, and resulting in substantial economic losses. For instance, approximately 360 million m® of Norway
spruce timber was destroyed between 2018 and 2021 (Melegari, 2022) .

One critical consequence of bark beetle infestations is the disruption of forest ecosystems, affecting their structure, composition,
carbon cycling and biodiversity (Pfeifer et al., 2011; Seidl et al., 2014; Zeppenfeld et al., 2015). Tree mortality and reduced stand
density release stored carbon through changes in decomposition and respiration rates (Hlasny et al., 2021). This highlights the
importance of considering bark beetle dynamics in policies designed to enhance forest carbon sequestration (Beudert and Gietl, 2015;
Seidl et al., 2008). Bark beetle-induced tree mortality also reduces Net Primary Productivity (NPP), i.e. the balance between photo-
synthesis and respiration, which is the primary pathway of carbon into plants and ecosystems and is therefore a critical indicator of
forest health (Ainsworth et al., 2012). Reduced NPP can result from various factors, including reduced light, water, or nutrient
availability, as well as forest dieback, which represents a more extreme scenario. These changes directly influence ecosystem man-
agement strategies and biodiversity conservation (Crabtree et al., 2009; Xiao et al., 2003). Its significance has led to its recognition as
an ’Essential Biodiversity Variable’ (EBV) to be monitored via Earth Observation (EO) (Pereira et al., 2013; Skidmore et al., 2021).

The link between bark beetle infestations, NPP, and climate parameters is complex and intertwined. NPP is directly influenced by
photosynthesis, which depends on climatic factors such as temperature, soil moisture, and solar radiation. Rising temperatures,
especially as reported in the mountainous region of Central Europe (Bohm et al., 2001), are a key driver of bark beetle outbreaks, as
warmer habitat conditions can initially boost photosynthesis up to a species-specific optimum (Berry and Bjorkman, 1980). However,
prolonged heat stress or extreme temperatures suppress photosynthesis and NPP by disrupting enzymatic activities and increasing
respiration rates (Das et al., 2023). Similarly, soil moisture content—a vital factor for plant water uptake and nutrient trans-
port—affects NPP through its role in photosynthesis regulation. Drought-induced low soil moisture limits stomatal conductance,
decreasing CO5 uptake, which reduces photosynthesis and, consequently, NPP (Kramer and Boyer, 1995). Prolonged drought can also
cause xylem embolism, further impairing plant productivity and health (Ghalambor et al., 2007).

Moreover, bark beetle outbreaks disrupt canopy structure, increasing Land Surface Temperature (LST) and altering soil moisture
dynamics (Tait and Schiel, 2013). These changes, in turn, profoundly affect NPP. For instance, as bark beetles kill stands of Norway
spruce, they break the natural canopy cover, exposing more ground to sunlight. This exposure elevates LST by increasing the ab-
sorption of solar radiation and reducing the cooling effect provided by evapotranspiration (Putuhena and Cordery, 2000; Tomes et al.,
2024). Although reduced evapotranspiration can initially lead to higher soil moisture content in certain areas, the loss of canopy
shading and insulation ultimately amplifies temperature fluctuations, potentially causing localized drying under prolonged heat or
drought conditions.

Elevated LST may temporarily enhance photosynthetic rates, but prolonged exposure to high temperatures can lead to overheating,
reducing photosynthetic efficiency and increasing stress on trees (Tait and Schiel, 2013). Consequently, these shifts in soil moisture
dynamics and canopy loss exacerbate drought conditions, compounding their adverse effects on NPP. This highlights the critical
interplay between LST and soil moisture in shaping forest resilience. Abundant soil moisture can moderate temperature extremes
through evaporative cooling, mitigating plant heat stress and reducing the cascading impacts of bark beetle infestations (Cooper et al.,
2017; Yue et al., 2022).

Recent trends of increasing temperatures and frequent heatwaves in Europe (Semenza and Paz, 2021; Yin et al., 2024) amplify
dynamics of the kind described above. Warmer conditions accelerate bark beetle life cycles (Marini et al., 2017; Wermelinger, 2004)
and simultaneously create feedback loops that reduce forest NPP. For example, drought-induced water stress weakens trees, increasing
their susceptibility to beetles while also reducing their carbon fixation capacity.

Understanding the complex dynamics between bark beetle outbreaks, climate parameters (e.g., LST), and NPP highlights the
necessity of robust tools to effectively monitor and model these interactions. While conventional metrics, such as satellite-derived
products like MODIS NPP, provide valuable insights at broader scales, they often lack the granularity required to capture localized
forest disturbances and their impacts on ecosystem processes. This gap highlights the importance of integrating high-resolution EO
data with modeling to generate precise, spatially detailed NPP estimates.

Models that simulate tree and forest growth can help us understand how climate and soil conditions influence tree health, structure,
and survival (Fisher et al., 2018; Medvigy et al., 2009). These models are useful for identifying how forest disturbances (e.g., bark
beetle outbreaks) lead to losses in forest productivity by illustrating the key steps in this process (Seidl et al., 2017). Therefore, more
advanced methods are needed to unravel the complex connections between bark beetle infestations, soil moisture, and LST, especially
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as climate change makes these interactions more unpredictable (Anderegg et al., 2020).

Numerous products are available that estimate NPP in forested ecosystems from spectral reflectance data from satellites, the
MODIS-NPP product being among the most widely used. The MODIS imagery provides global NPP estimates by integrating EO data
with models incorporating vegetation type, temperature, and precipitation (Running and Zhao, 2015). However, its coarse resolution
of 1 km limits the suitability of the MODIS product for local-scale investigations. Process-based climate-vegetation models, such as
LPJ-GUESS, simulate carbon and water cycling in ecosystems based on vegetation dynamics and inputs like temperature, precipitation,
soil properties, and land use (Lindeskog et al., 2021; Smith et al., 2001). The model has been used to simulate bark beetle impacts under
climate change (Jonsson et al., 2015), but is constrained in normal application by a typical grid resolution of 10-50 km, limiting utility
for fine-scale studies. This study enhances LPJ-GUESS outputs by rescaling them using satellite data, generating high-resolution NPP
products at 20 m resolution (method section 2.3). Using a leaf area index (LAI) product generated from Sentinel-2, this
Satellite-Enhanced NPP Product enables finer analysis of forest disturbances, such as bark beetle infestations, and explores interactions
with other EO indicators like LST, as a proxy for extreme climate events (e.g., drought and heatwaves) (Anderegg et al., 2020; Seidl
et al., 2017; Yue et al., 2022).

The primary objective of this study is to investigate the intricate interactions between bark beetle infestations and LST and their
combined influence on NPP. This research specifically aims to enhance our understanding of how LST and bark beetle infestations
collectively influenced NPP dynamics in the Bavarian Forest National Park, Germany, from 2016 to 2020. Additionally, it investigates
the role of soil moisture content in mediating these interactions. We design a novel method for leveraging high-resolution NPP data
obtained by modifying the physical LPJ-GUESS model with high-resolution EO data, in order to explain and clarify the complex re-
lationships between soil moisture content, LST, and NPP.

2. Materials and methods
2.1. Study area

The Bavarian Forest National Park (hereafter BENP), located in southeastern Germany, along the border with the Czech Republic
(49°3'19" N and 13°12'9" E), forms a part of the expansive Bohemian Forest (Fig. 1). This is the largest continuously protected forest
area in central Europe and comprises three interconnected parts: Sumava in the Czech Republic, BENP in Germany, and Raumeinheit
Bohmerwald in Austria (Abdullah et al., 2018a; Konig et al., 2023). The climate within BFNP is classified as temperate. It experiences
an annual precipitation range of 900 mm-1800 mm. The region contains diverse elevational gradients, ranging from 600 m to 1450 m
above sea level. The area can be categorized into three distinct ecological zones based on elevation and species composition. The high
elevation zone, situated above approximately 1100-1200 m a.s.l., is dominated by spruce, which accounts for 90% of the tree species
in this zone, with a smaller proportion of European beech (Fagus sylvatica) and mountain ash (Sorbus aucuparia) also present. Below this
altitude (i.e., 900-1100 a.s.l), the hillsides form the second zone, representing a mixed montane forest. This zone is primarily occupied
by Norway spruce (approximately 58%), with the remainder comprising a blend of European silver fir (Abies alba) and European beech
(Fagus sylvatica). The valley bottoms, constituting the third ecological zone, are also predominantly dominated (83%) by Norway
spruce, with the remaining portion consisting of mixed stands of other species (Beudert and Gietl, 2015; Heurich et al., 2010). The
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Fig. 1. The location of the Bavarian Forest National Park in Germany and the distribution of coniferous and mixed forest stands (Latifi et al., 2021).
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infestations of bark beetles that began in 1984 have caused significant disturbances in the BFNP (Konig et al., 2023). The BFNP
management includes a 75% non-intervention zone, prohibiting forest and wildlife management. Along the park’s edges, in the
management zone, bark beetle control is implemented to prevent its spread to neighbouring forests.

2.2. Data

Fig. 2 provides an overview of the workflow used in this study for calculating NPP and LST. The workflow integrates various
datasets and processing steps, which are elaborated on in the following sub-sections.

2.2.1. Field data

Field data were collected during the summers of 2015 (n = 31) and 2016 (n = 21) using stratified random sampling to represent the
major cover types. Representative sample plots, each covering an area of approximately 900 m? (30 m x 30 m), were selected. The
precise locations of these plots were recorded with a Leica GPS 1200 (Leica Geosystems AG, Heerbrugg, Switzerland), achieving a post-
processed positioning accuracy of less than 1 m.

Within each plot, LAI was measured using a LI-COR LAI-2200 canopy analyzer (LI-COR, 1992). For each plot, three above-canopy
observations were taken in nearby forest openings to minimize variability in incoming radiation. Subsequently, five below-canopy LAI
observations were collected within each plot. The average of these below-canopy observations was used to represent the plot’s LAI
(Gara et al., 2019). To ensure accuracy, consistent illumination conditions were maintained during both above- and below-canopy
readings. These in-situ LAI measurements were further utilized to estimate LAI at a 20 m resolution and to enhance the spatial res-
olution of the NPP product derived from the LPJ-GUESS model (Sections 2.2.2.2 and 2.).

2.2.2. Remote sensing data and processing

To achieve the study’s objective of investigating the interactions among bark beetle infestation, LST, soil moisture content, and
NPP, various EO datasets and products were utilized. LST was derived from the thermal band of Landsat-8, while LAI was calculated
using Sentinel-2 data. The calculated LAI was then integrated into the LPJ-GUESS model to enhance the spatial resolution of the NPP
product. The workflow for calculating LST and improving the NPP spatial resolution is presented in Fig. 2 and is detailed in the
following subsections.

2.2.2.1. Calculating land surface temperature. LST was calculated using the thermal infrared band 10 of Landsat-8, which detects
wavelengths in the range of 10.60 pm-11.19 pm. While Landsat-8’s thermal bands are originally collected at a 100 m spatial
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Fig. 2. An approach for calculating Earth observation-adjusted Net Primary Productivity (NPP) by integrating LPJ-GUESS modelled NPP with Leaf
Area Index (LAI) derived using 20-m resolution Sentinel-2 imagery. LAI, LUE (Light Use Efficiency), EVI (Enhanced Vegetation Index), fAPAR
(Fraction of Absorbed Photosynthetically Active Radiation), and PAR (Photosynthetically Active Radiation) are included. FPAR is calculated using
the modelled LAI from Sentinel2.
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resolution, they are resampled and provided at 30 m resolution to ensure consistency with other Landsat-8 bands in the visible and
shortwave infrared regions (Abdullah et al., 2020b; Neinavaz et al., 2019). To align the LST data with NPP, which we generated at a 20
m spatial resolution (see section 2.3), we further resampled the 30 m LST data to 20 m using bilinear interpolation.

A common approach for determining LST involves converting top-of-atmosphere (TOA) spectral radiance to brightness tempera-
ture. However, this method often neglects the influence of climatic conditions and geographical variability, which can significantly
impact LST accuracy. Specifically, atmospheric variability affects thermal radiation transmission, while emissivity variations across
different surfaces further complicate the LST retrieval process. These factors are particularly important as they influence local climate
and surface temperature patterns. To address these limitations, advanced techniques incorporating atmospheric correction algorithms,
emissivity estimation, and terrain correction procedures are essential for improving LST reliability.

To overcome these limitations, we employed the Mono-Window Algorithm (MWA) proposed by Qin et al. (2001). The MWA
mitigates atmospheric and emissivity-related effects by integrating auxiliary data along with the thermal infrared band. These
auxiliary inputs include:

e Surface emissivity, which was computed using a Normalized Difference Vegetation Index (NDVI)-based approach derived from
Landsat data,

e Air transmittance and effective mean atmospheric temperature are estimated using surface air temperature and water vapor
content obtained and calculated from metrological station data.

e Water vapor content itself was derived from the ratio of relative humidity to surface air temperature.

Comprehensive details regarding implementing the MWA using Landsat-8’s thermal infrared band can be found in our earlier work
(Abdullah et al., 2019b). For this study, thermal infrared data were collected exclusively during cloud-free conditions in August across
all five years under consideration. This ensured consistency and comparability in the LST estimation process.

2.2.2.2. Calculating leaf area index. The LAI was the primary input used to enhance the spatial resolution of the NPP product generated
by the LPJ-GUESS model in this study. LAI, defined as the ratio of one-sided leaf area to ground area (Chen and Black, 1992), is a
critical parameter for understanding plant growth and ecosystem productivity. By directly influencing the amount of light plants can
absorb and the surface area for stomatal conductance, which creates the xylem tension to draw soil resources (water and nutrients) into
the plant, LAI is closely tied to NPP. As a proxy for the energy available to primary consumers in an ecosystem, LAI serves as a key
indicator of forest health and productivity.

In this study, LAI was estimated at a 20 m spatial resolution using an Enhanced Vegetation Index (EVI)-based approach derived
from Sentinel-2 data. The EVI-based approach has been widely and successfully applied to retrieve LAI at a global scale using MODIS
data (Boegh et al., 2002). Accordingly, a similar approach was adapted in this study to generate LAI from the high-resolution Sentinel-2
dataset. To do this, EVI was computed using Sentinel-2 imagery, applying spectral bands B2 (0.490 pm), B4 (0.665 pm) and B8 (0.842
pm) as follows:

EVI=25%(B8-B4) /((B8 + 6.0 * B4 -7.5*B2) + 1.0) (Eq.1)

The relationship between EVI and in situ LAI data collected over two consecutive years (2015 and 2016) (see Section 2.2.1) was
then investigated, and a linear model was developed as outlined below:

LAI = 4.0543 *(EVID) + 1.7901 (Eq.2)

Finally, the validation of the LAI products was performed using a cross-validation procedure (leave-one-out method). The cross-
validated coefficient of determination (chv) and the root mean square error (RMSE cv) between measured and estimated LAI were
calculated to assess the accuracy of the LAI modelling. The developed model was subsequently used to estimate the LAI for the study
site during the summer period from 2016 to 2020.

2.3. Calculating net primary productivity at high spatial resolution

To assess forest productivity in the BENP during 2016-2020, we utilized the vegetation model LPJ-GUESS, v4.1 (Lindeskog et al.,
2021; Smith et al., 2001). Although LPJ-GUESS simulates detailed biogeochemical processes, our focus was on developing a meth-
odology to produce high-resolution gridded maps of NPP at a 20 m spatial resolution. This was achieved by integrating the
Sentinel-2-derived LAI (Section 2.2.2.2) with a relationship between leaf area and productivity emerging from LPJ-GUESS simulations,
following a stepwise workflow, as described below.

The process of simulating NPP using LPJ-GUESS was conducted at a spatial resolution of ~1.1 km, utilizing essential inputs such as
local climate data (e.g., temperature, precipitation, and shortwave radiation), soil structure, nitrogen deposition, and atmospheric CO,
concentration. Key datasets included bias-corrected CRU-JRA v2.2 data, local climate observations (2016-2020) from the German
Weather Service (Deutscher Wetterdienst, DWD), the EFI European Tree Species Map, and the European LUCAS Topsoil database. Tree
species distributions were interpolated to ~1.1 km resolution using bilinear interpolation. Further information on the datasets and
processing steps can be found in Section 2.4.

The simulations used a selection of global plant functional types (PFTs) in competing mixed stands, representing key species: boreal
needle leaf evergreen (BNE, e.g., Picea abies, Abies alba), boreal intermediate shade-tolerant needle leaf evergreen (BINE, e.g., Pinus
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sylvestris), boreal needle leaf summer-green (BNS, e.g., Larix decidua), temperate broadleaf summer green (TeBS, e.g., Fagus sylvatica),
and shade-intolerant broadleaf summer green (IBS, e.g., Betula pubescens), as well as cool-climate C3 grass.

LPJ-GUESS model outputs included monthly NPP and LAI at ~1.1 km spatial resolution, serving as the basis for the next stage:
downscaling to high resolution.

Next, Sentinel-2-derived LAI products were generated using an EVI-based approach to capture spatial heterogeneity in vegetation
density. These high-resolution LAI data at 20 m resolution provided the means to bridge the gap between the relatively coarse-scale
results from LPJ-GUESS with the finer detail offered by Sentinel-2 imagery and produce NPP surfaces at the native resolution of the
satellite imagery.

Satellite-derived Fraction of Absorbed Photosynthetically Active Radiation (fAPARg,) was derived from satellite-derived LAI using
Beer’s law of light extinction in a leaf canopy (Eq. (3)). Beer’s law describes the dependency of fAPAR on light attenuation in the profile
of the canopy affected by LAI

fAPAR=1 — exp(—K x LAI) (Eq.3)

where k is an extinction coefficient, which in this study is considered as 0.5 (Sitch et al., 2003), as a typical value for European forests.
fAPARg,: was then used to adjust the model-derived NPP by using the model-derived [LUE * PAR]py0q product (Eq. (4))

NPP,;_[LUE x PAR],,,q % fAPAR; (Eq.4)

where the [LUE * PAR]mod product was estimated from model-derived NPP and LAI for each month using Eq. (3), Eq. (5), and Eq. (6).
PAR was derived from climate data (radiation) and interpolated from the model output 0.01° resolution to a 20m resolution using an
inverse distance-weighted method.

NPP = [LUE x APAR] (Eq.5)
APAR =PAR x fAPAR (Eq.6)

where PAR is the photosynthetically active radiation flux incident and top of the canopy, and fAPAR is the fraction of this flux absorbed
by the vegetation canopy.

This method is based on two assumptions: that the model is better at predicting LUE than at correctly representing LAI in forest
stands and that the [LUE * PAR] product computed at a course climate input resolution varies less in space than the density of forest
canopies, which is assumed to be accurately captured by the satellite products at fine resolution. In addition, this method of linking
satellite-based estimates of canopy light absorption to the emergent relationship between canopy leaf area and NPP was previously
trialled and demonstrated for the estimation of NPP of northern European conifer forests by Smith et al. (2008).

2.4. Auxiliary data

This study utilized multiple datasets, including forest land cover, bark beetle infestation data, soil moisture content, precipitation,
air temperature, vegetation type, and soil properties. The forest land cover and bark beetle infestation data were obtained from the
Data Pool of the Bohemian Forest Ecosystem (Latifi et al., 2021). Since the European spruce bark beetle (Ips typographus) exclusively
targets Norway spruce (Picea abies), a land cover map was used to exclude non-Norway spruce stands (see Fig. 1).

Soil moisture content data were sourced from NASA’s meteorological research platform (https://power.larc.nasa.gov/data-access-
viewer/), with monthly data spanning the years 2016-2020. Only data from May to August were used, as these months are critical for
bark beetle infestation (Abdullah et al., 2019). Similarly, mean monthly precipitation and temperature data at a ~1.1 km spatial
resolution were obtained from the German Weather Service (Deutscher Wetterdienst, DWD, (https://opendata.dwd.de/climate_
environment/CDC/grids_germany/). These weather parameters were used to bias-correct daily CRU-JRA v2.2 data and were
collected through a combination of manual and automated measurements, supplemented by satellite data and numerical weather
prediction models. Additional model inputs included shortwave radiation data from CRU-JRA v2.2, monthly nitrogen deposition data
at ~55 km resolution, and CO2 data obtained from the Global Carbon Project.

Soil properties data were sourced from the European LUCAS Topsoil dataset, which provides harmonized information on the

Table 1
The auxiliary data used in the LPJ-GUESS model to calculate and enhance the spatial resolution of net primary productivity. All datasets with spatial
resolutions differing from 20 m were resampled to 20 m to ensure consistency in the analysis.

Dataset Type of data Spatial extent Temporal extent Reference

Leaf area index EO data 20 m 2016-2020 Generated in this work

“*Meteo data EO data 1 km 2016-2020 https://opendata.dwd.de

Daily Climate Auxiliary ~55 km 1901-2020 CRU-JRA

Tree Species Data - EFI EO data 1 km https://efi.int/knowledge/maps/treespecies
Soil structure Auxiliary ~1.1 km - European LUCAS topsoil database

* within a 20 x 20 m plot size.
" Including monthly precipitation and temperature.
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physical and chemical parameters of topsoil across Europe (Ballabio et al., 2019). For this study, the latest LUCAS dataset from 2018,
which consists of point-based topsoil measurements, was interpolated using Universal Kriging to generate 20 m resolution maps. This
method accounts for spatial trends in the data, incorporating factors such as elevation and climate along with spatial correlation. The
tree species composition was based on the EFI European Tree Species Map at 1 x 1 km resolution, which was bilinearly interpolated to
~1.1 km spatial resolution (Table 1). A selection of global plant functional types (PFTs) was used to represent competing mixed stands:
boreal needleleaf evergreen (BNE) for Picea abies and Abies alba, boreal intermediate shade-tolerant needleleaf evergreen (BINE) for
Pinus sylvestris, boreal needleleaf summer-green (BNS) for Larix decidua, temperate broadleaf summer green (TeBS) for Fagus sylvatica,
and intolerant broadleaf summer green (IBS) for Betula pubescens.

2.5. Reference and preprocessing of bark beetle infestation data

The bark beetle infestation data has been systematically documented in the BFNP through annual airborne colour-infrared (CIR)
aerial image campaigns since 1988. These aerial surveys, conducted twice a year (June-July and September—October), capture high-
resolution images with a geometric resolution of 20 cm, generating approximately 147 gigabytes of data per flight. The first campaign
(June—July) is conducted before visible bark beetle infestation symptoms appear, enabling the detection of newly accumulated
deadwood from the previous year. The second campaign (September—October) allows for the identification of infested trees that
exhibit visible signs of damage. Further information on the technical aspects of the aerial survey in the BFNP, as well as details
concerning the full process of how infested patches are identified using aerial photography data in the BEFNP, can be found in (Heurich
et al., 2013; Latifi et al., 2021).

In this study, incorporating the reference infestation data into the analysis pipeline required initial preprocessing steps. Infested
patches (polygons) smaller than 20 x 20 m were removed. As mentioned earlier, areas of infestation were manually delineated using a
threshold approach, requiring at least five infested trees per patch. This criterion was applied to exclude smaller patches that do not
cover a 20 x 20 m area. This decision ensured comparability and alignment with other datasets used in this study, such as LST data,
which was resampled to a spatial resolution of 20 m to match the resolution of the Net Primary Productivity (NPP) data. The reference
infestation data were subsequently transformed from polygon to raster format with a 20 m resolution, following a similar approach
proposed in a previous study (Abdullah et al., 2019a).

2.6. Analysis of net primary productivity (NPP) and associated factors

We utilized a combination of spatial and statistical methods to assess the impact of bark beetle infestation on NPP. A pixel-wise
subtraction approach was applied to generate a percentage change map illustrating the variation in NPP values between different
years. This analysis specifically focused on the influence of bark beetle infestation on NPP dynamics. The 2016 NPP data, which
recorded the highest values during the study period, served as reference (100%). The percentage change in NPP for subsequent years
(2017, 2018, 2019, and 2020) was calculated using the following equation:

NPP percentage change map = [((NPPy- R) / R) * 100] (Eq.7)

Where NPPy is the generated NPP product for the years (y = 2017, 2018, 2019 and 2020), while R is the generated NPP product for
the reference year 2016.

The resulting maps highlighted regions experiencing either an increase or decrease in NPP, providing insight into how bark beetle
infestations influenced productivity over time.

To further understand these dynamics, a temporal line chart was employed to visualize variations in NPP and LST values for both
healthy and infested forest stands over the five years of the study. NPP and LST data were extracted from infested stands and compared
with data from 500 randomly selected points in healthy stands across the Bavarian Forest National Park (BFNP), excluding areas
affected by infestations. For temporal analysis, the 2016 locations of infested stands were used to extract NPP and LST values for
subsequent years, enabling the generation of percentage change maps for NPP during and after bark beetle outbreaks.

Statistical analysis included a one-way ANOVA to determine significant differences in NPP and LST values between healthy and
infested stands, with a significance level of p < 0.05. To explore correlations between bark beetle infestation and NPP changes, the
Pearson correlation coefficient was calculated between the total infested area (in hectares) per year and the mean NPP value for the
entire BFNP, encompassing both healthy and infested stands. This analysis provided insights into the relationship between infestation
dynamics and changes in forest productivity.

Additionally, the role of soil moisture content in bark beetle outbreaks was examined through a comparative analysis. The mean
soil moisture levels for critical months were compared with the total annual area infested by bark beetles. Both soil moisture content
and infested area data were normalized using the MinMax normalization method, with values scaled between 0 and 1. Percentage
changes in soil moisture content were then computed by calculating the variance between successive values, dividing this variance by
the initial soil moisture content value, and multiplying by 100.
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3. Results
3.1. Estimated leaf area index

To verify the accuracy of the LAI estimated using the EVI-based model, we employed in-situ LAl measurements collected in BFNP, as
described in Section 2.2.1. The LAl retrieved using the EVI-based model showed a moderate relationship with in situ LAI measurements
based on linear regression analysis (R? = 0.52, RMSE = 0.87) (Fig. 3).

3.2. Temporal percentage changes in net primary productivity (NPP)

The analysis of NPP changes across the study area provides a comprehensive view of its dynamic fluctuations over time. The NPP
products for the period 2016-2020, as depicted in the Supplementary Material Fig. S3, highlight significant variations in NPP across
the years under review. The highest mean NPP was recorded in August 2016, marking a period of relatively high productivity across
the entire study area. In contrast, August 2018 witnessed the lowest NPP values, with the southern part of the BENP experiencing the
most dramatic decline. This area recorded a staggering 50% reduction in NPP compared to 2016, underscoring a critical shift in
vegetation productivity Fig. 4.

A consistent decreasing trend emerges across the study area over the five-year period. NPP reductions ranged from approximately
—25% to —50% annually, with the most pronounced changes concentrated in the southern region. These trends, captured in the NPP
change maps (Fig. 4), visually illustrate the progressive decline, emphasizing the broader implications for ecosystem productivity and
health.

3.3. Temporal variation of net primary productivity in infested and healthy spruce stands

A comparative time series of NPP between healthy stands unaffected by bark beetle infestation and infested stands is presented in
Fig. 5. As evident from Figs. 5 and 4 in the Supplementary Material, NPP values in the bark beetle-infested stands were significantly
lower (p < 0.05) compared to the NPP in the healthy stands. Specifically, in 2016, the mean NPP for healthy stands was approximately
0.14 kgC/m?, while for infested stands, it was 0.11 kgC/m?. Both experienced a decrease in 2018, with healthy stands dropping to 0.1
kgC/m? and infested stands to 0.08 kgC/m?>.

The lowest NPP was observed in 2018 for both categories. Following this, a modest recovery in NPP occurred in 2019, reaching
approximately 0.12 kgC/m? for healthy stands and 0.09 kgC/m? for infested stands. By 2020, the NPP in healthy stands was
approximately 0.12 kgC/m?, reflecting a reduction of about 0.02 kgC/m? compared to 2016. Similarly, the NPP in infested stands
declined by about 0.02 kgC/m? over the same period.

3.4. Temporal variation of land surface temperature in healthy and infested spruce stands

To explore the changes in LST over time between healthy and bark beetle-infested stands, we analyzed temporal trends using line
charts for each of the five years covered in this study. The outcomes presented in Fig. 6 and Fig. S5 in the Supplementary Material
indicate that LST values in infested stands consistently exceeded those in healthy stands across all years. This trend is particularly
pronounced in the earlier years of the study (2016-2017), where the difference in LST between infested and healthy stands is
significantly difference. In these years, the median LST for infested stands approaches 30 °C, while the median LST for healthy stands
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Fig. 3. Linear regression between in situ LAI measurements and LAI estimates derived from the EVI-based model over the Bavarian Forest National
Park in June 2017.
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Fig. 4. Net Primary Productivity (NPP) percentage change maps during 2016-2020 for Bavarian Forest National Park in Germany. The numbers on
the map represent the percentage change in Net Primary Productivity (NPP) for each year (2017-2020) relative to the reference year 2016 (set as
100%). Areas with positive values indicate an increase in NPP compared to 2016, while negative values represent a decrease.

Variation in NPP Between Healthy and Infested Forest Stands

0.16 T
Healthy SD
* Infested SD
0.14¢ —©— Healthy Stands | |
—©— Infested Stands

Mean NPP kg(’.‘./m2
o

2
o
®

0.06 - 1
0.04
o A 2 2 N
N X S S Q@
® ® ® ® ®

Year

Fig. 5. Temporal variation in net primary productivity (NPP) between 2016 and 2020 for healthy and infested stands in the Bavarian Forest
National Park, Germany. The year 2016 marks the start of bark beetle infestation, and the locations of infested stands from this year were used to
extract NPP values for comparison in subsequent years. A similar approach was applied for infestations that began in 2017, 2018, and 2019 (see

Fig. S4 in the supplementary Material). The shaded areas represent the standard deviation (SD) of NPP for healthy and infested stands, and asterisks
indicate significant differences between the two groups.

remains around 25 °C. The interquartile ranges also indicate greater variability in LST values for infested stands compared to healthy
stands. As the years progress from 2018 to 2020, the overall LST for infested and healthy stands shows a declining trend. However,
infested stands exhibit higher LST values than healthy stands, though the difference becomes less pronounced over time. By 2020, the

median LST for infested stands has decreased to approximately 25 °C, while the median LST for healthy stands has dropped to around
20 °C.

3.5. Influence of european spruce bark beetle outbreaks on net primary productivity

Next, we investigated the relationship between the bark beetle infestation area and NPP across BFNP by initially calculating the
cumulative infested area (in ha) attributed to bark beetle presence for each year (Fig. S6 in supplementary Material). Fig. S6 indicates
that the lowest infestation coverage (0.5 ha) was documented in 2015, while the highest coverage was observed in 2020 (6.3 ha).

Fig. 7 confirms a significant negative correlation (r = —0.48) between NPP values and bark beetle infestation. As the bark beetle
outbreak intensified and covered more areas, there was a noticeable reduction in NPP. For example, in 2020, when 6.3 ha of the
forested area within BENP were infested, the mean NPP dropped to 0.08 KgC/m?
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Fig. 6. Temporal variation in land surface temperature (LST) between 2016 and 2020 for healthy and infested stands in the Bavarian Forest Na-
tional Park, Germany. The year 2016 marks the start of bark beetle infestation, and the locations of infested stands from this year were used to
extract LST values for comparison in subsequent years. A similar approach was applied for infestations that began in 2017, 2018, and 2019 (see
Fig. S5 in supplementary Material). The shaded areas represent the standard deviation (SD) of LST for healthy and infested stands, with asterisks
indicating significant differences and "n.s." denoting non-significant differences.
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Fig. 7. Correlation between total infested area (ha) by bark beetles during 2016-2020 and mean net primary productivity (NPP) in Bavarian Forest
National Park in Germany.

3.6. Temporal variation of soil moisture content and its impact on spruce-bark beetle outbreak

The monthly mean summertime soil moisture content exhibited fluctuations over the course of the five-year study (i.e.,
2016-2020). The highest soil moisture content levels were observed during the summer of 2016, whereas the lowest levels were
recorded in 2018. Though a relatively short time frame, Fig. 8 shows a pattern of elevated and reduced soil moisture content being
succeeded by spikes in the bark beetle infestation. Moreover, this spike in infestation persisted for two to three years following periods
of notably low soil moisture content (i.e., 2018). As illustrated in Fig. 8, in 2018, the soil moisture content decreased by 47% compared
to the levels recorded in 2016. Subsequent to this decrease, there was an increase in bark beetle outbreaks from 13% in 2018 to 81% in
2020. In other words, the most significant increase in bark beetle outbreaks was observed two years after recording the lowest soil
moisture content.

4. Discussion

This study estimated NPP by integrating high-resolution (20 m) Sentinel-2-derived LAI products with dynamic simulations using
the process-based forest stand simulator LPJ-GUESS. This marks the first attempt to model NPP at such a detailed spatial scale,
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Fig. 8. Temporal changes (%) in soil moisture content and bark beetle infestation during 2016-2020 in Bavarian Forest National Park in Germany.
Normalized values of soil moisture (blue bars) and infestation (red dashed line with markers) from 2016 to 2020. Percentage changes are calculated
relative to the reference year 2016, where values were normalized to 1.0 for soil moisture and 0% for infestation. Positive values indicate increases,
while negative values indicate decreases relative to the reference year.

overcoming the limitations of traditional coarse-resolution products like MODIS (1 km) and LPJ-GUESS (~10-50 km). The improved
spatial resolution enables a more precise assessment of fine-scale forest disturbances, including bark beetle infestations and climate-
induced stressors, thereby enhancing our ability to detect localized variations in forest productivity (Fig. S7). This advancement is
particularly crucial in evaluating the impacts of environmental stressors on forest dynamics, as it provides a more detailed repre-
sentation of ecosystem changes at a finer scale.

Forest disturbances, particularly tree mortality caused by bark beetle infestations, significantly disrupt ecosystem structure and
function, affecting carbon cycling (Kurz et al., 2008; Seidl et al., 2011). Our findings align with previous studies demonstrating a sharp
decline in NPP following tree mortality events (Harmon and Bell, 2020; Stephenson et al., 2011). It is important to note that while tree
mortality typically leads to NPP reductions, other factors can contribute to fluctuations in NPP over time. The observed increase in NPP
after 2018 (Fig. 6 and S4), despite continued bark beetle infestations in 2019 and 2020, suggests that changes in climatic conditions,
shifts in vegetation productivity, or variations in forest stand composition may have influenced NPP dynamics. This temporal trend
highlights the complex interactions between infestation events, environmental conditions, and NPP variability (Kretchun et al., 2016;
Miiller et al., 2008). Additionally, our results revealed a negative correlation between NPP and the spatial extent of infestation (Fig. 7),
with larger infested areas corresponding to lower NPP values. The highest infestation area was recorded in 2020, two years after the
severe 2018 drought. This aligns with Vicente-Serrano et al. (2020), who reported that the ecological impacts of drought events often
persist for multiple years. Given that drought is a primary driver of European bark beetle outbreaks (Pirtskhalava-Karpova et al., 2024;
Seidl et al., 2016), the extensive infestation observed in 2020 likely resulted from the delayed effects of the 2018 drought.

Moreover, the enhanced spatial resolution of NPP products plays a critical role in capturing the intricate relationships between
environmental stressors, such as bark beetle infestations and climate extremes, and forest productivity. LST, in particular, influences
key physiological processes, including canopy surface temperature, stomatal conductance, and the partitioning of heat fluxes between
sensible (warming) and latent (cooling) heat (Abdullah et al., 2019b; Dai et al., 2004; Wehr and Saleska, 2021). In this study, we
assume that LST variations due to climate change-induced extreme events, such as droughts and heatwaves, create more favourable
conditions for bark beetle infestations (Rouault et al., 2006), leading to increased tree mortality and subsequent reductions in NPP.
Further supporting this hypothesis, our findings indicate that NPP reached its lowest point in 2018, coinciding with minimal soil
moisture content (Fig. 8). This is consistent with George et al. (2021), who found strong correlations between MODIS-NPP products
and soil moisture availability. The elevated LST in 2018, which served as a proxy for the extreme heatwave, further explains the
observed NPP decline. Additionally, LST was significantly higher in bark beetle-infested areas compared to unaffected Norway spruce
stands (Fig. 6 and S5). This discrepancy can be attributed to canopy cover loss, which reduces shading and increases solar heating of
the forest floor. Furthermore, infested trees exhibit lower stomatal conductance, reducing transpiration and diminishing latent heat
flux-driven cooling (Abdullah et al., 2019b). Consequently, sensible heat retention within the canopy layer increases, further elevating
LST. Our findings align with Barta et al. (2022), who reported a positive relationship between rising temperatures and tree mortality
due to bark beetle infestations, alongside significant regional reductions in NPP (Allen et al., 2010).

The link between drought events and NPP reductions has been observed in various forested ecosystems worldwide. A recent study
by Yin et al. (2024) found that drought events accounted for more than half of the NPP reductions in affected tropical and subtropical
forests in China. This parallels our observation that minimum NPP in 2018 coincided with an intense drought event. These findings
emphasize the substantial impact of drought and subsequent bark beetle infestations on forest NPP, although other factors also
contribute to productivity fluctuations. As an essential climate variable (Bayat et al., 2021), LST serves as a proxy for soil moisture
(Cammalleri and Vogt, 2015) and an indicator of heatwave and drought conditions (Albright et al., 2011). Our study revealed a sharp
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decline in soil moisture content in the study area, with the lowest levels occurring during the extreme drought and heatwave events of
2018. This observation aligns with Sun and Pinker (2004), who demonstrated that reduced soil moisture leads to increased LST. These
results underscore the importance of remotely sensed LST products in assessing the impacts of extreme climate events on forest
productivity, particularly in regions with limited meteorological data.

This research provides new insights into how bark beetle infestations—one of the major threats to Norway spruce forests in
Europe—interact with LST and NPP. Our findings highlight the intricate relationships between climate-induced stressors, forest health,
and productivity, with broader implications for biodiversity loss and ecosystem stability. Despite these contributions, several limi-
tations should be considered. First, the study’s five-year analysis period (2016-2020) may not fully capture seasonal or intra-annual
variations in NPP and bark beetle infestation dynamics. Additionally, differences in spatial resolution among the input datasets
introduce potential uncertainties. For example, despite pre-processing efforts, minor misalignments between LST, soil moisture, and
bark beetle infestation pixels may persist, potentially affecting the precision of spatial analyses. In addition, uncertainties also exist in
the NPP estimation process, particularly regarding the LPJ-GUESS model’s parameterization and its reliance on coarse-resolution
environmental data. While our integration of Sentinel-2-derived LAI products with LPJ-GUESS outputs significantly improved
spatial resolution and provided more detailed information (Fig. S7), incorporating additional Earth Observation (EO) datasets, such as
high-resolution soil moisture and temperature products, could further enhance model accuracy. Future research should focus on
refining forest models by integrating diverse EO datasets to better capture forest dynamics and reduce uncertainties in NPP estimation.
Additionally, comprehensive validation against independent field measurements across diverse forest types and environmental con-
ditions would strengthen confidence in our results. These efforts would not only improve the model’s predictive capability but also
provide deeper insights into the interplay between environmental stressors and forest health.

5. Conclusion

This study significantly advances NPP estimation by integrating high-resolution LAI data from Sentinel-2 with emergent outputs
from a process-based forest stand simulator, LPJ-GUESS. By achieving a substantially finer NPP resolution (20 m) compared to the
original 0.01-degree resolution of LPJ-GUESS, this innovative approach enhances our ability to investigate localized ecosystem dis-
turbances, such as bark beetle infestations, and their impact on temperate forest productivity.

Our findings provide critical insights into the complex relationships between bark beetle infestation, LST, and NPP alterations.
Specifically, this study revealed that bark beetle infestations were associated with significant increases in LST and marked declines in
NPP over the investigated period. These results highlight how environmental stressors, such as drought and heatwaves, amplify the
impact of the bark beetle infestations, affecting forest health and productivity. The sharp reduction observed in NPP during 2018
coincided with an intense drought event, illustrating the cascading effects of climatic extremes on forest ecosystems. Furthermore, this
research underscores the pivotal role of LST as an essential climate variable in monitoring forest responses to drought and heatwaves.
By demonstrating the utility of remotely sensed LST and soil moisture as proxies for environmental stressors, the study provides a
pathway for regional-scale analyses in areas lacking meteorological data. The observed temporal dynamics of infestation offer valuable
insights into the interplay between tree mortality, regeneration, and forest productivity, emphasizing the need for long-term moni-
toring to fully capture these processes.

The study’s findings have significant implications for forest management and conservation strategies. By providing high-resolution
insights into NPP dynamics and environmental stressors, this work equips forest managers with the tools to better mitigate the impacts
of bark beetle infestations and climate change-related extreme events. As demonstrated here, the integration of high-resolution remote
sensing data with ecological models is crucial for advancing our understanding of forest productivity and enhancing predictive
capabilities.

Moving forward, future research should aim to integrate additional EO datasets, such as high-resolution soil moisture and tem-
perature products, to further refine model accuracy. This study thus highlights the transformative potential of combining ecological
modelling with high-resolution remote sensing to address pressing ecological and climatic challenges.
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