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Popular summary

The frequency and intensity of drought periods are predicted to increase in the
future. This makes efficient climate adaptation and drought preparedness strategies
important for natural ecosystems and society. However, the spatial and temporal
heterogeneity of drought trends and the limited spatial coverage of meteorological
stations pose challenges for current drought monitoring efforts. Therefore, methods
capable of monitoring drought impacts on vegetation at high temporal and spatial
resolution are crucial for developing climate-wise decision-support systems.

This thesis investigated the integration of multiple data sources and novel modelling
methods to detect drought impacts on vegetation and map vulnerable areas over
large extents in Swedish forests and agricultural regions. Climate datasets can
describe climate forcing driving drought periods but struggle to describe
micrometeorological heterogeneity in complex, terrain-rich landscapes. Geospatial
data can help to identify vulnerable areas by characterising biotic and abiotic factors
related to vegetation drought resilience. Still, most data cannot detect vegetation
responses to drought in a spatially and temporally consistent manner. However,
satellite remote sensing enables monitoring of vegetation state in pre-, during, and
post-drought conditions. The integration of all these data sources allows for better
data-driven decision-making.

Time series analysis of satellite data allowed the identification of drought responses,
quantification of impacts, vegetation drought resilience, and recovery time in
Swedish forests and agricultural regions. High temporal resolution was a
prerequisite for detecting successive stages of vegetation stress related to drought
progression. Changes in the physiological functions of vegetation, latency in
response times, and variations in carbon allocation strategies were observed across
multiple tree and crop species. Overall, this thesis demonstrates that by combining
remote sensing, multi-source geospatial data, machine learning and methodologies
aimed at understanding model behaviour, regions sensitive to drought and the
factors contributing to the vegetation drought vulnerability can be identified.

Forests and agriculture are economically valuable, but they also provide various
ecosystem services. As climate change progresses, it is important to consider the
susceptibility of these ecosystems to future droughts and to understand when, where,
and how management efforts can improve vegetation's drought resilience. The
results of this thesis highlight the great potential of drought impact detection and
mapping methods, demonstrating how they can help direct management actions
more efficiently and facilitate decision-making that considers the changing climate.



Populérvetenskaplig sammanfattning

I framtiden véantas torkperioderna bli allt vanligare och mer intensiva. Detta gor att
effektiva strategier for klimatanpassning och beredskap mot torka blir viktiga for
bade det naturliga ekosystemet och samhallet. Den spatiala och tidsmassiga
heterogeniteten i torkans trender i kombination med ett underskott av
meteorologiska matstationer innebdr dock utmaningar Gvervakningen av torka.
Déarfor ar metoder som kan méita effekterna av torka med hog tids- och
spatialupplésning viktiga for att utveckla klimatsmarta beslutsstodsystem.

Denna avhandling undersokte integrationen av ett flertal olika datakéllor och nya
modelleringsmetoder for att undersoka torkans effekter och for att kartlagga utsatta
omraden i svenska skogs- och jordbruks-omraden. Klimatdata kan belysa
meteorologiska faktorer som driver torkperioder, men har svart att klarlagga
mikrometeorologisk heterogenitet i komplexa terrangrika landskap. Geospatial data
kan i sin tur hjalpa till att identifiera sarbara omraden genom att karakterisera
biotiska och abiotiska faktorer relaterade till vegetationens tolerans mot torka, men
har inte formaga att méata vegetationens reaktion pa torka pa ett spatialt och
tidsméssigt konsekvent satt. Fjarranalys med satellitdata mdjliggér dock
overvakning av vegetationens tillstind bade fore, under och efter torka.
Integrationen av alla dessa datakallor mojliggor darmed ett béattre datadrivet
beslutsfattande.

Tidsserieanalys av satellitdata gjorde det mdjligt att identifiera vegetationens
reaktioner pad torka samt att kvantifiera effekterna, motstandskraften och
aterhamtningstiden for svenska skogar och jordbruksregioner. Hog tidsupplosning
var en viktig forutsttning for att upptacka successiva stadier av vegetationsstress
relaterad till torkans utveckling. Resultat relaterat till att uppticka forandringar i
vegetationens fysiologiska funktioner, latens i svarstider och variation i
kolallokeringsstrategier mellan arter erh6lls. Sammantaget visar denna avhandling
att regioner som &r sarbara for torka, samt faktorer som paverkar vegetationens
tolerans for torka béattre kan identifieras genom att kombinera fjarranalys, geospatial
data fran ett flertal kallor, maskininlarning och ytterligare metoder som syftar till att
forsta modellbeteende.

Skogs- och jordbruksmark ar ekonomiskt vardefulla, men de tillhandahaller ocksa
en mangd olika ekosystemtjanster. | takt med att klimatférandringarna fortskrider
ar det viktigt att beakta dessa ekosystems kanslighet for torka i framtiden och att
battre forsta nar, var och hur forvaltningsatgarder kan forbattra motstandskraften
mot torka. Resultaten av denna avhandling belyser metoder som har stor potential
att upptacka och kartlagga effekterna av torka pa vegetationen, och hur de vidare
kan bidra till att mer effektivt rikta forvaltningsatgarder och underlatta
beslutsfattande som tar hénsyn till det forandrade klimatet.
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Rationale and thesis structure

This thesis is rationalised by the immediate concern of climate change altering the
frequency and intensity of extreme weather events that affect vegetation. While the
global average surface temperature is approximately 1.3 degrees Celsius higher than
it was in the late nineteenth century (Copernicus, 2024), the average surface
temperature in Sweden has risen by 1.9 degrees Celsius (Schimanke et al., 2022).
However, oceans have stored up to 90% of the excess heat (Cheng et al., 2024). This
massive energy accumulation can drive extreme weather events such as droughts.
Droughts are increasing forest mortality events worldwide (Hammond et al., 2022),
impacting agricultural production (Orimoloye, 2022) and contributing to an increase
in outbreaks of biotic disturbance agents (Netherer et al., 2019). In Sweden, forests
have an important role both ecologically and in society’s socio-economic interests.
The majority of Swedish agriculture is rainfed, which exacerbates the risk that
droughts pose to agricultural production. As climate change inevitably progresses,
it will become increasingly important to shift the emphasis from mitigation
measures towards active adaptation. This thesis has investigated the potential of
combining satellite remote sensing, meteorological, and terrestrial geospatial data
with novel modelling methods to enhance drought impact detection and
quantification in Swedish forest and agricultural ecosystems.

The primary focus of Paper | is to develop a framework for tracking and quantifying
the immediate and lagged impacts of drought on forests. Paper Il focuses on
mapping forest predisposition risk to bark beetle outbreaks as a secondary impact
of drought and investigates the dynamics between predisposition risk and local
environmental factors. In Paper 111, the capacity to detect and quantify the impacts
of drought on agricultural crop yields is investigated. Paper IV focuses on
estimating the effects of drought on foliar and radial tree growth on a multidecadal
scale and analysing the dynamics of tree carbon allocation.

This thesis begins with an introduction to the problem under study, followed by the
aims and methods used to investigate the problem. The results and discussion
sections first address the usefulness and limitations of satellite and other
environmental data in detecting drought impacts. Finally, the capacity of methods
developed to enhance the drought preparedness of societies, along with future
possibilities for bridging the gap between the use of multi-source geospatial data,
novel modelling methods, and understanding how drought impacts various types of
forest and agricultural ecosystems are discussed.

12



Introduction

Climate change and terrestrial vegetation in Sweden

Climate change will present challenges and opportunities for Swedish forests and
agriculture regarding productivity and sustainability. In Sweden, short growing
seasons and excess water have been common factors limiting vegetation
productivity (Bergqvist et al., 2022). Sweden's annual precipitation and temperature
are predicted to increase, but the seasonal distribution of the precipitation is
predicted to be uneven, resulting in wetter winters and drier summers in many areas
(Salim & Zanchi, 2019). Consequently, soil water content (SWC) deficits are
expected to occur more often, especially during the spring (Bastviken et al., 2015).
Limited plant available water in the soil may blunt the benefits that warmer and
longer growing seasons could offer.

The anomalously dry and warm spring and summer weather in 2018 heavily affected
Sweden's forest and agricultural ecosystems. Approximately 25,000 hectares,
corresponding to 2.6 million m® of forest, were damaged by fires (Skogsstyrelsen,
2018). Severe water stress greatly increases the effects of pests taking advantage of
trees that are in poor physiological condition (Jactel et al., 2012; Netherer et al.,
2015). Consequently, the largest documented outbreak of European spruce bark
beetles (Ips Typographus L.) in Sweden was initiated in 2018, resulting in the loss
of a total of 31 million m® of spruce trees from 2018 to 2020 (Schroeder, 2023). The
cereal yields were reduced by up to 50% and livestock numbers were reduced due
to a lack of affordable fodder and feed (Grusson et al., 2021). The risk of similar
adverse ecological and socio-economical impacts may be much higher in the future.

By the 2030s, in Europe, the annual probability of droughts occurring that exceed
the intensity of usual end-of-century drought events will be one in ten (Suarez-
Gutierrez et al., 2023). In terms of excess heat, estimates are nearly ten times higher
than the 1950-1999 average, and excess rain deficit distribution centers around
values roughly twice as large as the recent past average. Boreal forest landscapes
store approximately one-third of the entire terrestrial carbon pool, where most of the
carbon is stored in soil organic matter and tree biomass (Adamczyk, 2021). Thus,
understanding forest growth responses to changing climate plays an important role
in the global carbon cycle (Hurteau, 2021). Additionally, forests and wood products
hold a long history of cultural, economic, and ecological significance in Sweden,
where approximately 70% of the land area is covered by forests (Lindstad, 2002).
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Biodiversity in Swedish forest ecosystems is the basis for maintaining most of the
other ecosystem services and is considered to be linked with human health, biomass
production, decomposition and nutrient metabolism, and many technical
innovations have risen from the study of nature-based solutions (Karlsson et al.,
2022). The agricultural sector in Sweden is relatively small, but important for food
security in Sweden. The warming climate may introduce productivity benefits if it
is exploited effectively. Crop selection and scheduling are crucial challenges for
agriculture to capitalise on changing climatic conditions (Wiréhn, 2018), and the
need for irrigation may increase during dry years (Grusson et al., 2021).

Forests and agriculture have intricate relationships with the functioning of Swedish
society, providing a multitude of ecosystem services. Addressing drought-related
challenges and capitalising on possible opportunities requires adaptation strategies
to increase the drought preparedness of society. Developing such strategies requires
understanding the impacts of drought on vegetation, as these impacts may have
further socio-economic implications within societies. Therefore, monitoring the
state and drought resilience of northern high-latitude forest and agricultural
ecosystems is of high importance. A better understanding of the drought resilience
dynamics of both natural and managed ecosystems and pre-emptively identifying
vulnerable areas is a fundamental step in increasing a society's drought preparedness
and aiding in planning climate change adaptation strategies.

The drought phenomenon

Different definitions for drought have been formed according to disciplinary
perspectives. Drought is an intricate phenomenon originating from a deficiency of
precipitation, which results in a shortage of water for a certain activity or a group in
the interest of the study (Wilhite & Glantz, 1985). During a drought period, the
balance between rainfall and evapotranspiration in a particular area deviates from
the long-term average balance or the state perceived as “normal” in this area.
Droughts are expected to occur more frequently throughout Europe, and their
intensity is expected to significantly increase in northern Scandinavia (Spinoni et
al., 2017).

Multiple climatological and hydrological parameters are often needed to
characterise a drought, but most definitions relate drought to the reduction in the
amount of precipitation received over an extended period (Mishra & Singh, 2010).
Still, droughts occur in areas characterised by low rainfall, as well as in areas
characterised by high rainfall. In a review by Wilhite and Glantz (1985), more than
150 published definitions for the term "drought™ were found. To clarify existing
differences in views between disciplines, they were able to group the definitions
into four types of droughts: meteorological, agricultural, hydrological, and socio-
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economic. Meteorological droughts are often defined by site-specific thresholds set
for a number of days without rain or a period when rainfall is below a specified
amount. Agricultural drought connects meteorological drought to impacts seen in
cultivated crops. Hydrological drought focuses on effects recorded on surface or
subsurface hydrology like notable decreases in stream flows or aggregate runoff.
Socio-economic drought refers to a situation when the demand for an economic
good exceeds the supply due to before mentioned definitions that are more weather-
related. Thus, the drought period's estimated onset and termination date may vary
largely based on the chosen definition.

The drivers of extreme weather periods can have land-atmosphere feedbacks
enhancing each other. Two primary physiological stressors that cause vegetation
mortality are edaphic drought (soil drought) and atmospheric aridity, both of which
can exacerbate drought severity through feedback loops (Zhou et al., 2019). When
a reduction in SWC causes evaporation to decrease, the sensible heat flux and
vapour pressure deficit in the atmosphere will increase. This, in turn, increases the
evaporative demand of the atmosphere, causing a further decline in soil moisture
levels (Figure 1).

Edaphic Drought

Figure 1. Simplified presentation of how multiple climatological and hydrological factors drive the

progression of droughts and interact with each other. The lack of precipitation during a meteorological
drought eventually causes soil water content to decrease. When edaphic drought is prolonged, water
transportation to streams, lakes and groundwater will also decrease. This hydrological drought, in turn,
will reduce evapotranspiration and can further intensify the meteorological drought.

In 2018, Europe experienced one of the most severe and long-lasting summer
droughts combined with extreme heatwaves ever recorded (Schuldt et al., 2020).
From May to August, a high-pressure system centred over Fennoscandia was linked
to record-breaking temperatures across land areas, lack of precipitation, and
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unusually low stream flows (Bakke et al., 2020). In Sweden, the average
temperature over the May to August period was 2.8°C warmer than the 1981-2010
climatological average (Wilcke et al., 2020). Heatwaves intensified the evaporation
rate (Copernicus European Drought Observatory, 2018), resulting in particularly
long-lasting and substantial SWC deficits in southern Sweden (Lindroth et al.,
2020).

In this thesis, meteorological variables are used to define drought periods, primarily
focusing on linking meteorological drought to its effects on terrestrial vegetation.
The impacts on society are discussed. Data collected during the 2018 extreme
drought period are extensively used to study the impacts of drought on terrestrial
vegetation.

Role of local environmental factors

The most important abiotic factors affecting vegetation drought resilience are
microclimate, water availability, and soil nutrients, and the most important biotic
factors are vegetation structure and leaf economic and hydraulic plant traits (Kopp
Hollunder et al., 2022). The term microclimate refers to the range of climatic
conditions in nearby locations that substantially affect ecological processes such as
plant regeneration and growth, soil respiration, nutrient cycling, and ecological
patterns within plant communities (Chen et al., 1999). By generating shade,
transferring water, and evapotranspiration, the vegetation feeds back to the
microclimate, influencing the environment's temperature and vapour pressure
deficit (Wright & Francia, 2024). The diversity of vegetation, its functional groups
and other characteristics determine how it interacts with the local microclimate.

Interception and evaporation determine the amount of water supplied to the ground
surface. This water is removed by overland flow, infiltration to the soil matrix,
transferred to more long-term groundwater storage or returned to the atmosphere
through evapotranspiration. Topographic gradients strongly influence the rate at
which soil water moves downslope and how groundwater fluxes behave (Condon &
Maxwell, 2015). Soil characteristics, particularly variations in soil texture, are
significant factors affecting soil moisture variation (Yeakley et al., 1998). Soil
infiltration rate and field capacity (the maximum amount of available water held in
the soil after gravity-induced drainage) strongly depend on the soil texture (van
Wesemael et al., 2003). These properties further determine the permanent wilting
point, which is the highest water content level of a specific soil, at which indicator
plants will wilt and fail to recover afterwards (Tolk, 2003). However, it is
challenging to precisely determine the actual effect of soil texture due to its intricate
interconnections with topography, as soil texture often correlates with its position
in relation to local topography (Price, 2011). Areas with steep upper slopes are likely
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characterised by coarser and thinner soils, which can transfer water rapidly.
Contrastingly, areas with low slope gradients are more likely to have soils with finer
particle sizes and thicker soils, leading to a lower capability to transfer water.

Vegetation resilience to drought

Every known living organism requires water to survive. Though water is a simple
molecule, its complex properties seem to fit better into the requirements for carbon-
based life than any other molecule (Chaplin, 2001). Water is essential for chemical
reactions, thermal regulation, and cellular functions of plants. Through
photosynthesis, plants can convert radiative energy into a form that living organisms
can use. Photosynthesis is limited by the presence of light and the amount of green
biomass, which in turn requires water to survive. Gross primary productivity (GPP)
is the rate at which carbon compounds are produced by photosynthesis; however,
plants use some of this energy for metabolism and respiration. The net primary
production (NPP) is the net amount of biomass stored in plants.

Reduction of SWC influences nutrient cycling and uptake and increases soil salt
concentration, leading to a decrease in soil water potential in comparison to plant
cells (Zargar et al., 2017). This lack of available water impacts cellular features and
processes that are vital for the plant's functioning, such as turgor pressure, metabolic
reactions, influx and efflux, ion transport, nutrient metabolism, cellular
development, and the translocation of solutes. Plants take up most of their mineral
nutrients from the soil through the cellular membranes of their roots and shoots. The
rate at which plants can uptake important minerals may decrease when the soil dries
(Bista et al., 2018). These internal interferences then negatively affect the plant's
capability to uphold photosynthesis.

Rather than drought impacts on vegetation being single events, they can result in
compounding and secondary impacts (de Brito, 2021). In forests, severe water stress
greatly increases the risk of insects exploiting the poor physiological condition of
the trees (Jactel et al., 2012; Netherer et al., 2015). The most significant insect
disturbance agents in temperate and boreal forests are the various species of bark
beetles (Sommerfeld et al., 2021). More than 25% of Europe's current Norway
spruce (Picea abies (L.)) total growing stock may be at risk of bark beetle outbreaks,
due to the European spruce bark beetle primarily targeting Norway spruce (Hlasny
et al., 2021). In agriculture, crop losses are often followed up by a shortage of feed
for livestock and consequent early slaughtering of animals (Knutzen et al., 2023).
The presence of the secondary impacts further complicates the quantification of the
total impacts of drought on vegetation and how they influence society.

Significant differences in drought resilience and the latency of stress reactions can
exist within functional groups, individuals, or even individual species (Robakowski
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et al., 2020; Sanchez-Pinillos et al., 2022). Although the effects of the 2018 drought
were observed throughout the Nordic countries, differences were observed in how
the drought impacted the NPP of forests in different regions (Lindroth et al., 2020).
There is a clear relationship between vegetation water relations and carbon balance,
where vegetation temporal responses to drought are expected to be crucial for risk
prediction, as deteriorating hydraulic function is a likely cause of drought-induced
mortality (Martinez-Vilalta et al., 2019). As leaves and needles are essential for
photosynthesis, changes in them are often considered to correlate highly with
changes in GPP. However, it is not known what proportion of the drought-induced
decrease in GPP is commonly attributable to stomatal closure and how much is
attributable to other non-stomatal characteristics, such as decreased electron
transport activity, carboxylation rate, reduced active leaf area (LAI), and decreased
mesophyll conductance or their combination (Gourlez de la Motte et al., 2020).
Also, changes in GPP and NPP in response to drought will likely vary with soil and
vegetation species- and community-specific properties.

Whether direct or indirect, the magnitude of drought effects on vegetation is related
to the intensity of the drought and the ecosystem'’s sensitivity to drought exposure.
The sensitivity of a species or an ecosystem is governed mainly by the physiology
of the species, community structure, ecosystem-level processes and their
adaptability to changes in the earth’s physical systems and processes (Stein et al.,
2011). The concept of ecosystem resilience was proposed by Holling (1973) as a
way to quantify a system's capacity to withstand disruptions and changes. Later,
Westman (1978) suggested that resilience should consider the degree, manner, and
restoration rate of the initial structure and function following a disturbance event.
During droughts, the plant water status is governed by the soil water supply and the
evaporative demand of the atmosphere. However, many plants are physiologically
able to exercise control over metabolic responses to water deficit. Controlling the
water flux through leaf and root surfaces by altering resistances to water flow. Thus,
the water status in the mesophyll cells of the plant leaves might not actually track
changes in SWC or evaporative demand in the short term. Plants can compensate
for the lack of water by modulating their stomatal aperture and, in the longer term
altering their leaf and stomatal development, with an aim to equalize water
availability and use by controlling stomatal conductance (Hamanishi et al., 2012).
Overall, physiological traits and adaptation strategies of plant species can cause
large variations in their sensitivity to drought and the latency of their stress
reactions. Still, there is a lack of knowledge regarding how plants respond and adapt
to drought on a daily or weekly scale (Joshi et al., 2022).
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Integration of multi-source geospatial data

Investigating dependencies between climatic variables and ecosystem productivity
is of interest in a multitude of research fields. Automated weather stations are a
relatively low-cost solution, with varying capabilities to record changes in
environmental variables for decades (Tanner, 1990). Additionally, the
micrometeorological eddy covariance method can measure the exchange between
the ecosystem and atmosphere in terms of gas, energy, and momentum (Liang et al.,
2020). However, the network of measurement stations is still far from covering the
whole globe in detail, and they cannot produce spatially continuous data on changes
in biogeophysical processes.

The increased availability of reanalysed meteorological data, terrestrial geospatial
data, and satellite data with extensive spatial coverage can enhance the monitoring
of vegetation states and drought resilience across varying spatiotemporal scales.
This provides alternatives to traditional field-based measurements. Indices utilising
meteorological datasets have been created to estimate the spatiotemporal variation
of relative dryness and to monitor drought. Among the most widely used drought
indices are the Palmer Drought Severity Index (PDSI) (Palmer, 1965), the
Standardized Precipitation Index (SPI) (Mckee et al., 1993), and the Standardized
Precipitation Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 2010).
Differentiating from the other two, SPEI can consider the role of atmospheric
evaporative demand at different time scales.

Apart from meteorological data, variables influencing the local microclimate
(Greiser et al., 2018), soil nutrients (Adeniyi et al., 2024), and SWC (Agren et al.,
2021) variation can be described using topographical and soil data sets. Similarly,
information on land use and cover (Zhang & Li, 2022), vegetation composition
(Nasiri et al., 2023) and vegetation height (Tolan et al., 2024) are distributed as
geospatial data sets. However, when data is produced on a regional or national level,
it may not be updated often. Although they would include valuable information on
local environmental factors that impact vegetation drought resilience, their usability
in monitoring intra- and inter-annual changes, like phenology, plant growth or
vegetation disturbances, is often limited. Phenology describes the key events in the
life cycle of organisms, such as plant greening, senescence and reproductive events,
and often strongly responds to meteorological variables (Dronova & Taddeo, 2022).
However, available in-situ phenology observations are often sparse in space and
time, making it challenging to generalise evidence from the plant level to broader
geographic extents. Regarding phenological cycles and vegetation health state,
satellites can provide data sets covering years or even decades, collected with a
known interval in a consistent manner over space and time (Younes et al., 2021).

Satellite remote sensing methods are based on transferring electromagnetic
radiation, facilitating access to resources that overcome the spatial limitations of in-
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situ measurements and the temporal limitations associated with many other
geospatial data sources. The interaction of electromagnetic radiation with the land
surface strongly depends on the wavelength and the interacting medium’s
geometrical, electrical, magnetic, and conductive properties (Marzano, 2014). This
thesis will focus on the use of optical satellite sensors, which can enable the
differentiation of spectral signatures of objects present in the satellite images. Thus,
disturbances causing deviations from the known spectral signature can also be
detected.

Detection and mapping of drought impacts

The Swedish Council of Experts on Climate Adaptation stated that successful
climate adaptation requires shifting the focus from problems to solutions and from
planning to implementation (Nationella expertradet for klimatanpassning, 2022).
They emphasised the importance of developing systems enabling proactive
measures. Though research on drought impacts and resilience indicators in Nordic
boreal forests has advanced, studies remain context-specific, highlighting ongoing
limitations in generalisable indicators. Therefore, further development of methods
that can account for dependencies related to vegetation age, diverging resilience
trends, species-specific drought responses, spatial variability, and the integration of
long-term data is still necessary to identify varying drought response patterns in the
landscape. Recent developments in satellite remote sensing and machine learning
offer detailed yet complex solutions for monitoring the spatiotemporal variation of
land surface biogeophysical parameters (Prodhan et al., 2022).

To monitor the impacts of droughts on forests, it is crucial to identify the typical
seasonal trajectories of forest types or species to enable the detection of states
deviating from the norm due to drought stress. Satellite remote sensing can help
meet the need for indicators of species diversity and vegetation structure and aid in
detecting responses of phenological metrics to stressors over vast, heterogeneous
regions (Dronova & Taddeo, 2022). These indicators can provide information on
vegetation resilience, recovery of vegetation cycles, and the identification of stable
microrefugia. GPP is often used as an indicator of ecosystem vitality and resilience
against drought stress and to monitor the duration of ecosystem recovery time (Yu
et al.,, 2017). Optical satellites can detect changes in vegetation characteristics,
focusing mainly on canopy cover, biomass, and other biophysical attributes of
forests and agricultural crops. Vegetation structure and health are often estimated
using satellite data derived from visual to near-infrared (VIS-NIR) vegetation
indices (VI). However, these measurements frequently saturate over dense forests
or overlook changes in vegetation functioning that occur before significant changes
in foliar biomass occur (Vicca et al., 2016). Nordic boreal forests are commonly
dense, and new buds account for only a small fraction of total tree biomass, and the
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shoots grow slowly. Accordingly, Jonsson et al. (2010) showed that the widely used
Normalised Difference Vegetation Index (NDVI) poorly detects phenological
phases in coniferous forests. Also, in areas where the number of satellite
observations within a year is low or unevenly distributed over the vyear,
characterising vegetation phenology and monitoring vegetation state can be
especially challenging (Mas & Soares De Araujo, 2021).

In contrast to forests, where trees close their stomata to preserve their leaf water
potential when the amount of water in the soil falls below a specific threshold,
grasses typically do not stop growing until the SWC falls below their permanent
wilting point (Vicca et al., 2016). Thus, changes might happen rapidly when the
permanent wilting point is reached. Time-series analysis on croplands can be
challenging because crop rotation between consecutive years will obstruct the
comparison of satellite signals from the same field before and during a
meteorological extreme event. At the same time, crop- and site-specific climate
change adaptation strategies are required because the severity of drought impacts
varies by location (Sjulgard et al., 2023). Local soil, topography, management, crop
species, and drought occurrence in relation to crop growth stages influence the
drought resilience of the crops (Mohammadi et al., 2023). Since yield drivers can
have extremely non-linear effects on farmers and commodity markets, method
development should concentrate on capturing them during non-standard years
(Schauberger et al., 2020). However, analysis based on remote sensing data alone is
often insufficient for the mechanistic interpretation of phenological cycles and
asynchronies caused by stressors. This is why integrating ancillary environmental
and geographic data is needed (Dronova & Taddeo, 2022). Simultaneously, drought
monitoring and forecasting initiatives that rely solely on historical meteorological
data may face increasing uncertainties in the future, as they will be unable to
effectively account for extreme meteorological anomalies (Park et al., 2019).

Machine learning algorithms can learn directly from data without relying on user-
defined rules and can uncover nonlinear patterns in large and diverse geospatial
datasets (Vulova et al., 2025). However, collecting sufficient data on vegetation
changes to train machine learning models can be challenging. The integration of
multi-source geospatial data can provide a basis for collecting data from vast
geographical areas. While remote sensing observations have been used to quantify
drought impacts from an ecosystem perspective, methods for detecting early
drought impacts remain limited, and uncertainties are often unquantified
(Aghakouchak et al., 2015). Advancements in satellite sensors' spatial, spectral, and
temporal resolutions introduce new opportunities for monitoring drought and
vegetation states (Misra et al., 2020). Despite the opportunities created by the
availability and integration of novel modelling techniques and data sources,
explaining how machine learning models reach specific conclusions has been
challenging. To overcome this limitation, recent advances in “explainable Al”
techniques have enhanced the interpretability of outputs and results produced by
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machine learning algorithms, thereby increasing the transparency of the models'
decision-making processes (Lundberg et al., 2020).

The conditional permutation importance (CPI) was developed to refine existing
model feature importance methods (Debeer et al., 2021; Debeer & Strobl, 2020).
CPI can account for dependencies among features, aiming to avoid misleading
results caused by interdependent predictors. Thus, further improving interpretability
and accuracy in variable importance assessments. An alternative way to study the
importance of interdependent variables is TriPlot analysis (Pekala et al., 2021). The
TriPlot method combines information on the importance of individual variables, the
correlation structure between predictors, and the importance of groups of variables
formed based on their correlations. Though these methods can quantify the
importance of features, they do not provide information on how each variable
influenced each prediction.

The use of SHapley Additive exPlanations (SHAP) has gained significant popularity
as a technique for explaining machine learning models in geospatial applications or
for extracting insights about real-world scenarios (Roussel, 2024). SHAP is a
model-agnostic method, meaning it can be applied to any machine learning model
to quantify the contribution of each model variable to a specific prediction, where
the sum of the contribution of each variable equals the final prediction (Lundberg
& Lee, 2017). This means that SHAP values can explain individual predictions by
quantifying how much each feature contributed to a specific output, aiding to
understand the model reasoning behind a single prediction. Summarising the SHAP
values of all local explanations provides information on the global importance of
features, characterising the average model behaviour and contribution of each
variable. Another widely used model explanation method is Partial dependence
plots (PDP), which offer a solution to plot the model prediction function, allowing
the relationship between the outcome and predictors to be visualised in low-
dimensional graphical renderings (Greenwell, 2017). Both SHAP values and the
PDP plots can be useful in explaining the output and decision-making process of the
machine learning models, previously considered “black box models.”

Combining multiple geospatial data sources can provide new opportunities for
characterising and monitoring changes on the Earth’s surface (See et al., 2024; Vila-
Vicosa et al., 2020). Meteorological, terrestrial geospatial, and satellite data
combined with novel modelling and model interpretation methods could enable the
development of techniques capable of quantifying drought impacts on terrestrial
vegetation. This approach would also provide information on the importance and
dynamics of environmental factors that control the severity of drought impacts in a
local context. In a changing climate, effective adaptation measures will become
increasingly valuable. Novel drought monitoring methods can aid in better directing
management efforts and provide information for decision-making.
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Aims and objectives

The overall aim of this thesis is to develop, test and apply methodologies for the
detection and quantification of spatially explicit drought effects on Swedish
agricultural and forest ecosystems and their productivity. The thesis provides
information on the potential and challenges associated with integrating multi-source
geospatial data for monitoring drought impacts on terrestrial vegetation.

Four studies were carried out with the following specific goals to accomplish this:

1. Develop a change-detection framework to quantify immediate and delayed
drought-related vegetation changes in forest ecosystems and their recovery
times.

2. ldentify drivers and map forest areas with a high risk of European spruce
bark beetle disturbances as a secondary effect of drought.

3. Develop a causal inference framework considering crop rotation and local
environmental factors when quantifying climate-driven changes in
agricultural crop yields between selected periods.

4. Estimate the foliar and radial growth responses of Norway spruce and Scots
pine trees to drought at national and multidecadal scales by combining
satellite, meteorological, soil wetness, and dendrochronological data.
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Methods

Overview

Sweden's southern regions, where direct and secondary drought impacts have
commonly been more severe than in the country's northern regions (Ou, 2017), have
a higher coverage of the research areas included in this thesis (Figure 2). Drought
conditions and the impact of local environmental factors were described using
geospatial and meteorological data sets (papers I, 11, 111 & IV). Sentinel and Landsat
are two crucial remote sensing programs that provide multispectral data to track
changes in terrestrial vegetation and phenological patterns of vegetation (Mas &
Soares De Araljo, 2021). Studies including the investigation of intra-annual
temporal changes (Papers | and IIl) used Sentinel-2, while one examining
multidecadal changes (Paper 1V) used Landsat satellite data.

Sentinel-2 is a satellite mission recording wide-swath (290 km), high-resolution
(four bands at 10 m, six bands at 20 m and three bands at 60 m spatial resolution),
multi-spectral images with a push-broom sensor (European Space Agency, 2015).
Sentinel-2A, Sentinel-2B, and Sentinel-2C satellites were launched in June 2015,
March 2017, and September 2024, respectively. This thesis used atmospherically
corrected and orthorectified bottom-of-atmosphere reflectance Sentinel-2 images
(Level-2A). At mid-latitudes, revisit times ranged from two to three days during the
study periods determined in this thesis.

The global consolidated Landsat Collection 2 archive covers over 50 years
(Crawford et al., 2023), making it especially useful when monitoring long-term
vegetation changes (Morin-Bernard et al., 2023). This thesis used the Landsat 4 and
5 Thematic Mapper (TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), and
Landsat 8 and 9 Operational Land Imager (OLI) sensors radiometrically calibrated
and geolocated multispectral data are provided as surface reflectance images (Level
2).
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Figure 2. The study areas of each research paper of this thesis.
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Paper |

This study explores the capability of Sentinel-2 data to monitor vegetation stress
phases related to drought progression and to quantify both short- and long-term
impacts on forest growth. We calculated three VIs across six forest types, comparing
pre-, during-, and post-drought conditions to investigate vegetation drought
responses and drought resilience patterns in Swedish forests. For the 2015-2022
period, we calculated the normalized multiband drought index (NMDI) (Wang &
Qu, 2007) for detecting vegetation water content (VWC) changes, the chlorophyll
index red-edge (CIR) (Gitelson, 2003) for detecting chlorophyll content changes
and the plant phenology index (PPI1) (Jin & Eklundh, 2014) for detecting changes in
green leaf area (LAIQ). VIs chosen aim to detect successive stages of vegetation
stress related to the progression of the drought, where drought decreases the plant-
available water in the soil, which impacts the VWC and may alter biochemical
processes and eventually LAIg.

VI data cubes with daily time steps were composed for three eddy covariance sites.
As the vegetation phenological cycles can be roughly identified using Fourier-based
approaches (Garonna et al., 2014), a time-series model was fitted using Weighted
Harmonic analysis of time series to gap fill and minimise noise at each point in the
site time series. For the eddy covariance sites, we calculated daily reference VI
values using data from 2015 to 2017, representing an average period without
extreme climate events. In this study, resilience concepts of Aamplitude and
elasticity (Westman, 1978) were used, where Aamplitude represents the intensity of
disturbance or systems’ resistance to it, and elasticity represents the recovery time
to reach the pre-disturbance stage (Figure 3). The Aamplitude was estimated by
calculating the VI percentage difference between the reference period and the
drought year of 2018. Post-disturbance recovery was also considered. First, the
immediate and carry-over effects were measured on an annual scale by calculating
Aamplitude between the reference and post-reference peak of season (POS). Then,
the within-year drought response was presented by a daily Aamplitude time series
limited to the 2018 growing season at each ICOS sites. The response times of each
forest type and the earliest detectable drought response, compared to the date of
meteorological drought onset, were measured using breakpoint detection (Jamali et
al., 2015) with a daily temporal resolution. SPEI with 0.1° spatial and weekly
temporal resolution (SPEI-T) was calculated to define the drought onset date at the
ICOS sites.

Additionally, we calculated the annual peak of the season (POS, VI maximum)
rasters for a transect with a strong gradient in average annual precipitation. For the
transect area, we prepared data on average annual precipitation for 1988-2017
(Andersson et al., 2021) and statics average soil moisture maps (Agren et al., 2021)
to represent the local variation in the long-term plant-available water. High spatial
resolution SPEI (SPEI-S) with 0.05° spatial and monthly temporal resolution was
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downloaded (Gebrechorkos et al., 2023) to study dynamics between annual average
precipitation, drought intensity and forest drought resilience at the TR. Then,
changes in the density distribution of the POS VI values between reference, drought,
and post-drought years were examined at the transect. Multiple regression analysis
was used to investigate differences in disturbance intensity across various forest
types within regions with differing levels of average annual precipitation and
drought intensity. To determine how the local water availability affects the VI
responses, differences in statistical populations of each forest type in regions with
varying soil moisture availability were examined.
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Figure 3A Flowchart presents input data, processes taken and their order, and outputs of which the study
results were concluded. Figure 3B The resilience concepts and the definition of the reference period are
visually presented. The orange dashed line outlines the reference period. Red lines show the Aamplitude,
the disturbance intensity, quantified by comparing VI values against the reference period average. The
purple line represents elasticity, which is the time required for recovery to reach the pre-disturbance
stage. The black circle illustrates the peak of a single growing season, defined as the annual VI
maximum. Figure 3C The theoretical relationship between VI deviations from the reference caused by
drought and the detected breakpoints.
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Paper Il

The aim of this study is to investigate how different environmental factors affect the
risk of bark beetle (Ips typographus L.) attacks during a drought year and in
subsequent years when weather conditions were more normal but bark beetle
populations were higher than during the drought year. We utilised geospatial data
and random forest (RF) models (Breiman, 2001) on a large dataset of bark beetle
presence data to quantify the importance of environmental features that predispose
Norway spruce forests to bark beetle outbreaks and interpret the patterns identified
by the models.

Information on bark beetle presence was derived from data collected by harvester
machines equipped with Global Navigation Satellite System receivers (GNSS),
including coordinates for 639,997 individual trees removed due to the presence of
bark beetles. The harvester data included only information about removed trees, and
we had insufficient field inventory observations for healthy stands to achieve a
balanced dataset. Therefore, areas within an estate with trees harvested elsewhere
were considered healthy, relying on the idea that, for cost efficiency, the estates
were examined for attacked trees before the harvester was brought to the property.
Rasters with 10 x 10 m grid resolution were created, where each pixel entailing a
harvested tree or an inventory recording of bark beetle presence was classified as
attacked by the bark beetle. The number of attacked and healthy observations was
balanced using stratified random sampling, using forest and soil type coverage as
grouping variables.

A literature review was conducted to identify candidate environmental features
predisposing forest trees to bark beetle attacks. Then, geospatial data serving as
proxies for these features were downloaded. We aimed to decompose the joint
interactions between features, selecting the most important features to decrease the
number of dependent features in the data. Environmental features in unison control
the local predisposition risk of forest stands, and the independence of these features
can rarely be expected in a natural environment. We used CPI and TriPlot analysis
for feature selection aiming to mitigate collinearity between continuous variables.
Finally, bark beetle presence data was converted to binary rasters with a 10 x 10 m
spatial resolution and combined with geospatial data of selected environmental
features. One raster was produced for the drought year 2018 and one for the 2019-
2020 period, both covering a 48,600 km? area in southeastern Sweden. Lastly, the
information from the binary rasters and data on the environmental features were
combined. Resulting in a total of 24,433 records for the drought year and 75,447
records for the normal period. The data were split, with 80% allocated for training
and 20% for validation data for both study periods.

We used the RF learning algorithm because it has been widely used for classification
tasks, is computationally reasonably cheap, and is not susceptible to overfitting or
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outliers (Wei et al., 2015). We trained two binary classification models: one for the
drought period and one for the normal period. The primary goal was to quantify and
interpret patterns the models uncovered; thus, prediction accuracy was not
compared with additional machine learning methods. Still, reliable interpretation of
the results requires a good underlying model, so the RF hyperparameters were tuned
by conducting a 10-fold cross-validation using a sample grid of defined
hyperparameter values (Kuhn, 2008). The best models were selected based on their
average ability to identify the attacked pixels accurately. Models predicted a
probability of class membership, not a discrete label. This was considered as
guantified information on the risk of attack. When evaluating model performance,
a 50% cut-off limit was used for predicted probabilities to facilitate the computation
of a confusion matrix.

The primary focus was set on analysing SHAP values to quantify the contribution
of each feature to a particular prediction. Thus, the forest stand's predisposition to
bark beetle attacks could be estimated while simultaneously deriving information
on how environmental features control the local predisposition risk under drought
and during periods of more normal weather conditions but with higher bark beetle
populations (Figure 4).
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Figure 4. Summary of processing steps taken from harvester, inventory and geospatial datasets to
results. The data preparation section summarises data sources and pre-processing steps. The model
tuning and feature selection sections describe steps to choose optimal model hyperparameters and
predictor variables. Results sections show how final RF models were trained, SHAP values calculated,
and how results were derived from the SHAP values.
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Paper 11

This study aimed to develop a causal inference framework for comparing crop yield
responses under extreme drought and more normal weather conditions, as the
impacts of drought on crop yields vary by location, necessitating crop- and site-
specific adaptation measures to climate change (Sjulgard et al., 2023). This is
important because crop rotation between consecutive years hinders the comparison
of satellite signals from the same field before and during a meteorological extreme
event, and variations in soil properties can influence the comparisons made between
different fields. Furthermore, the drivers of yield loss variation between fields
during extreme drought were investigated.

We acquired information on the types of crops grown at each agricultural field in
Scania County in 2017 and 2018 (Jordbruksverket, 2015). In Scania, the summer of
2018 was extremely hot and dry, and on a national scale, cereal yields were reduced
by up to 50% (Grusson et al., 2021). On the other hand, weather conditions in 2017
summer were close to the long-term average (SMHI, 2017). We focused on common
production crops, including winter wheat, spring wheat, winter barley, spring
barley, oats, and grasses for grazing and hay. This resulted in 58,860 and 57,951
fields for the years 2017 and 2018, respectively. Annual statistics of total crop yields
in Scania were downloaded (Official Statistics of Sweden, 2023), and annual yield
data from 64 fields with spring barley and 88 fields with winter wheat were
included.

Daily precipitation and temperature (Andersson et al., 2021) and SPEI at a 3-month
time scale and monthly temporal resolution (Begueria et al., 2024) were
downloaded. Information on topsoil texture (Piikki & Soderstrom, 2019), elevation
and slope were derived (Lantméteriet, 2020). For vegetation monitoring, we
acqureid Sentinel-2 data-derived 10-day PPl composites and the annual total
productivity (TPROD) product (Smets et al., 2024). TPROD is the sum of all PPI
values during the growing season. The relationship between TPROD and yield data
was examined using linear regression analysis. The annual statistics of total yields
in Scania, by crop type, were used with the regional average TPROD. The average
TPROD per field was used at the field level, along with harvester machine-derived
yield estimates, for winter wheat and spring barley.

A statistical technique called propensity score matching was applied to make the
field-level observations from the drought year 2018 and the reference year 2017
comparable (Stuart, 2010). This method paired observations from fields with as
similar soil properties as possible and the same crop type, grown during different
years. For paired fields, PP1 was used to track intra-annual crop drought responses,
and the impact of drought on yields was estimated by calculating the percentage
difference between TPROD from paired fields (ATPROD).
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To study local variation in drought impact severity, ATPROD was used as a
response variable in an efficient gradient boosting decision tree model, Light
Gradient-Boosting Machine (LigthGBM) (Ke et al., 2017). The data was split into
80% training and 20% testing sets. Model hyperparameters were tuned, and
performance assessments were conducted using 10-fold cross-validation with a grid
search that included 150 hyperparameter configurations to minimise the root mean
square error (RMSE) (Kuhn & Wickham, 2020). Initial tuning results were used as
input for iterative search of best parameters using Bayesian optimisation. The
contribution of each variable to each field-level prediction was quantified, and their
dynamics were investigated using SHAP values. Here, positive SHAP values
indicate a percentage increase in ATPROD, which is interpretable as a lower yield
loss due to the specific variable. Conversely, negative SHAP values were associated
with higher yield losses during drought. This provided quantified information to
assess the contribution of soil and topographical variables to variation in ATPROD
and to investigate whether the contribution of these variables varies between crop
types (Figure 5).

Elevation, Slope, Soil class, Clay, Crop type map Precipitation,
Sand, Silt Temperature,
Wilting point, Field capacity 2017 & 2018 SPEI
' |
PPI, Propensity
TPROD score matching
4
Zonal Zonal
statistics statistics A TPROD
] ! ]
Random
Field-level Regional Regional forest
¥
TPROD TPROD PPI
SHAP
} l } ]
Progression
Compare to Compare to ng the Model
ar.mual ar.mual S variable
yields yields impacts contributions
1 t
Field-level Regional
Yield data Yield data

Figure 5. Summary of the causal inference framework from input data to results used in this study. The
data inputs are marked with wide green borders. The processing steps and intermediate outputs are
marked with thin blue borders. Results are marked with wide yellow borders.
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Paper IV

It has been shown that trees that were less resilient to previous non-lethal droughts,
in terms of radial growth, are at higher risk of drought-related mortality in the future
(Desoto et al., 2020). Paper | proposed a methodology for detecting drought-related
forest crown changes, but the short reference period length and mixed signals from
multi-species stands were identified as areas for improvement. This study addresses
these issues by focusing on longer VI series derived exclusively from Landsat data
of Norway spruce (Picea abies (L.) Karst) and Scots pine (Pinus sylvestris (L.))
monocultures. However, the presence of complex interactions between tree carbon
allocation strategies and meteorological drivers (Trugman et al., 2018) makes it
difficult to conclude the magnitude of drought impacts on tree growth from the VI
data. Additionally, the relationships between radial growth estimates and VIs are
likely influenced not only by climate but also by the spatial resolution of VI data,
local environmental factors, and species-specific responses (Zhang et al., 2023).

We used Landsat Collection 2 data to calculate the near-infrared reflectance of
vegetation (NIRv), which has a linear relationship with the fraction of absorbed
photosynthetically active radiation (Badgley et al., 2017) and the Normalized
difference water Index (NDWI) (Gao, 1996), which is sensitive to changes in VWC
to monitor the foliar dynamics of the trees. Changes in leaves and needles are
essential for photosynthesis. Thus, they may be correlated with changes in
vegetation productivity. For validation, VI-detected changes were compared with
in-situ LAl measurements from three Integrated Carbon Observation System
(ICOS) (Aalto et al., 2024).

Ogana et al. (2024) collected tree-ring chronologies from 16 paired pine and spruce
stands distributed across latitudinal gradients in Sweden. From this data, the tree
ring width index (RWI) was calculated, which describes whether the increment of
radial growth was above or below the average growth of the trees for each site to
assess the responses to environmental changes (Xu et al., 2017). De-trending was
performed to remove long-term term trends in the VI time series, which were
considered to be related to canopy development, by calculating standardised
residuals of VIs from linear regression. SPEI data on a 3-month timescale were used
to represent the variation in drought conditions. VI residual and RWI data were used
to investigate foliar and radial growth responses to the 2018 drought and recovery
times derived from these two datasets.

Lastly, two RF modes were trained to predict annual RWI at pine and spruce stands,
using information on average temperature, precipitation sum and VIs during
months, recognized as important for the growth of pine and spruce, complemented
with static SWC estimates from each site. The importance and dynamics of model
variables were investigated by calculating SHAP values (Lundberg & Lee, 2017)
and partial dependency plots (Greenwell, 2017), which were used to further examine
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the relationship between predictors and RWI (Figure 6). Combining predictive
mapping of areas with high drought mortality risk with information on species-
specific growth dynamics during extreme weather events could provide valuable
information for planning forest management and climate adaptation strategies.
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Figure 6. Summary of the workflow with steps from input data to results used in this study. The data
inputs are marked with wide green borders. The three different types of study sites, with differing
processing steps, are marked with thin blue borders. Results are marked with wide yellow borders
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Results and discussion

Detecting response and resilience to drought in forests

In paper |, a satellite data-based framework was developed to investigate the
capacity of Sentinel-2 data to identify response and resilience to drought across six
forest types in Sweden (Figure 3). On average, the VIs detected successive stages
of vegetation drought stress in an ecologically reasonable way. SWC measured at
the study sites initially decreased, followed by the satellite-estimated VWC, then
chlorophyll content, and finally LAlg. On average, changes in in VWC content of
spruce, mixed coniferous, and mixed forests were detected within a week of the
onset of the meteorological drought. At one of the sites, SWC changes were detected
in all forest types except pine stands before the onset date of the meteorological
drought, indicating that in certain areas, a decline in VWC can be detected before
climatic conditions considered as drought are reached. Longer average latency in
SWC changes detected in pine forests may be related to differences in rooting depths
and the ability of pines to develop deep taproots (Martinez-Sancho et al., 2017).
However, there was a large variation in latency of detecting a change in chlorophyll
content between the forest types and sites, which suggested that it’s hard to separate
the chlorophyll content and LAIg signals using VIs. High POS values were still
detected in early summer, and larger decreases in forest productivity often occurred
later in the growing season.

A longer reference period could have further lowered uncertainties related to the
daily reference values, and data on stand species composition could have helped
interpret the S2 signal when multiple species were present. Overall, the within-year
vegetation drought response results show that VWC-related VI responded earlier to
drought than greenness-related VIs. When possible, high temporal resolution
observations should be prioritised over annual maximum vegetation index values
(POS) to determine the intensity of disturbance.

Further analysis was conducted over a larger spatial extent, using a 40 x 240 km
transect characterized by a strong gradient in annual precipitation. This analysis
suggested that long-term precipitation patterns influence the depletion rate of root-
zone available water on vast geographical extents. In a local context, drought
resilience may be dependent on stand species composition; regardless, the most
severe impacts of drought were consistently observed in areas with limited soil
moisture availability. Forest recovery took up to four years (Figure 7).
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Drought exposure over consecutive years can be especially harmful to species that
require longer recovery times than a single growing season, as it has been
demonstrated that frequent low-intensity dry conditions, not just high-intensity
droughts, contribute to forest mortality (S&nchez-Pinillos et al., 2022). However,
given the large geographic extent, we were unable to rule out the possibility that
biotic agents influenced the signal following the drought or trees dying as a result
of drought stress. Therefore, mapping of forest areas at high risk during potential
future droughts could be further improved by integrating VI data with information
on local water availability, forest composition and structure, and the presence of
other potential stressors. Furthermore, the methodology described here cannot
process Sentinel-2 images continuously as they become available. Therefore, further
developments to monitor the forest state and drought responses in near-real time are
encouraged.
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Figure 7. Kernel density estimates of PPl and NMDI POS at the transect. The area under the horizontal
line at the y-axis value of one is equal to the total of the areas under each density line. Note the difference
in the Y-axis scale between PPl and NMDI columns. Variance in density patterns and mean values
illustrate shifts in ecosystem status between the years.
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Secondary impacts of drought on forests and the role of
local environmental factors

Paper | demonstrated that satellite data can be utilised to detect both direct and
legacy impacts of drought on forests; however, indirect or secondary effects of
drought and the role of local environmental factors were not considered. The 2018
drought weakened the defence capability of the forests and, as an indirect impact of
drought, resulted in the largest documented outbreak of European bark beetles (Ips
Typographus) in Sweden (Schroeder, 2023).

Paper Il investigated how various environmental features influence the risk of bark
beetle attacks during a drought year and the subsequent years with more normal
weather conditions across a 48,600 km? study area in South-eastern Sweden.
Geospatial data representing local forest stand attributes, topography, soil type and
wetness, the proximity of clear-cuts, and previous bark beetle attacks, with a spatial
resolution of 10 meters, were included in the analysis. The RF binary classification
model achieved an accuracy of 85% for the drought period and 88.5% for the normal
period, respectively (Figure 8A). Differences in accuracy can likely be attributed to
the normal period model, which includes information about the distance to and
intensity of previous attacks, as the beetles are likely to attack the closest suitable
host trees. SHAP values were used to describe the contribution of each
environmental feature to each prediction individually (Figure 8B).

The feature importance analysis suggested that the most important features
controlling predisposition to bark beetle attacks are average canopy height (used as
a proxy for tree age), spruce volume, soil type and average soil moisture, showing
that that older forests with high spruce volume in drier sites had a high risk of bark
beetle attacks during both study periods. Agreeing with the results of paper I,
showing that the average soil wetness and coarse soil types with low water holding
capacity lower the drought resilience of the trees. During the drought, the positive
relationship between SHAP values and average canopy height was weaker during
the normal period, suggesting that even the younger trees have a higher risk of bark
beetle attacks during severe drought stress. Results show that mixing deciduous
trees with Norway spruce lowered the attack risk. The proximity of a previous attack
significantly increased the likelihood of a subsequent attack. The risk increases due
to a short distance to a previously attacked tree declined rapidly with increasing
distance. Risk decreased the fastest between 0 and 125 meters, after which it
decreased slowly until no influence could be seen at a distance of 750 meters.

As climate change progresses, the ecological and economic impacts of bark beetle
outbreaks are likely to increase. Methods that can support forest management
decision-making and aid in the development of climate adaptation strategies will
become increasingly valuable. Paper 1l combined "big data"™ from harvester
machines with geospatial data describing local environmental factors to train RF
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machine learning models capable of accurately identifying the forest stands
predisposed to bark beetle attacks. Importantly, the methodology provided
quantifiable information on the importance and dynamics of predisposing features
contributing to the risk at a pixel level, allowing for a more thorough consideration
of where and how to take action. The models presented did not consider temporal
aspects of climate, bark beetle phenology or detection of new bark beetle attacks.
Promoting the development of methods capable of updating predicted
predisposition risk predictions periodically is encouraged, as a next step towards
operational use. Possible solutions could integrate risk maps with detecting new
attacks with satellite remote sensing products (Abdullah et al., 2019; Huo et al.,
2021) and modelling of bark beetle population dynamics (Bentz et al., 2019).
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Figure 8A shows risk predictions on a subset of the study during the drought period. The colour scale
represents the estimated probability (range 0 to 1) of a pixel being classified as ‘attacked by bark beetle’,
which can be seen as quantified information of the risk of attack. Figure 8B summarizes the relative
importance of features in the drought period model, ranked by averaging the absolute SHAP values (next
to the feature abbreviation). Colouring of the points (individual estimates) follows a relative scale of the
original feature values, ranging from minimum to maximum. The X-axis represents SHAP values, where
negative values decrease, and positive values increase the risk of attack.
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Drought impacts on agricultural crop yields

Paper 111 presented a causal inference framework that addressed the problem of crop
rotation and variation in soil properties, which complicates VI time series analysis
in agricultural fields. The propensity score matching, used to minimise the bias
introduced by crop rotation and variation in soil properties, could pair 92% of the
observations from the drought year with a control observation. Following the
findings of paper I, PPI integrated over the growing season (TPROD) was used. The
paired observations were filtered for any missing data and or noise in TPROD
estimates, resulting in a final output set of 52,124 pairs. The regression analysis
demonstrated that TPROD can accurately estimate regional-level yields when crop
types are known (R2 = 0.93) and field-level accuracy ranging from R2 of 0.42 to
0.73, depending on the crop type. PPI could detect when drought began to slow
down crop growth. The season length was reduced with crops sown the previous
year when compared to spring-sown crops, but their yields were reduced less.

On the field extent, the impacts of agricultural drought were estimated as percentage
differences in TPROD per field pair (ATPROD). This approach controlled for the
influence of local topography and soil, as well as crop rotation, enabling the
quantification of the relative severity of drought on specific crops in individual
fields without requiring in situ training data (Figure 9).

Lastly, a LightGBM model using soil texture and topographical information was
trained to predict ATPROD variation during drought at the field level. Results
indicated that the contribution of soil and topography to the variation in yield losses
caused by drought was small, as the model could explain 13% of the variation in the
training data and 6% of the variation in the independent testing data. This finding
aligns with previously suggested ranges, where Qiao et al. (2022) demonstrated that
high-quality soils (medium-textured with high soil organic matter) reduced the
sensitivity of yield to climate variability, increasing the mean crop yield by
10.3 £ 6.7% when analysing observations from sites representing 90% of total cereal
production in China.

SHAP values were used to examine further the contributions of soil and topography
variables to each field-level prediction of ATPROD. Permanent wilting point was
the most important variable in explaining the variation in ATPROD. Clay content
was the most important variable among the soil texture variables, indicating that
increased clay content reduced yield losses. However, it had an upper limit, peaking
at 20% clay, and a higher proportion of clay resulted in lower ATPROD (Figure
10A). Aschonitis et al. (2013) reported that clay content correlates with multiple soil
properties related to cation exchange capacity and hydraulic properties and
estimated the relationship between winter wheat yields and soil clay content, where
the function curve similarly peaks around 20% clay. However, specifically for
grasses, the clay-rich soils reduced yield losses (Figure 10B). Many forage grasses
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have most of their root biomass in the 0-10 cm soil depth (Skersiene et al., 2024).
High-clay-content soils store proportionately more water near the surface than soils
with a coarser texture, so they likely favour shallow-rooted vegetation (Jiang et al.,
2020). However, grasses produced multiple harvests per year, and we could not
ensure that the grass that was actually harvested (regional yield statistics) was not
harvested during the drought. This produces uncertainty in model predictions at
grass fields.

The causal inference framework addressed the problems introduced by crop rotation
and variation in local environmental factors to time series analysis on croplands.
PPl and TPROD demonstrate high potential for further developing methods for
identifying crop response patterns to climatic stressors and yield prediction. The
local soil and topography made a small contribution to yield loss variation among
the fields but could still aid in directing adaptive measures on a local level. Thus,
the methodology presented can help select suitable crops for a specific site and
mitigate the impacts of climatic extremes; however, management and climate
remain the primary drivers of crop yield variation.
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Figure 9A presents a histogram of all the ATPROD values. 9B presents an example of mapping ATPROD
by crop type on a subset of the study area, where the fill colour indicates ATPROD and the border colour
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Figure 10A illustrates the dependence of ATPROD estimates on the average Clay percentage per field.
Figure 10B represents how crop type influences yield loss estimates compared to the average ATPROD
of all crops, and points are coloured by the clay content at each field.
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Foliar dynamics and radial growth under drought

Paper 1V examined the foliar dynamics and radial growth responses of spruce and
pine stands to drought periods on a multidecadal scale and whether multi-source
geospatial data can be utilised to predict annual variations in the radial growth of
pine and spruce trees. A moderate positive Pearson’s correlation between NIRv and
LAI was observed (0.52, p=0.003), but the covariance of NIRv and RWI seemed to
differ between the sites. NDW!I appeared to be more generalisable across all sites
(0.79, p < 0.001). Increasing trends in VI time series were observed between 1984
and 2021 in spruce and pine monocultures. Therefore, standardised residuals of VIs
were calculated for RWI sampling sites, and they were able to detect drought
impacts on foliar dynamics in both pine and spruce stands.

The RWI and standardised residuals of NIRv and NDW!I were compared during the
pre-drought period, the 2018 drought, and three years post-drought. Results show
that the RWI of pine trees decreased more during the drought year 2018 than that of
spruce trees. However, pine RWI showed growth rates above the long-term average
as early as 2019, but VI detected foliar recovery took at least two years to reach pre-
drought levels. Ovenden et al. (2021) showed that the legacy impacts of drought on
pine growth rates can become positive, where trees reclaim growth lost due to
drought. However, they suggested that this compensatory “excess growth” occurs
mainly 4-5 years after the drought. Estimates from both RWI and VI-derived
estimates from spruce stands indicate that neither radial growth nor foliar biomass
reached pre-drought levels three years after the drought. Accordingly, spruce trees
are considered more susceptible to summer droughts and take longer to recover from
them than pines (Aldea et al., 2022).

Lastly, two RF models were used to predict RWI for each forest stand. On average,
the RF models could explain 29% of the RWI variation at pine stands and 40% at
spruce stands. Low performance at certain spatial folds can be attributed to the
presence of data points outside of the training data range, where RF models are not
capable of reliable extrapolation. Although the prediction performance of the
models was not high, they surpassed recent efforts to predict tree-ring widths for
multiple species, including pine and spruce (Jevsenak et al., 2024). These findings
suggest the potential for further development of methods to map regions where
extreme weather periods severely impact the radial growth of trees and to investigate
how environmental factors influence this growth.

SHAP analysis revealed differences in both the importance and the influence of
environmental factors on the radial growth of pine and spruce. Warm average
temperatures in March contributed the most to the predictions for pine trees. RWI
predictions for spruce were most dependent on precipitation in June, where high
precipitation promoted growth. Overall, variable importance ranking indicates that
pine is more dependent on temperature-related variables, whereas precipitation
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variables were generally higher ranked in the spruce model. Similarly, it has been
demonstrated that pine growth depends on both temperature and drought, whereas
spruce growth is primarily influenced by drought (Aldea et al., 2021).

Both models exhibited an upper limit to monthly mean temperatures during the
summer months, after which an increase in temperature strongly reduces the RWI
predictions (Figure 11). Drought years reduced RWI1 predictions in both models. In
both models, negative NIRv residuals reduced the predicted RWI, and both VIs were
also shown to respond to drought. However, positive residuals did not seem to
promote higher growth for spruce, suggesting that foliar changes during years
without extreme weather events may not be as strongly related to the trees’ radial
growth as drought-driven foliar changes. SWC had little influence on both models,
but wetter areas experienced smaller reductions in RWI during droughts.

The drivers of the RWI could be identified using RF models; however, due to the
limited number of RWI sampling sites, the movability of our models to new areas
was low. We conclude that Landsat data shows potential to improve monitoring of
both long-term growth trends and drought responses of forest stands. However,
training data for even larger spatial and temporal coverage will be needed to increase
the reliability and movability of the models. These developments could aid in
mapping forest areas with increased drought mortality risk, providing valuable
information for forest management and climate adaptation strategy planning.
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Figure 11. SHAP dependency plots show how the precipitation sum of July, mean temperature of July,
mean temperature in March, and standardised residuals of NIRv influenced the predictions of the RWI
variation in pine and spruce RF models.
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Conclusions

This thesis presents an in-depth analysis of methodologies for detecting and
quantifying the spatially explicit effects of drought on Swedish agricultural and
forest ecosystems and their productivity. It has provided insights that improved our
understanding of vegetation drought responses and resilience patterns.

Paper | developed a change-detection framework to quantify immediate and delayed
drought-related vegetation changes in forest ecosystems and their recovery times.
Results indicate that Sentinel-2 data can be used to monitor vegetation stress
associated with drought progression and estimate the characteristics of forest
resilience. When data is available, high-temporal-resolution observations should be
prioritised over annual maximum VI values to assess the severity of drought
impacts. Most severe impacts were consistently observed in areas with limited soil
moisture availability. The recovery time for forests to pre-drought levels took up to
four years. However, the short duration of the Sentinel-2 mission may have
introduced uncertainties when compiling the reference data of an average period
without extreme climate events. Additionally, developments regarding spectral
unmixing of the VI signals when multiple species are present are proposed to
enhance the estimation of species-specific responses to drought.

As droughts affect tree vigour in unison with local environmental factors, Paper |1
focused on identifying drivers and map forest areas with a high risk of European
spruce bark beetle disturbances as a secondary effect of drought. Forest stands with
increased risk of bark beetle attack were identified with high accuracy, and
information on the importance and dynamics of environmental features controlling
the risk in the local context was derived. However, the method developed did not
consider temporal aspects of climate, bark beetle phenology and monitoring of new
attacks. Thus, further advancements in integrating data sources that can provide
information on the detection of new attacks and bark beetle phenology to
periodically update the predicted bark beetle attack risk status across vast
geographical areas would enhance operational usage.

Paper 111 developed a causal inference framework considering crop rotation and
local environmental factors when quantifying climate-driven changes in agricultural
crop yields between selected periods. Based on the information from Papers | and
I1, Paper 111 utilised an integrated VI approach to assess crop type-specific drought
impacts throughout the entire growing season while considering the effects of crop
rotation and local soil and topography. The regional yields were estimated with high
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accuracy, while greater variation was observed in the field-level prediction
accuracies. The monitoring of common production crops in Sweden during drought
revealed that all crops had a shortened growing season, with spring-sown crops
experiencing greater yield loss. The effect of soil texture on the variation in drought-
induced yield losses was quantified, and seasonal dynamics were analysed, thereby
enhancing the understanding of interactions among the soil, plants, and the
atmosphere at a local level.

Paper IV investigated the foliar and radial growth responses of Norway spruce and
Scots pine trees to drought at national and multidecadal scales by combining
satellite, meteorological, soil wetness, and dendrochronological data. The issues
related to the length of the study period and mixed signals noted in the previous
studies were addressed by focusing exclusively on spruce and pine monocultures,
along with longer V1 time series derived from Landsat data to investigate the foliar
dynamics and radial growth of spruce and pine trees under drought conditions.
Results indicate that long-term trends related to forest canopy development in the
VI time series should be considered when assessing climate-driven foliar dynamics.
Both RWI- and VI-derived drought response estimates for pine and spruce stands
were analysed, showing that pines exhibit higher drought resilience and faster
recovery than spruce trees. Also, the drivers of variance in annual radial growth
were identified. However, the limited availability of images constrained the
calculation of annually integrated VI values, potentially hindering the ability to
characterise vegetation changes that occur during different periods of the growing
season across various years. Also, the limited number of sampling sites restricted
the ability to upscale the RWI predictions. Larger training datasets are required to
enhance the reliability of detecting forest stands with low drought growth resilience.

Trade-offs between Sentinel-2 and Landsat missions, related to spectral, temporal
and spatial resolution as well as the length of the observation period, are currently
challenging to navigate and must be evaluated on a case-by-case basis according to
the priorities of individual studies. All the studies in this thesis utilised static
variables in varying combinations to characterise local topography, soil attributes,
SWC, forest composition or structure. An important finding was that especially
variables describing local water availability with high spatial resolution are
important in mapping areas predisposed to direct, secondary, and legacy effects of
drought on vegetation.

The effective use of multi-source geospatial data can identify and map the risks and
impacts of drought on forests and agricultural ecosystems over time and across
different regions, addressing the urgent need to improve drought preparedness in
societies. The findings presented in this thesis can support a shift toward more
sustainable management practices by providing the information essential for
informed policy planning and decision-making, based on scientific knowledge.
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Outlook

Historically, wood production and the economic dimension have been prioritised,
but in recent decades, sustainability challenges have led to increased interest in the
more efficient integration of policies across sectors, promoting deliberation and the
introduction of new management approaches (Lindahl et al., 2017). Over time,
warmer winters and drier summers in Sweden may introduce conflict in the natural
distribution of species and regions where they are currently growing or cultivated.
One of the key components of increasing a society's drought preparedness is to
understand better the drought resilience dynamics of both natural and managed
ecosystems and to pre-emptively identify vulnerable areas. Society does not just
passively experience variations in the amount of available water; policies and land
management regulations can also guide agricultural and forest management
practices. This, however, requires clear communication of information regarding
drought risks and effects. This thesis contributed to this information need,
demonstrating that mapping can effectively present and communicate spatial
information on drought risk variation and its drivers, providing site- and species-
specific information — bridging the gap between scientists and stakeholders.

The results of this thesis suggest that forest stands with a mixture of species could
increase the resilience of forests against both direct and secondary drought impacts.
Out of the most common monocultures, pines showed faster recovery than spruce
trees. Thus, forest management strategies should consider valuing mixed and pine
stands over spruce in terms of drought-resilient forest management. Regarding
agriculture, the methodology presented here could help estimate crop-specific
impacts on yields at the field level, also allowing for the estimation of the latency in
which irrigation is needed to avoid the most severe losses in crop production.
However, this thesis did not consider the influence of varying land management
practices on the detected drought impacts, which is an important factor that should
be included in future studies. Especially in agriculture, where fertilisers play a role
and management practices can affect the infiltration capabilities of soils from year
to year. Further developments are still required for these methods to enable updating
the vegetation status and risk predictions in near real-time as new data becomes
available.

Initial advancements towards more dynamic monitoring of trees predisposed to and
attacked by bark beetles have already been made outside this thesis. Olsson et al.
(2024) combined risk maps developed in paper 11 with Sentinel-2 data to detect bark
beetle attacks, showing that including the risk maps increases the detection
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accuracy, especially when accuracy is low from Sentinel-2 data alone. Recently, it
was demonstrated that the breakpoint detection method employed in Paper 1 is also
suitable for mapping vegetation disturbances and recovery patterns in large-scale
applications (Xu et al., 2025). In the future, the capability of Sentinel-2 data, used
in papers | and 111, to support long-term monitoring will improve, as the mission
coverage period is extended, uncertainties in composing reference time series of
average periods without extreme climate events will decrease as longer reference
periods can be included. Varghese et al. (2021) emphasised the importance of
Sentinel-2's ability to track changes following the slow pace of drought, as well as
the fact that with the addition of Sentinel-2C and Sentinel-2D satellites, the mission
will eventually cover a 20-year period. This will further enhance the reliability and
value of Sentinel-2 data-based analyses in the future.

Despite advancements in efficiently using multi-source geospatial data, the need for
high-quality in-situ measurements persists. For instance, Haberstroh and Werner
(2022) discovered that mixed-species forests can exhibit beneficial species
interactions during mild droughts, such as enhanced water relations. However, trees
with complementary resource-use strategies may compete for water resources
during severe droughts. A forest stand consisting of a variety of drought-resistant
species is likely to recover more quickly; however, if soil moisture availability is
not fully replenished, the recovery of less drought-resistant species may take longer.
These types of interactions among individual trees or plants will be challenging to
detect, relying solely on similar geospatial datasets as used in this thesis.

While challenges persist in reliably separating species-specific signals and
accounting for the complex interplay of biotic and abiotic stressors and vegetation
carbon allocation strategies, ongoing methodological advancements and innovative
applications show great promise. With continued method development and
advanced applications, the ability to harness the full potential of multi-source
geospatial data and data-driven models is being progressively enhanced, This will
enable actionable insights informing decision-making and promoting sustainable
solutions in a changing climate through mapping vegetation dynamics under
drought stress.
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