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Abstract 

ecosystems are undergoing profound and accelerating transformation because of climate change and 
other human-caused pressures. Changes in natural disturbance regimes play an important and conspicuous 
role in these transformations. In Europe, recent bark beetle outbreaks have garnered much attention as they 
have affected large swathes of spruce forests, particularly in central and Eastern Europe. Remote sensing is 
instrumental in revealing and understanding global change and much progress has been made in using it to 
monitor bark beetle outbreaks. On 22 November 2022, an online JRC Expert Meeting reviewed the state-of-
the-art and challenges in using remote sensing to detect and map bark beetle outbreaks in Europe. It was 
attended by more than 40 scientists and representatives of three European Commission DGs. Through three 
invited talks and a discussion among its participants, the meeting then explored opportunities for further 
progress and collaboration in this area of research, as well as ways to facilitate intercomparison, synthesis 
and uptake of monitoring methods.  
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1 Introduction  

Worldwide, forest disturbance regimes are being reshaped by climate change. In many regions, forest 
disturbances also reflect, to a considerable extent, the legacy of forest management. Europe has recently 
been hit by widespread and large drought-linked forest disturbances; particularly forest fires and bark beetle 
outbreaks. Forest fires are being opera
Programme tracks fire risk, active fires, and burned areas. For bark beetle outbreaks, however, RS-based 
monitoring is, by comparison, in its infancy. 

Detecting bark beetle outbreaks through RS is inherently challenging, as their effects on trees are initially 

physiologically, and spectrally, similar to the direct effects of drought. Moreover, high-quality training data to 
develop RS-driven algorithms to detect and map bark beetle outbreaks are currently scattered and not easily 
available. 

Nonetheless, in the past few years significant progress has been made in RS-driven bark beetle outbreak 
monitoring in Europe. This progress appears to have come about, at least in part, because of 1) the 
Copernicus Sentinel-2 (S-2) constellation which provides dense optical satellite data time-series at a spatial 
resolution suited to the relatively fragmented spatial patterns of European forest landscapes, 2) progress in 
cloud-based processing which facilitates the analysis of full S-2 time series, 3) the combination of the latter 
with deep-learning techniques that can consider spectral and spatio-temporal changes simultaneously, and 4) 
a sense of urgency, and corresponding funding, related to bark beetle outbreaks in several European 
countries. 

As part of its task of furthering Earth Observation-based monitoring tools for European forests (as stated in 
the EU Forest Strategy for 2030 (COM(2021) 572 final)), the JRC is setting up an EU Observatory on 

In this context, 
an expert meeting bringing together different researchers working on the challenge of detecting and mapping 
bark beetle outbreaks in Europe using remote sensing was organised on 22 November 2022. 

With a combination of presentations and discussion among all participants, the expert meeting addressed 
topics such as 1) the diversity of approaches to detect and map bark beetle outbreaks in Europe with remote 
sensing, particularly from space, 2) the challenges to making further progress in this area, and 3) 
opportunities for collaboration to tackle these challenges. 

This report summarises the presentations given during the meeting and gives a synthesis of the ensuing 
round-table discussion. 
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2 Invited talks 

Three distinguished researchers gave 15-minute invited talks at the meeting. They reviewed the current 
status of bark beetle outbreaks in Europe, provided an overview of state-of-the-art techniques to monitor 
outbreaks with Earth Observation, and set the stage for the follow-up discussions. The content of these 
invited talks is summarized below. 

 

2.1 Bark beetle outbreaks in Europe in an ecological and climate change context 

- Cornelius Senf 

The first talk reviewed the role of bark beetles in forest ecosystems and recent research on the natural forest 
disturbance regime in Europe.  

Bark beetles are Scolytinae insects that as part of their life cycle breed and lay eggs under the bark of trees. 
Larvae hatching from the eggs create galleries in the phloem of their host tree that often end up killing the 
tree. In Norway spruce forests in Europe, the European spruce bark beetle, Ips typographus, plays a 
particularly significant role. While they may cause considerable losses to the forestry sector, bark beetles are 
an integral part of most European forests ecosystems and create vital natural disturbances; these 
disturbances periodically reset parts of the forest on successional pathways that are essential to maintaining 
forest ecosystem functions and processes. 

Canopy mortality rates, in central and eastern Europe in particular, have been anomalously high in the last 
decades when compared to mortality baselines established using historical data from satellite records and 
inventories (Senf et al., 2018; 2021). In recent years, this canopy mortality anomaly appears related to a soil 
moisture deficit suggesting that a drying climate may be involved (Senf and Seidl, 2021a). Along with the 
overall mortality increase, European forest disturbance regimes are shifting, with bark beetles now the 
dominant forest disturbance agent in central and eastern Europe (Patacca et al., 2022).   

Bark beetle outbreaks are only one of several natural forest disturbance agents (wind storms, wildfire, 
drought, and other biotic agents are the other important ones). Stand-replacing forest disturbances in Europe 
are already routinely detected and mapped using remote sensing but attributing detected disturbances to a 
specific agent is often challenging. However, the fact that different forest disturbance processes display 
distinct spatiotemporal patterns provides a promising avenue for disturbance attribution. Areas affected by a 
bark beetle outbreak are often quickly harvested in salvage logging operations. This practice makes it more 
challenging to attribute detected disturbances to bark beetles, including through remote sensing, as it namely 

tural disturbance with an anthropogenic one. 

While salvage logging may mitigate the economic impact of a bark beetle outbreak, it also disrupts 
disturbance-driven ecosystem processes. Fortunately, salvage logging is not universal and in certain national 
parks, for example, natural disturbance dynamics are left to play out with minimal active management. Such 
areas indicate that forests regenerating naturally after spruce bark beetle outbreaks take no more than 30 
years to reach full canopy closure (Senf and Seidl, 2021b). When qualifying bark beetle damages it is thus 
important to see them as part of the natural successional dynamics of forests ; bark beetles are often 
labelled a destructive force in forests, while in reality an bark beetle outbreak may cause the local loss of a 
generation of trees rather than of a forest. 
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Figure 1. Forest disturbance anomalies at the regional level in reference to 1986 2015, with the years 2018 2020 

highlighted. Anomalies are expressed in percent area change; that is +100 % indicates a doubling of disturbed forest area 
relative to the average forest area disturbed in the period 1986 2015. Abbreviations for the regions are C (central 

Europe), E (eastern Europe), N (northern Europe), S-E (southeastern Europe), S-W (southwestern Europe), and W (western 
Europe). Reproduced with permission from Senf & Seidl (2021), Biogeosciences, https://doi.org/10.5194/bg-18-5223-

2021. 

 

 

 

2.2 Recent progress in the use of remote sensing to monitor bark beetle 

outbreaks - Jean-Baptiste Féret 

The second talk reviewed state-of-the-art techniques and recent advances in mapping bark beetle outbreaks 
using remote sensing. 

At the outset, it is important to precisely define and characterize the three stages typically used to 
characterize a bark beetle attack; the green attack stage, the red attack stage and the grey attack stage 
(Marvasti-Zadeh et al., 2022). During the green attack stage, visible symptoms are very subtle at leaf and 
canopy levels (Kautz et al., 2022). Water content and certain pigments are affected but these changes are 
difficult to measure remotely (Abdullah et al. 2019). Changes become more apparent during the red attack 
stage with a strong decline in chlorophyll and water content. At this stage detection is relatively easy, but 
generally too late for proactive management since a new generation of beetle has already started dispersing. 
Finally, the grey attack stage concludes the attack, with affected trees losing all their needles. 

To structure the review of detection capabilities using remote sensing, each dimension of remote sensing data 
was explored; namely the spatial, temporal, and electromagnetic or spectral dimensions. Regional mapping is 
usually conducted with moderate spatial resolution data such as Landsat (30m) or Sentinel-2 (10/20m), while 
Very High Resolution (VHR) data from airborne platforms (manned planes and Unmanned Aerial Vehicles or 
UAVs) may contribute to tree-level mapping or ground-truthing via visual interpretation (Moreno-Fernandez et 
al., 2021; Meigs et al., 2011; Junttila et al., 2022). For the temporal dimension, a distinction can be made 
between research using single image acquisitions, those using image pairs, i.e. bi-temporal approaches, and 
those performing image time series analysis, i.e. multi-temporal approaches (Migas-Mazur et al., 2021; Nardi 
et al., 2022). While the first two approaches can be beneficial to simple mapping tasks at local scale, multi-
temporal approaches have the greatest potential for regional scale monitoring and disturbance 
characterization. Once again, Landsat and Sentinel-2 constellations are central to these activities thank to the 
combination of relevant instrument characteristics and free, full, and open data access policy. Commercial 
high resolution image products such as from Planet or EarthDaily hold great promise as an alternative or 
complement and remain under-explored.  

The electromagnetic dimension makes a distinction between passive sensors (that can have a varying number 
of spectral channels), passive thermal infrared sensors, Radio Detecting and Ranging (RADAR), and Light 
Detection And Ranging sensors (LiDAR). RGB sensors are only suitable for late detection due to their limited 
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spectral detail while multi and hyperspectral sensors offer the possibility to detect more subtle changes in 
foliar pigment composition or water content (Abdullah et al. 2019; Huo et al., 2021). The amount of 
hyperspectral data coming from spaceborne platforms is constantly increasing thanks to new missions such 
as PRISMA, EMIT, EnMAP and DESIS; these new data streams may benefit development of early detection 
approaches in the near future. While passive thermal infrared sensors present interesting characteristics to 
detect water stress for instance, their use remains limited particularly due to the scarcity of spaceborne 
platforms carrying a thermal infrared sensor combining sufficiently high spatial resolution and revisit 
frequency 
structure, which is of limited relevance for early detection of bark beetle outbreaks, but may be more relevant 
when monitoring attacks by defoliators (Hollaus and Vreugdenhil, 2019). Fusion of optical and RADAR data 
may help improving performances and robustness of optical-only methods but requires more research; LiDAR 
has the capacity to generate single-tree-level information that can be valuable ancillary information in 

2019). 

Several approaches are available to detect and map bark beetle attacks from the data streams mentioned 
above. Newer machine or deep learning algorithms can be used on single or pairs of images but have not yet 
been adapted to perform monitoring in near real time. In addition, these supervised approaches require large 
amounts of specific training data which are currently not widely available. In contrast, approaches that use 
full time-series of any given spectral index to model the normal temporal behaviour of the index and then 
flag diverging new observations appear more mature and nearly ready for large scale deployment with 
custom software packages already available; see for instance the fordead1 and nrt2 software libraries 
(Verbesselt et al., 2012; Puhm et al., 2020; Dutrieux et al., 2021). Quantitative information on how these 
different algorithms perform in a range of contexts (including forest and outbreak types) is currently lacking. 
A comparative assessment with reference data collected using standardized protocols over multiple regions 
would provide a clearer picture of the performance and trade-offs among the various approaches. 

(The following studies were also referenced in the presentation: Torres et al., 2021; Senf and Seidl, 2018) 

 

2.3 Detection and monitoring of bark beetle outbreaks with remote sensing: 

Opportunities -  

The talk first highlighted current opportunities to improve the detection and monitoring of bark beetle 
outbreaks with optical remote sensing. There are opportunities to maximize temporal sampling versus spatial 
and spectral resolutions by capitalizing on the diversity of available Earth Observation data. These include the 
creat  as demonstrated by the harmonization of Sentinel-2 and Landsat data, and 
data fusion incorporating VHR commercial data (e.g. from Planet, MAXAR, or Airbus) that is particularly useful 
for outbreak hot-spot mapping at higher spatial resolutions.  

Broadening the array of input data, used in monitoring algorithms, highlights the need and opportunity for 
proper quality assessment. This includes the delivery of per-pixel quality flags (that account for error 
propagation from input data, over data processing, to algorithm error) as well as independent spatially explicit 
validation of o
available, would ideally be used. 

Algorithms for bark beetle outbreak monitoring face the challenge of distinguishing the beetle-caused 
disturbance signal from i) regular phenological changes (e.g. a natural drop in Norway spruce canopy 
chlorophyll content in spring because of newly sprouted low-chlorophyll needles) and ii) other stressors that 
obstruct the link between bark beetle attack and known tree physiological reactions. Tackling this challenge 
systematically requires, in the first place, the consolidation, standardization, and sharing of ground 
observations. Secondly, a standardized (online) model intercomparison exercise would allow for algorithm 
performance (precision), accuracy (error) and operability assessments; it would ideally run on data gathered 
across a Mediterranean-temporal-boreal transect. The Radiation transfer Model Intercomparison (RAMI, 
Widlowski et al., 2015), that benchmarked radiative transfer models under well controlled experimental 
conditions, provides an interesting example of such an exercise. 

                                                        

 

1 https://fordead.gitlab.io/fordead_package/ 
2 https://nrt.readthedocs.io/en/latest/index.html 
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The algorithm intercomparison exercise could encompass two working groups dedicated to i) data, and ii) 
algorithms. The first group would address questions about 1) the optimal technical specifications of remote 
sensing data and the minimum required quality for reliable detection, 2) different remote sensing data fusion 
techniques, and 3) ancillary data needs. A second work group would focus on 1) reviewing the state-of-the art 
of existing algorithms, 2) analysing their physical and physiological basis, and 3) the possibilities of combining 
algorithms, or their parts, for improved performance. Ultimately, the intercomparison would need very-high-
quality reference data sets to test several aspects of the algorithms , including, precision, 
accuracy, operability, etc., and systematically evaluate them. Given its scope, it probably requires an official 
project with adequate funding to run efficiently and produce a synthetizing report in the form of peer-
reviewed publications. 

Such collaboration could also improve readiness for future opportunities to improve bark beetle detection and 
monitoring as new satellite data of greater spatial and spectral resolution will become available through, 
among others, Sentinel-2 New Generation, (which aims for a sampling distance of 5-10 m and new 
vegetation related spectral bands), the CHIME and SBG global hyperspectral missions. In addition, new 
missions dedicated to solar induced chlorophyll fluorescence, particularly FLEX, have potential for data fusion 
and better plant stress detection. There is also an ongoing ESA initiative to generate a forest digital twin, 
which could benefit from including bark beetle dynamics. Finally, the scientific community is broadening its 
gaze beyond bark beetle outbreak detection towards spatial forecasting, i.e., mapping of outbreak probability. 
This work would strongly benefit from an organized collaboration, as it requires the assimilation of different 
remote sensing techniques (including for tree stress detection but also, for instance, radiative transfer 
modelling) into forest growth and/or dynamic vegetation models capable of simulating bark beetle 
disturbance effects. 

 

 

 

 

Figure 2. Salvage logging of bark beetle infested spruce stands in Thuringia, Germany. Photo by Cornelius Senf. 
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3 Round-table discussion 

3.1 Clarifying monitoring requirements 

While there is a clear consensus about the need to better monitor bark beetle attacks, a variety of monitoring 
types, corresponding to different user needs quickly emerged from the discussion. Some of these monitoring 
types and the associated challenges are summarized in the following paragraphs. 

3.1.1 Operational management monitoring 

The first type of bark beetle monitoring, which is also the most technically challenging, serves the purpose of 
operational forest management, by providing timely and actionable information on early-stage outbreaks. If 
provided early enough (i.e., during the green attack stage) and with sufficient spatial detail, forest managers 
can use that information to locally conduct targeted sanitary operations to try and prevent or mitigating the 
outbreak. Due to the fast dynamics and the subtle nature of green attack symptoms the data requirements 
(in terms of spatial, spectral, as well as temporal characteristics) are very high for such alert system to 
become operational, even at sub-national scale. As they would require fast access to regular hyperspectral 
data of high spatial resolution, these requirements can be considered unrealistic for the time being. However, 
this should change after the launch and commissioning of the hyperspectral operational global satellite 
missions CHIME and SBG by, respectively, ESA and NASA.  

3.1.2 Monitoring for conservation 

A second type of bark beetle monitoring that opens a variety of research questions would help inform and 
meet ecosystem conservation objectives. Because of the longer time horizon, the timeliness of the monitoring 
output is not as critical as when aiming to inform forest management decisions; the monitoring would instead 
focus on disturbance dynamics and trajectories at local or regional level. These monitoring activities can be 
combined with retrospective analysis to establish baselines, post disturbance regrowth and succession 
monitoring (particularly in the absence of active intervention), and relationships between climate change and 
disturbances to anticipate further changes to forests. 

3.1.3 Monitoring for policy implementation 

A third type of monitoring directly serve the implementation of land management policies; in Austria, for 
example, forest owners can claim compensation for losses caused by bark beetle outbreaks  and dedicated 
monitoring is in place to check such claims. Changes in natural disturbances regimes can alter the extent to 
which forests provide a carbon sink and other ways in which they influence radiative forcing. Monitoring them 
is, therefore, also increasingly relevant to tracking the achievements of climate policies that rely on forests 
and forestry to mitigate the negative effects of climate change.  

3.2 Beyond monitoring 

Outbreak monitoring is an essential to study the regional dynamics and impacts of biotic forest disturbances 
in Europe, and to improve forest management strategies. Earth Observation can play a unique role in this 
monitoring. The discussions highlighted how the monitoring of outbreaks would ideally be complemented by 
additional research to: 

1) Study post disturbance resilience and what controls it to anticipate potential forest regeneration. It is 

clear from current observations that many bark beetle outbreaks will be unavoidable in the future. In this 
context, besides outbreak prevention, post-outbreak forest management is increasingly important. Moreover, 
management decisions taken now for areas impacted by bark beetles, will have a long term impact on 
European forests and will shape future European landscapes. They are, therefore, an integral part of a long 
term management strategy that must be informed by scientific evidence. 

2) Move from descriptive monitoring to predictive and prescriptive modelling. Given the challenges in 

remotely detecting early stages of a bark beetle outbreak, efforts should also be invested in predicting where 
future outbreaks are likely to happen and suggesting preventive mitigation strategies. To develop these 
capacities, outbreak modelling, particularly in relation to weather and climate is required. Currently, future 
climate predictions for climate change scenarios are spatially rather coarse (25 km); predictive modelling of 
bark beetle attacks would benefit from more spatially detailed products. In the discussion on ancillary data 
sets that limit predictive modelling, tree species distribution maps were brought up by different participants. 
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Such maps namely do not currently exist Europe-wide, but would be needed also to improve forest 
disturbance attribution at larger scales. 

3.3 In situ data 

One bottleneck that was identified and that is common to many earth observation tasks is the scarcity of 
reference in-situ data, for calibration of algorithms or product quality validation. While validation activities 
(particularly for retrospective analysis products) may in some cases benefit from National Forest Inventories, 
their data are not fit for purpose to train algorithms; a bark beetle outbreak is namely a dynamic process with 
a specific spatio-temporal signature. Certain algorithms such as those using deep learning may be able to 
take advantage of that signature and eventually correctly attribute a forest disturbance to bark beetles. 
However, training such models could only be achieved using large volumes of specific purpose-collected data. 

Depending on detection and mapping objectives (e.g. spatial and temporal precision), characteristics of 
required reference datasets will vary. The spatial and temporal components of such datasets may range from 
identification of single affected trees with exact dates of the different attack stages, to large polygons where 
only the year of disturbance is recorded. There is certainly no one-size-fits-all reference dataset for bark 
beetle outbreak monitoring, nevertheless, the community would benefit from more clearly identifying a set of 
requirements fitting different use cases, agree on standards and define data collection protocols. 

3.4 Algorithms 

The invited talks and the interventions during the discussion showed that a wide range of detection and 
mapping algorithm related to bark beetle monitoring already exist; they range from UAV-based research 
experiments, aiming at detecting green stage outbreaks in individual trees, to operational retrospective 
analysis of forest trajectories at continental scale. These algorithms use diverse approaches and respond to a 
variety of mapping and monitoring requirements. The idea to systematically review all these approaches and 
detail parameters such as objectives, resolution, level of maturity, etc. was well-received as a first necessary 
step to get a panoptic view of the algorithm landscape. Similarly, the idea to follow such review with an 
assessment of comparable approaches against a common benchmark had broad support. It would allow a fair 
comparison and to get a better grasp on potential sensitivity/specificity or trade-offs between spatial 
accuracy and temporal precision. 

The idea of a European intercomparison exercise, inspired by the RAMI initiative, was positively received. It 
would initially imply (1) defining comparison criteria, (2) selecting study sites with agreed characteristics, and 
(3) preparing reference data for these sites either via compilation of existing data or collection/interpretation 
of new samples. Such exercise can benefit and, where possible, be coordinated with similar national or 
regional initiatives; in Germany, for example, a benchmarking exercise for six different projects that work on 
forest damage detection has recently started and uses detailed ground data from a set of common sites. 

3.5 Need for collaboration and integrating research 

Bark beetle outbreak monitoring is intrinsically a multi-disciplinary field, as it involves a combination of 
research domains such as epidemiology, entomology, ecophysiology, or remote sensing. Despite this, there is 
currently relatively little integrated research and collaboration across fields; when there is insufficient 
knowledge-sharing and cross-disciplinary collaboration, research results may get misinterpreted and 
opportunities for innovation missed. It was pointed out that there is no shared definition of the different 
stages of an attack; an epidemiologist may consider the green attack to be over when the new generation of 
beetles has left the host, while a remote sensing scientist may identify a transition between stages based on 
changes in reflective pigments composition. In this scenario, claims that remote sensing can detect outbreaks 
in the green stage is likely to be misinterpreted by an epidemiologist or entomologist. 

Interdisciplinary collaboration would therefore benefit from establishing a common reference framework to 
characterize outbreaks, allowing for better comparability and communication across communities. It would 
also benefit from innovation via the integration of physiological knowledge (e.g. the response of a tree to an 
attack and how that affects canopy processes) into monitoring and forecasting (modelling) systems.  
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4 Conclusions  

The Expert Meeting discussions highlighted the broad range of monitoring requirements (including in terms of 
timeliness and spatial detail) among stakeholders with an interest in European forests, and the role bark 
beetles play in them. As new natural disturbance regimes are part of a broader global change, monitoring a 
single biotic agent (such as bark beetles) would need to be complemented with monitoring possible forest 
regeneration and post-disturbance resilience in a more general sense. More comprehensive monitoring of 
disturbance risk, how disturbances play out, and the landscape in their aftermath, would ultimately allow 
monitoring to inform predictive modelling that can inform land management strategies. 

One obstacle to achieving more comprehensive monitoring is the scarcity of in-situ reference data needed to 
calibrate algorithms that use remote sensing data and validate their products. While efforts to compile and 
share existing in situ data are ongoing, it appears that data collected among commonly defined and adopted 
protocols would be highly beneficial not only for validation but mainly for training of the detection and 
forecasting algorithms. Given the broad range of user requirements and expectations when using remote 
sensing observations to monitor bark beetle outbreaks, such protocols would need to be carefully designed to 
serve multiple use cases. 

A high-quality ground-based reference data set would facilitate an intercomparison of existing algorithms to 
detect and map bark beetle outbreaks in Europe. Collaborative intercomparisons and benchmarking initiatives 
have proven to be of great value in other areas of remote sensing science  e.g. the RAMI initiative, which has 
been running for more than two decades  and the idea to develop it for algorithms aimed at monitoring bark 
beetle outbreaks found traction in the expert meeting. Such an initiative would require dedicated funding, 
alignment and coordination with similar initiatives conducted more locally, and would benefit from early 
engagement with the possible end-users of operational monitoring products.  
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FLEX  The Fluorescence Explorer 

LiDAR  Light Detection and Ranging 

PRISMA  Hyperspectral Precursor and Application Mission 

NASA  National Aeronautics and Space Administration 

RADAR  Radio Detection and Ranging 

RAMI  The Radiation transfer Model Intercomparison 

RGB  Red-Green-Blue 

SBG  Surface Biology and Geology 

UAV  Unmanned Aerial Vehicle 

VHR  Very High Resolution  
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