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A B S T R A C T

Forests worldwide are experiencing increasingly intense biotic disturbances; however, assessing impacts of these
disturbances is challenging due to the diverse range of organisms involved and the complex interactions among
them. This particularly applies to invasive species, which can greatly alter ecological processes in their invaded
territories. Here we focus on the pine wood nematode (PWN, Bursaphelenchus xylophilus), an invasive pathogen
that has caused extensive mortality of pines in East Asia and more recently has invaded southern Europe. It is
expected to expand its range into continental Europe with heavy impacts possible.

Given the unknown dynamics of PWN in continental Europe, we reviewed laboratory and field experiments
conducted in Asia and southern Europe to parameterize the main components of PWN biology and host-pathogen
interactions in the Biotic Disturbance Engine (BITE), a model designed to implement a variety of forest biotic
agents, from fungi to large herbivores. To simulate dynamically changing host availability and conditions, BITE
was coupled with the forest landscape model iLand. The potential impacts of introducing PWN were assessed in a
Central European forest landscape (40,928 ha), likely within PWN’s reach in future decades.

A parameter sensitivity analysis indicated a substantial influence of factors related to dispersal, colonization,
and vegetation impact, whereas parameters related to population growth manifested a minor effect. Selection of
different assumptions about biological processes resulted in differential timing and size of the main mortality
wave, eliminating 40%–95% of pine trees within 100 years post-introduction, with a maximum annual carbon
loss between 1.3% and 4.2%. PWN-induced tree mortality reduced the Gross Primary Productivity, increased
heterotrophic respiration, and generated a distinct legacy sink effect in the recovery period. This assessment has
corroborated the ecological plausibility of the simulated dynamics and highlighted the need for new strategies to
navigate the substantial uncertainty in the agent’s biology and population dynamics.
1. Introduction

Over recent decades, forest disturbance regimes have undergone
significant changes, including increases in the severity of wildfires,
droughts, and insect outbreaks (Patacca et al., 2022; Hl�asny et al., 2021;
Seidl et al., 2017). Biotic disturbances are often the most intensively
increasing types of disturbance because of concurrent acceleration of
insects and diseases development, range expansion, and reduction in tree
defences due to climatic stress (Forzieri et al., 2021; Patacca et al., 2022).
At the same time, expanding international trade has facilitated the
7 June 2024; Accepted 4 July 2
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-nd/4.0/).
invasions of numerous insects and pathogens to new regions and this
trend continues to increase (Liebhold et al., 2017; Ramsfield et al., 2016).
Invasions of insects and diseases can considerably contribute to alter-
ations of disturbance regimes, potentially generating novel dynamics
departing from the ranges of historical variation (Lovett et al., 2006;
Turner and Seidl, 2023). Invasion impacts include alteration of tree
species composition, changes in forest succession, declines in biodiver-
sity, and alteration of element cycles in ecosystems (Peltzer et al., 2010;
Liebhold et al., 2017). For example, carbon loss due to the impact of the
15 most damaging nonnative forest pests across the conterminous United
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States is estimated to be as much as 5.53 Tg C per year (Fei et al., 2019).
In Europe, invasive pests pose a significant threat to ca 10% of the total
forest living carbon (Seidl et al., 2018). Most of this impact is predicted to
result from invasions of the pine wood nematode (Bursaphelenchus xylo-
philus) and Asian long-horned beetle (Anoplophora glabripennis).

Although the evidence for escalating invasion impacts on the forests is
alarming, our understanding of the underlying mechanisms and their
effect on ecosystem functions and the provision of ecosystem services
remains limited (Boyd et al., 2013). Process-based ecosystem models are
increasingly employed to investigate novel vegetation dynamics, offering
insights unattainable through empirical research alone (Blanco and Lo,
2023). Despite the growing complexity of these models, they seldom
incorporate a mechanistic representation of disturbance processes, or
they address only a limited number of key disturbance agents. Wind-
throws, wildfires and insect outbreaks are most frequently implemented,
with iLand (Seidl et al., 2012, 2014), FireBGCv2 (Keane et al., 2011),
ForGEM-W (Schelhaas et al., 2007), and LandClim (Schumacher et al.,
2004) serving as examples. The representation of biotic agents is heavily
skewed towards prominent species, such as Ips typographus in Europe
(e.g., Seidl and Rammer, 2017) and Dendroctonus ponderosae in North
America (Powell and Bentz, 2014), leading to the misrepresentation of
actual biotic risk. Rare approaches that have facilitated the study of
multiple interacting biotic agents are a Biological Disturbance Agent
extension implemented in LANDIS II (Sturtevant et al., 2004) that
included representation of several native and invasive organisms (Mina
et al., 2022); and the Biotic Disturbance Engine – BITE (Honkaniemi
et al., 2021), which offered a modular platform for simulating the dy-
namics and impacts of various biotic agents, and for integrating these
processes with vegetation models. A key strength of such implementa-
tions is a bi-directional interface between biotic agents and climatically
sensitive vegetation dynamics. The inclusion of management operations,
which is a common capability of vegetation models (Rammer and Seidl,
2015; Dobor et al., 2019), adds a wider socio-ecological dimension,
reflecting priorities of forest owners and ecosystemmanagement policies.
Nevertheless, bridging the gap between biology and population dy-
namics of organisms, and the abstract representation of these processes in
simulation models, remains a significant challenge. It is particularly
pronounced in the case of invasive organisms, where empirical data are
often severely limited.

Here, we used the BITE platform to develop a process-based imple-
mentation of an important invasive pathogen in Europe, the pine wood
nematode (PWN), the causal agent of pine wilt disease (PWD; Kobayashi
et al., 1984). The pathogen represents a severe threat to European pine
forests, which constitute ca 20% of Europe’s forest area (Houston Durrant
et al., 2016). The PWN originates from North America and has success-
fully established in several regions of East Asia since the early 1900s,
causing significant economic and environmental damages (Mamiya,
1988; Zhao, 2008). The pathogen was introduced to Portugal in 1999
(Rodrigues, 2008) and became a major quarantine species in Europe,
subject to several EU regulations (e.g., Commission of the European
Communities, 2009, 2015). While further expansion is currently being
constrained by low summer temperatures (Rutherford and Webster,
1987), model projections indicate that climate change may facilitate the
pathogen’s expansion into continental Europe (Hirata et al., 2017).
However, its potential impacts on forest structure, demography, carbon,
endemic disturbance regimes, and ecosystem resilience remain unclear.

The objectives of this study are (i) to gather and critically evaluate
available information on the biology and population dynamics of the
PWN to parameterize the individual processes of the BITE framework; (ii)
to carry out a sensitivity analysis to investigate the influence of indi-
vidual parameters on the spread of the pathogen and the associated tree
mortality; and (iii) to use the developed implementation in a Central
European forest landscape, likely within PWN’s reach in future decades,
to assess possible impacts of PWN introduction on forest living carbon
and main carbon fluxes, and evaluate the ecological plausibility of the
simulated dynamics.
2

2. Material and methods

2.1. Modeling framework

We applied the Biotic Disturbance Engine (BITE) (Honkaniemi et al.,
2021) to parameterize individual processes of the PWN dynamics and
evaluate the emergent colonization and mortality patterns. BITE consists
of several modular blocks (Fig. 1) that simulate the distribution and
impact of a biotic agent across a pre-defined grid. These include the
characterization of the agent’s potential habitat, introduction type (sin-
gle or multiple entry points, introduction duration, etc.), dispersal across
the landscape, constraints to vegetation colonization, agent’s population
dynamics, and the type of impact on the vegetation. Depending on the
complexity of this knowledge, different assemblages of these modules
can be employed. Each module contains several parameters that can be
defined based on field and laboratory experiments with different levels of
intricacy.

BITE was designed to be coupled with any dynamic vegetation model
that handles gridded data on host biomass that is available for the agent
to consume. Here, we used iLand, a process-based forest model that
simulates forest demographic processes at the level of trees on the scale
of landscapes (Seidl et al., 2012; https://iland-model.org/). iLand sim-
ulates forest regeneration, growth, and mortality in a spatially explicit
process-oriented manner. Tree productivity is modelled using a light-use
efficiency approach, driven by environmental conditions and species
traits (Landsberg and Waring, 1997). Assimilated carbon is allocated to
trees and their compartments (stem, roots, branches, foliage) based on
allometric equations. BITE can simulate tree mortality or the loss of
certain tree components, such as foliage, which in turn can increase
stress-related tree mortality. The interface between iLand and BITE thus
enables the interaction between host availability and conditions pro-
vided by iLand, with the impacts on vegetation resulting from the ac-
tivities of BITE agents. This framework is further extended through
iLand’s ability to simulate the effect of different management operations
that can alter host availability, including the sanitary removal of infected
trees to prevent the agent’s spread (Rammer and Seidl, 2015). The agents
introduced through BITE can interact with windthrows, outbreaks of
bark beetle, and wildfires simulated by iLand (Seidl et al., 2012) (Fig. 1).

2.2. Pine wood nematode ecology

Bursaphelenchus xylophilus, native to North America, is the only spe-
cies of wood nematode in the genus Bursaphelenchus known to cause
mortality of host trees in the genus Pinus. The nematodes live in the
xylem vessels of living trees and when populations reach high densities,
they cause vessel blockage ultimately leading to tree mortality in the
same or the following year. Nematodes of this species disperse to new
host trees via transport by longhorn beetle vectors of the genus Mono-
chamus. The nematodes enter the tracheae of the beetles in the pupal
stage and are transported when the next beetle generation spreads to
healthy pine trees during maturation feeding on pine needles (Linit,
1990). During the feeding, which damages the bark of tree branches,
nematodes move out of their beetle vectors and enter the trees. Because
Monochamus beetles depend on dead and dying pine trees for their own
reproduction (adults oviposit on pine stems and larvae feed in pine
cambium) (Akbulut and Stamps, 2011), the relationship between nem-
atodes and beetle is mutualistic, potentially resulting in strong positive
feedback and resultant widespread pine mortality. Evans et al. (1996)
concluded that all conifer species appear to be susceptible to PWD but
only pines succumb to the disease under natural conditions. Given the
high suitability of Scots pine, Pinus sylvestris, as a host for PWN (Naves
et al., 2006a) and the widespread occurrence of the longhorn beetle
M. galloprovincialis across Europe (except for Ireland), the risks to Euro-
pean forests are considerable.

https://iland-model.org/


Fig. 1. Main components of and interface between the forest landscape model iLand and the Biotic Disturbance Engine (BITE).
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2.3. Literature review and parameter estimation

To derive the parameters of processes involved in the simulation of
PWN dynamics, we reviewed a body of literature from Asia and Europe,
encompassing field and laboratory experiments, and validated modelling
studies. The population dynamics of vector beetles and nematodes were
not explicitly simulated but instead they were represented in a combined
model organism termed an “infected beetle”. Hence, processes related to
dispersal and population growth were derived from the vector beetle’s
ecology and population dynamics, whereas processes such as the agent’s
impact on vegetation were defined based on the nematode’s biology and
host-pathogen interactions. The developed implementation is summa-
rized in Table 1 and Fig. 2.

2.3.1. Life cycle
The life cycle of M. galloprovincialis differs depending on the regional

climate; in colder climates the beetle produces one generation per two
years (Tomminen, 1993), while it was found to produce one generation
per year in other regions in Europe (e.g., Francardi and Pennacchio,
1996; Sl�ama, 1998). There is a consensus that the adult beetles disperse
between May and September, with a distinct peak in June (e.g., Naves
et al., 2006b). On this basis, we implemented PWN as a univoltine or-
ganism (Table 1).

2.3.2. Habitat suitability
Concerning the host tree definition, all pine species (Pinus spp.) were

found susceptible to PWD (Evans et al., 1996). Laboratory experiments
demonstrated a successful PWN inoculation to the prevalent European
species, P. sylvestris (Naves et al., 2006a). A major difference between the
European vector beetleM. galloprovincialis and otherMonochamus species
is thatM. galloprovincialis lay their eggs in branches rather than in trunks
of trees. Therefore, the beetle prefers higher dimension trees, with a stem
diameter larger than 15 cm (Tomminen, 1993; P. Naves, personal
communication). On this basis, P. sylvestris with a stem diameter >15 cm
was defined as the PWN host. Concerning climatic suitability of PWN
habitat, tree mortality due to the PWN infection was found to require an
average daily July temperature above 20 �C (e.g., Gruffud et al., 2018).

2.3.3. Dispersal
The dispersal of the vector beetleM. galloprovincialis can be described

with a negative exponential kernel or a negative 2Dt kernel (Extebeste
et al., 2015). Based on mark-recapture experiments of the latter authors,
3

the beetle’s median dispersal distance ranged between 205.8 and 816.44
m, while the maximum distance was 5.0 km. These values are slightly
lower than the maximum annual dispersal of 6 and 7.5 km reported for
the Asian M. alternatus (Takasu et al., 2000; Robinet et al., 2019). Field
observations in Portugal, used in a simulation study by De la Fuente et al.
(2018), showed that over the course of eight observation years the dis-
ease (i.e., actual tree mortality, not the beetles) progressed at an average
rate of 5.3 km ⋅year�1, with the maximum progression of 8.3 km ⋅year�1.
Based on this, the latter authors suggested that the negative 2Dt dispersal
kernel with median and maximum dispersal distance of 1,500 m and 8.3
km, respectively, aligned with observed disease spread. The value of
1,500 m for the median distance corresponds to the findings of Pukkala
et al. (2014), who also considered human-mediated dispersal. Here, we
only considered the natural dispersal of the PWN, therefore, the dispersal
was implemented based on the 2Dt kernel with a median dispersal
distance varying between 200 and 800 m, and a maximum distance of
8,000 m (Table 2). Since the maximum dispersal distance is defined as a
separate parameter in BITE (a kernel cap) and x is always 0, we used a
Gaussian kernel instead (Koch et al., 2020):

pðxÞ ¼ e�
x2

2πd2 (1)

where p is the probability of colonization expressed as a function of
distance, d is median dispersal distance ranging from 200 to 800 m.

The dispersal implementation was modified by introducing a
threshold requiring a minimum of 50 infected beetles in a cell before
permitting dispersal to other cells within the landscape. This threshold
introduces a certain dampening effect on spread, accounting for situa-
tions where the low levels of host biomass in a cell limit that cell from
acting as a source of spread. However, this value was set arbitrarily and
requires further support from experimental studies.

2.3.4. Population growth
The growth rate of the infected beetle populations was set between 7

and 11, meaning that one infected beetle produces 7 to 11 infected
beetles per year; this is based on experimental studies from Asia (Yosh-
imura et al., 1999; Togashi, 1985; Robinet et al., 2009) and a modelling
study from Spain (Pukkala et al., 2014). These values also align with the
field observations from Portugal (de la Fuente et al., 2018). We assumed
that population growth of infected beetles after a successful colonization
is governed by a logistic growth function:



Table 1
Parameter values identified based on different laboratory experiments and field studies used to parameterize individual processes underlying the potential pine wilt
disease dynamics in Europe. The references cited are: [1] Francardi and Pennacchio, 1996; [2] Naves et al., 2006b; [3] Evans et al., 1996; [4] Naves et al., 2006a; [5]
Tomminen, 1993; [6] P. Naves, personal communication; [7] Gruffud et al., 2018; [8] Extebeste et al., 2015; [9] De la Fuente et al., 2018; [10] Pukkala et al., 2014; [11]
Togashi, 1985; [12] Yoshimura et al., 1999; [13] Firminho et al., 2017; [14] Naves et al., 2007; [15] Naves et al., 2018.

Information from literature and assumptions adopted Model representation

Lifecycle
A single generation of beetles per year across the entire geographic range where PWN-induced tree mortality can
occur. One dispersal wave per season, peaking in June [1, 2]

A univoltine organism

Habitat requirements
All Pinus spp. can die from PWD [3]
Pinus sylvestris was preferred in laboratory experiments [4, 5]
The beetle only procreates in trees with stem diameter �15 cm [5, 6]

Only cells with Pinus sylvestris trees �15 cm can be colonized

Tree mortality can only occur under the average July temperature >20 �C [7] July temperature >20 �C a

Introduction
Assumption-based. A single introduction point, a single introduction event, and the number of introduced beetles
2–400.

Number of beetles in the introduction point, Ninit ¼ 2–400

Dispersal
Negative exponential kernel or 2Dt kernel [8, 9]. A simplified kernel representation in BITE allowed for using the
Gaussian kernel instead of 2Dt.

Gaussian kernel

Mean natural dispersal distance: 205.8–816.44 m [8]
Mean dispersal distance with human aid: 1,500 m [9, 10]

Parameter d in Eq. (1): 205.8–816.44 m

Maximum dispersal distance 5,000–8,300 m [8, 9] Maximum dispersal distance (kernel cap): 8,000 m
Assumption-based. Delay of the dispersal unless 50 beetles in a cell are reached. Dispersal only when M � 50
Colonization
Assumption-based degree of natural environmental resistance to colonization. Because higher values exerted a
strong dampening effect on PWN dynamics, a hypothetical range of 0–1 was narrowed to 0.05–0.2 that showed a
better correspondence with the expansion speed observed in Portugal [9].

Probabilistic colonization filter represented by a random value
in the range 0.05–0.2.

Initial number of beetles (Minit) after colonization calculated as a product of colonization probability (pkernel) and
Minit ranging from 2 to 400. Assumption-based as empirical evidence is lacking.

M ¼ pkernel � Minit; Minit ¼ 2–400

Population growth
One infected beetle produces 7–11 new beetles [9, 10] Parameter r of Eq. (2): 7–11
Vegetation impact
2–20 beetles needed to induce tree mortality [11,12,13,14,15]. We narrowed this range to 2–8 beetles, assuming
high initial mortality in newly colonized areas.

Impact ¼ M/Mkill

M, total amount of infected beetles in a cell;Mkill, the number of
beetles required to kill a tree: 2–8

a Not used in the impact demonstration in the current study because the investigated landscape is not yet within the PWN climatic niche.
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Mðtþ 1Þ¼ K� �
K�M

� � (2)

1þ M � expð�r � tÞ

where M is the total number of infected beetles in the cell and K is the
carrying capacity of host trees in a cell (K ¼ number of trees/
Fig. 2. A simplified diagram of processes involved in the simulation of pine wood nem
parameter values identified based on the literary review.

4

consumption). Consumption is defined as the number of infected beetles,
M, required to kill a tree by transmitting the PWD. The growth rate r is
defined as the number of newly infected beetles that are generated from
the previous generation of beetles that laid their eggs in the killed tree.
The variable t is set to 1, representing a single developmental cycle per
year.
atode dynamics using the Biotic Disturbance Engine, processes interaction, and



Table 2
Parameter ranges used for the sensitivity analysis in an artificial forest landscape.
The values in bold indicate the reference parameters which were held constant,
while varying the values of another parameter. Parameters are the median radius
of the dispersal function, establishment threshold, initial number of beetles in a
colonized cell, population growth rate, and vegetation impact represented by the
number of infected beetles required to kill a tree. The maximum dispersal dis-
tance was held constant at 8,000 m.

Median
dispersal
radius (m)

Establishment
threshold

Initial
number of
beetles

Population
growth rate

Vegetation
impact (no. of
beetles⋅tree�1)

100 0.1 2 5 1
200 0.2 5 6 2
300 0.3 10 7 5
500 0.4 50 8 6
800 0.5 100 9 8
1000 0.7 200 10 12
1200 0.9 300 11 16
1500 1.0 400 12 20
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2.3.5. Establishment
The existence of Allee dynamics is known to limit small population

sizes in the studied system (Yoshimura et al., 1999; Takasu, 2009).
Therefore, besides environmental requirements for colonization, such as
climate and suitable host trees, we introduced a probabilistic threshold
that represented the natural resistance of the environment due to factors
such as predation and host tree resistance. It is represented by a random
value generated from the prescribed range 0–n, with n � 1, that must
exceed the establishment threshold to allow for successful colonization.
However, there is no empirical evidence about this effect’s strength. Our
simulation experiment indicated that higher threshold values exerted a
strong dampening effect on PWN dynamics, making the simulated pro-
gression lagging behind the observed progression of 5.3 km per year (de
la Fuente et al., 2018). Therefore, we considered this effect’s strength
with n � 0.2 only, which better aligned the simulated dynamics with the
observed progression.

2.3.6. Vegetation impact
To determine the PWD lethality (referred to as the vegetation impact

in the BITE framework), we considered the minimum number of nema-
todes required to kill a healthy tree, and the number of nematodes found
in infected beetles in various studies. The Asian studies by Togashi
(1985) and Yoshimura et al. (1999) indicated that 1,000 to 10,000
nematodes are needed to kill a tree. Firminho et al. (2017) found that
infectedM. galloprovincialis in Portugal can carry up to 10,000 nematodes
but this conclusion was based on four individuals caught in flight traps
during the dispersal peak at the end of June. During the whole experi-
ment, 40% of the 22 captured beetles contained 1,000 or more nema-
todes. Naves et al. (2007) found that the number of nematodes collected
from pine branches (15,373–36,722) infected by 28 beetles that were
previously caught in the field in Portugal, which amounts to 550–1,300
nematodes per infected beetle on average. With the estimated number of
required nematodes reported by Togashi (1985) and Yoshimura et al.
(1999) ranging from 1,000 to 10,000, we assume a possible range of
2–20 infected beetles to induce the lethality to the host tree. However,
considering the 85% tree mortality reported by Naves et al. (2018) in
Portugal, and assuming no initial tree resistance in newly colonized re-
gions in Europe, we narrowed this range to 2–8 beetles (Table 1).
Nevertheless, this parameter requires further empirical support.

2.4. Experimental design

2.4.1. Parameter sensitivity analysis
A sensitivity analysis was conducted to examine the effect of different

parameter values on the number of years required to (i) colonize the 95%
of cells on a model landscape and (ii) kill 95% of all trees. A single value
from the plausible range of each parameter was used as a reference that
was held constant, while the values of a given parameter varied within
the prescribed range (Table 2), exerting the change in the two response
variables. Because of the assumed interaction of dispersal radius with the
establishment threshold, we conducted an additional two-parameter
sensitivity analysis covering these two factors.

Testing was conducted in a hypothetical gridded landscape with an
area of 2,500 ha (5 km � 5 km), consisting of 1 ha grid cells. The land-
scape was populated with Scots pine trees with diameters ranging
through an interval of 14.14–17.3 cm, resulting in 82.5% of trees above
the minimum diameter threshold for colonization of 15 cm. The number
of trees per ha was set to 1,795, which was set based on the Czech na-
tional forest yield tables (�Cerný and Pa�rez, 1996), resulting in a total of 1,
120,000 trees. Management, background tree mortality, and regenera-
tion were disabled during the simulation to isolate the effect of PWN on
the tree pool. At the start of the simulation, 50 infected beetles were
localized in a single cell in the center of the landscape, and the PWN
dynamics was simulated for 100 years.
5

2.4.2. Impact on a real forest landscape
The study area (center coordinates: 49�950 N, 14�780 E; Fig. 3) is

located in the Czech Republic, Central Europe that could potentially fall
within PWN’s range over the next decades. Currently, summer temper-
atures in Central Europe are too low to support PWN populations
(Rutherford and Webster, 1987), but projected future climate in the re-
gion is expected to be suitable for the pathogen’s establishment (Hirata
et al., 2017). The size of the area is 40,928 ha with 45% forest cover (18,
500 ha). Except for the PWN host, Scots pine (Pinus sylvestris, 10.7%), the
current species composition consists of Picea abies (57.7%), Fagus syl-
vatica (7.6%), and oak species Quercus robur and Q. petraea (8.8%) (see
Dobor et al., 2024 for more details).

For facilitating the forest development simulations, soil depth,
texture, and nitrogen content were defined on a spatial grid with a res-
olution of 100 m� 100 m (Source: Forest Management Institute of Czech
Republic). The daily climatic data originated from the meteorological
station located in the landscape, representing the period 1961–1990
(Source: Czech Hydrometeorological Institute). The station measure-
ments were downscaled to the 100 m � 100 m environmental grid using
the MT-CLIM software (Hungerford et al., 1989). The climate time series
spanning the simulation period of 100 years was created by randomly
sampling years with replacement from the 1961–1990 period to define
stable growing conditions across the simulation period. This period
contains only a negligible warming trend, and it is broadly used to define
reference conditions in climate change impact studies. However, as the
temperature during this period fell below the threshold for PWN-induced
tree mortality (Table 1), the parameter defining the PWN climatic niche
was not activated in the current experiment, making the entire study
landscape climatically suitable.

Tree species, stand age, and basal area data required to initialize the
vegetation in the model on a 10 m � 10 m grid were extracted from the
regional Forest Management Plans, which described forest conditions in
the period 2010–2014. More details about vegetation initialization in
iLand can be found in Dobor et al. (2018, 2019, 2024). Management was
implemented through the iLand’s Agent-Based Management Engine
(Rammer and Seidl, 2015) in a way that approximates the current
management practices in the study region. Sequences of planting, thin-
ning, and harvesting operations were defined, which were dynamically
adopted to actual conditions in forests stands across the landscape. No
disturbance agent, except for the PWN, was introduced through iLand’s
disturbance modules (Fig. 1).

Drawing from the sensitivity analysis, we selected three combinations
of plausible parameter values that resulted in contrasting levels of impact
in terms of the number of years required to kill 95% of all trees. Impact
assessment has focused on the speed of colonization and mortality, rep-
resented by the time required to colonize all cell with the presence of pine
and the amount of pine trees killed within 100 years of the simulation.



Fig. 3. Position of the experimental forest landscape in Europe (a) and the distribution of stands with a certain proportion of Scots pine (b).
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The onset and duration of the main mortality wave were evaluated too.
Because forest carbon cycle is a sensitive receptor of disturbance impacts,
we evaluated the impact of PWN introduction on the total forest living
carbon, the living carbon in pine trees, gross primary productivity (GPP),
Fig. 4. Sensitivity analysis indicating the response of the number of years required to
values. (a) Median dispersal distance; (b) establishment threshold; (c) vegetation imp
fold analysis of mean dispersal distance and establishment threshold effect on cell c
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and heterotrophic respiration (Rh). Unlike the sensitivity analysis con-
ducted with the hypothetical landscape, these simulations incorporated
management and enabled natural mortality and regeneration, thereby
representing a realistic forest development scenario.
colonize 95% of grid cells and reach a 95% tree mortality to different parameter
act; (d) initial number of beetles in a cell; e) population growth rate; (f–g) a two-
olonization (f) and tree mortality (g).
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3. Results

3.1. Sensitivity analysis

Both the initial number of beetles in a cell after the colonization
(Fig. 4d) and the population growth rate (Fig. 4e) exerted a relatively
minor influence on colonization progression and tree mortality. Specif-
ically, irrespective of the value of these two parameters, the colonization
of the 95% grid cells and the mortality of 95% of the trees were achieved
within 12–13 years and 30–34 years, respectively, provided that all
remaining parameters were held on their reference values (Table 2).

The increase in median dispersal distance and in the establishment
threshold had a dampening effect on mortality and colonization (Fig. 4a
and b). It is noteworthy that the response to dispersal distance was non-
linear, with the maximum impact (i.e., the smallest number of years to
95% colonization) produced at the distance of ca 200m. This is due to the
trade-off between the distance reached by dispersing beetles and the
colonization probability assigned to individual cells; the longer the
dispersal distance, the lower the probability assigned to individual cells.

The two-parameter sensitivity analysis of these two variables (Fig. 4f
and g) indicated that the fastest colonization and mortality rates corre-
sponded to a median dispersal radius between 300 and 700 m and an
establishment threshold below 0.1. With the establishment threshold
above 0.3, it took more than 10 years to colonize 95% of the landscape
and more than 30 years to kill 95% of trees.

Finally, vegetation impact (representing the number of beetles
required to cause tree death) was the most influential parameter, causing
95% mortality within 14–66 years, depending on its value. As this vari-
able is not associated with any process affecting the colonization rate,
this response was flat (Fig. 4c).

3.2. Impact assessment

We evaluated the PWN impact under three parameter scenarios,
referred to as High, Medium, and Low Impact (HI, MI, LI), delivering
contrasting tree mortality levels (Table 3). Drawing from the sensitivity
analysis, we considered three parameters in scenario definition: median
dispersal distance, vegetation impact, and the establishment threshold.
Concerning the latter parameter, only the values >0.2 (i.e., >20%
probability of by-chance colonization failure) were considered (Table 1),
which generated mortality progression of around 1 km per year, better
aligning with the field observations.

3.2.1. Impact on an artificial forest landscape
Simulations exhibited a distinct concentric spatial pattern that was

more pronounced in tree mortality than in colonization dynamics
(Fig. 5). The temporal trajectory of colonization (Fig. 6a) adhered to a
sigmoidal pattern, reaching a plateau at 2,500 grid cells (equal to the size
of the artificial landscape) under all scenarios. The number of years
required to colonize the entire landscape varied from 6 to 11 years under
HI and LI scenarios, respectively. The mortality progression (Fig. 6b)
displayed a distinct peak under all three scenarios, with a varying onset
of culmination and peak duration. Under the HI scenario, the mortality
Table 3
Three parameter settings generating contrasting mortality dynamics used for
assessing the impact of pine wood nematode introduction. *maximum/median
distance.

Scenario Dispersal
distance (m)*

Establishment
threshold

Vegetation impact (no. of
beetles⋅tree�1)

High Impact
(HI)

8,000/300 0.05 2

Medium
Impact
(MI)

8,000/500 0.1 5

Low Impact
(LI)

8,000/800 0.2 8
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culminated 6 years post-introduction, while it culminated after 12 years
with the LI scenario. The number of years required to kill all trees on the
landscape was 56, 36 and 20, under the LI, MI, and HI scenarios,
respectively. We note that this experiment did not enable tree regener-
ation; hence, the mortality patterns are limited to the initial cohort of
trees.

3.2.2. Impact on a real forest landscape
The cells with pines that were furthest from the point of first intro-

duction (Fig. 7) were colonized after 28, 28, and 35 years, respectively,
corresponding to an expansion rate of 0.9–1.1 km per year. Under the HI
and MI scenario, most of the cells that contained pines were colonized
within 30 years (Fig. 8a), while it took 37 years under the LI scenario. The
progression of pine mortality (Fig. 8b) exhibited a distinct peak under all
parameter settings, with the onset from the introduction year ranging
between 16 (HI), 19 (MI), and 27 years (LI). A sharp increase between 29
(HI, MI) and 35 years (LI) indicates that the last major clusters of host
trees were reached. Over the 100-year simulation period, the three tested
parameter settings resulted in the mortality of 90.0%, 78.5%, and 62.8%
of all mature pine trees on the landscape, respectively (Fig. 8c).

The three tested parameter settings delivered different impacts on the
carbon stock in pine stands, which was nearly exhausted within 25–50
years post-introduction (Fig. 9a). By the end of the simulation period, the
carbon loss in pine trees was between 88% (LI) and 96% (HI). In terms of
the total living carbon in the landscape (i.e., all tree species considered)
(Fig. 9b), the maximum annual loss under the three parameter settings
was 5.6%, 4.9%, and 4.1%, respectively. The largest relative impact on
the living carbon stock occurred 30-, 33-, and 39-years post-introduction.
A robust carbon recovery was observed under all three impact scenarios
due to the compensation for the loss of pines by non-host species, notably
Picea abies and Fagus sylvatica.

PWN introduction caused a drop in GPP that was aligned with the
main mortality wave (Fig. 10), reaching as much as 1,000 kg
C⋅ha�1⋅year�1 (ca 6%) under the HI scenario. In the post-mortality
period, GPP exceeded its reference level (i.e., without PWN introduc-
tion) by up to 800 kg C⋅ha�1⋅year�1 (ca 4%); this effect was more distinct
under LI and MI than under the HI scenario. Rh increased after the PWN
introduction due to the increased accumulation of the decomposing
debris. This increase was followed by an extended period with the
reduced Rh in the post-outbreak period, likely resulting from the legacy
changes in forest structure and composition. We note that Rh is a nega-
tive flux, therefore, its increase presented in Fig. 10 is represented by
higher negative values.

4. Discussion

The rapid increase in biological invasions, the amplification of native
biotic agents’ activity, and the emergence of novel disturbance regimes
(Turner and Seidl, 2023) underscore the need for innovative tools to
appraise future ecosystem dynamics. Species distribution models have
historically provided insights into large-scale shifts in insect and disease
distributions (Bebber, 2015; Lehman et al., 2020), while statistical
models, correlating the occurrence of agents with their impacts, have
been widely used in forest risk rating (Seidl et al., 2011). However, the
correlative nature of these approaches and limited options for assessing
impacts on forest carbon, demography, and a suite of ecosystem services
have restricted their utility. The high sensitivity of biotic disturbance
regimes to climate change has necessitated a shift towards application of
process-oriented approaches. Being based on the first principles of
ecology (Gustafson, 2013), these tools possess a better capacity to pro-
vide plausible information even under non-analogous conditions. Unlike
correlative approaches, process-based models demand an in-depth un-
derstanding of the agent’s ecology and population dynamics (Cuddington
et al., 2013). This information is typically available for a limited number
of commercially significant species, whereas data are severely limited for
species previously considered harmless but have escalated their virulence



Fig. 5. Pine wood nematode expansion across the artificial pine-dominated landscape large 5 km � 5 km under three settings of driving parameters specified in
Table 2. The colors depict the onset of colonization (i.e., the number of years from the introduction) or tree mortality caused by the pathogen during nine years post-
introduction. The introduction point is located in the center of the landscape. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 6. Temporal progression of colonization and pine mortality across the artificial landscape over the period of 50 years post-introduction.
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due to climate change. For invasive species establishing in new terri-
tories, this information is virtually non-existent. In the current study, we
explored the potential dynamics of the PWN in Central Europe, a region
without any historical exposure to this pathogen but identified as having
a high risk of future invasion (Robinet et al., 2011; Hirata et al., 2017).
We collated the fragmented knowledge of PWN dynamics with several
phenomenological assumptions and integrated them in the modular
platform of BITE (Honkaniemi et al., 2021). Such a solution can serve as a
blueprint to improving biotic risk representation in ecosystem models
under the conditions of high information uncertainty.
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4.1. Implementation challenges

The most critical uncertainty in the current implementation arises
from the unknown lethality of the PWN in Europe and limited options for
adopting this information from the existing literature. For example, while
pine mortality was negligible within the native range of PWN due to the
resistance of the North American pines (Akbulut and Stamps, 2011), it
has caused a vast forest devastation in Asia (Yoshimura et al., 1999).
However, transferring knowledge about PWN impacts from Asia is
problematic because it concerns different species of the vector beetle
(M. alternatus) and different host species (e.g., P. thunbergia, P. densiflora).



Fig. 7. Simulated progression of forest colonization by pine wood nematode in the Central European forest landscape during three time periods post-introduction
under three scenarios representing different assumptions about underlying biological processes: (a) Low Impact; (b) Medium Impact; (c) High Impact (Table 2).

Fig. 8. (a) Simulated temporal progression of pine wood nematode in a Central European forest landscape in terms of the number of colonized grid cells. (b) Annual
mortality of pine trees due to the introduction of pine wood nematode. (c) Cumulative proportion of the numbers of pine trees killed. High, Medium, and Low Impact
scenarios represent three plausible settings of driving parameters generating contrasting mortality dynamics (Table 2).
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Despite nearly 25 years of experience with PWN in Portugal (Naves et al.,
2018), the existing information about the impact of PWD is inadequate
for parameterizing model processes. There, all PWD occurrences have
been treated with heavy sanitary logging, removing forest stands around
the infected area to create sanitary buffers (Calv~ao et al., 2019). These
interventions compromise information about the PWN’s lethality, which,
as we have demonstrated in the sensitivity analysis, is an essential
parameter driving the mortality dynamics (Fig. 4c). Therefore, this part
of the PWN parameterization will require support from experiments
established across Europe, as PWN continues to expand its range. Future
simulation experiments should also consider the possible existence of
PWD resistance in a minor proportion of trees as has been identified in
Japan (Futai, 2008). The inclusion of this parameter could play a sig-
nificant role in modelling long-term ecosystem development, encom-
passing post-disturbance regeneration dynamics. However, such
knowledge is presently lacking in Europe.

The PWN modelling is complicated by the involvement of two or-
ganisms – the pathogen and its carrying vector, the longhorn beetle. We
opted to employ a simplified approach by conceptualizing a single entity
referred to as an “infected beetle”. This required estimation of the
“standard” quantity of nematodes within a beetle and the pathogen load
necessary to cause tree mortality. Such conceptualization was necessary
due to the limited understanding of processes governing the individual
9

dynamics of the two organisms and their interaction (e.g., pathogen’s
spread within the beetle’s population). A more complex and biologically
explicit model could, for example, facilitate model simulations support-
ing forest risk management (e.g., Dobor et al., 2020), with different
management operations targeting different components of the ecological
system. Therefore, it may warrant consideration in future studies.

We have demonstrated how the actual information uncertainty im-
pedes both the parameterization of processes and the evaluation of
simulated patterns of mortality and colonization against observations.
Hence, the current results should be regarded as a methodological
advancement in developing a process-oriented PWN implementation,
rather than an impact-oriented experiment. The parameterization pre-
sented herein can serve as an initial parsimonious approximation, which
can be iteratively refined and validated as new empirical knowledge
becomes available.
4.2. Mortality dynamics and impact on forest carbon

The simulated impact of PWN introduction on forest carbon in the
real forest landscape was not severe, primarily due to the low proportion
of host trees (10.7%). Depending on parameter settings used, most of the
landscape was colonized within 29–35 years. However, the simulated
progression of mortality fell behind observed rates reported in literature.



Fig. 10. The effect of simulated introduction of pine wood nematode on Gross Primary Productivity (GPP) and heterotrophic respiration (Rh) (right axis) along with
the tree mortality development (left axis). Values for GPP and Rh represent differences between the flux size with and without the introduction.

Fig. 9. The effect of simulated pine wood nematode introduction on the amount of living forest carbon in pine stands (a), and the total forest living carbon (b).
Relative differences of cases with and without introduction are shown.
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In Portugal, the progression was approximately five times faster than in
our experiment (5.3 km per year, on average; de la Fuente et al., 2018),
while in Japan, host trees were eradicated within 10–20 years across
large areas (Togashi and Shigesada, 2009, and references therein). This
discrepancy can be partly attributed to the scattered distribution of host
trees in the study landscape that may have retarded the expansion;
however, it may also indicate a need to revise certain parameters.

The simulated effect on carbon pools and fluxes agreed with theo-
retical expectations and empirical evidence on carbon cycles under tree
mortality events (Chapin et al., 2006; Goulden et al., 2010). Overall,
forest living carbon was found to be resilient to the simulated PWN
impact and carbon loss was fully compensated by the ingrowth of other
tree species. Such compensatory dynamics following the impact of
invasive species was documented by Fei et al. (2019) in the conterminous
United States. The decrease in GPP aligned with the main mortality wave
and accounted for the reduced leaf area and carbon uptake (e.g. Chapin
et al., 2006). The increase in GPP after the main mortality pulse repre-
sented the so-called carbon legacy sink that has been documented in
several empirical and model-based studies (Dobor et al., 2018; Yue et al.,
2016). It mainly accounted for the shift of forest demography towards
younger trees with a higher carbon uptake. Increased nutrient input from
decomposing residues is another factor that can amplify the sink strength
(Fern�andez-Martínez et al., 2014). However, this effect was not
accounted for in our experiment as the modelling framework applied
here does not include dynamic nitrogen cycle (Seidl et al., 2012). Tree
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mortality caused by PWN increased the rate of heterotrophic respiration
during the main mortality episode, which accounted for the decompo-
sition of the increased amount of detritus and dead logs (Lindroth et al.,
2009). At the same time, the respiration decreased in forest recovery
period. The reasons of this effect are less obvious and likely account for
the legacy effect of the change in species composition and demography.
4.3. Future research priorities

Considering the significant role of dispersal-related parameters in
modelling PWN dynamics, factors such as landscape host connectivity
and the overall proportion of the host can be crucial in determining the
final impact. In the current study, we conducted our simulations in a
single landscape with a homogeneous host distribution and a single
actual landscape with a fragmented host distribution. However,
appraising the effect of different host configurations on PWN expansions
could be an important contribution to understanding the susceptibility of
European landscapes to invasions.

The sanitary removal of infested trees and establishment of sanitary
buffers around infestation foci are widely used for pathogen control in
Europe (Dobor et al., 2019). However, the efficiency of these strategies
remains unknown; there are indications that even mass-scale sanitary
actions have not prevented the PWN from expanding in Portugal (Fir-
minho et al., 2017). Complex landscape-scale simulation models, such as
the BITE – iLand framework, could potentially be used to model different
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sanitary operations and thus be instrumental in delivering this knowl-
edge. This has been done, for example, to understand the effects of
salvage logging on the dynamics of spruce bark beetle Ips typographus in
Central Europe (Dobor et al., 2019, 2020; Augustynczik et al., 2021).

Finally, organisms such as the PWN can alter the historical distur-
bance regimes in temperate Europe, leading to unforeseen impacts on
timber production, forest carbon, and demography (Seidl et al., 2018).
The trajectories of post-disturbance recovery can be shifted by novel
pathogens, extending beyond their historical variation. Hence, the inte-
gration of new pathogens into complex vegetation models is crucial for
gaining new insights into the modification of existing disturbance re-
gimes and ecosystem resilience – some of the most pressing inquiries in
contemporary ecological research (Cumming and Peterson, 2017).

5. Conclusions

Themodular, process-oriented framework of BITE (Honkaniemi et al.,
2021) has proven to be efficient in addressing scenarios where biological
information about a disturbance agent is limited. Utilizing this platform
to develop model representations of other potentially significant native
and nonnative species could be instrumental in achieving a more
comprehensive representation of forest biotic risks in ecosystem models.
The PWN parameterization developed here can serve as a blueprint for
incorporating other emerging organisms into ecosystem models, espe-
cially under conditions of high information uncertainty. We propose that
interdisciplinary collaborative efforts should be initiated to gather
driving parameters for different organisms and validate model simula-
tions across different environments.
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