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28 Abstract : New (a)biotic conditions resulting from climate change are expected to change disturbance dynamics,
29 such as windthrow, forest fires, droughts, and insect outbreaks, and their interactions. These unprecedented natural
30 disturbance dynamics might alter the capability of forest ecosystems to buffer atmospheric CO, increases, potentially
31 leading forests to transform from sinks into sources of CO,. This study aims to enhance the ORCHIDEE land surface
32 model to study the impacts of climate change on the dynamics of the bark beetle Ips typographus and subsequent
33 effects on forest functioning. The Ips typographus outbreak model is inspired by previous work from Temperli et al.
34 2013 for the LandClim landscape model. The new implementation of this model in ORCHIDEE r8627 accounts for
35 key differences between ORCHIDEE and LandClim: (1) the coarser spatial resolution of ORCHIDEE, (2) the higher
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36 temporal resolution of ORCHIDEE, and (3) the pre-existing process representation of windthrow, drought, and forest
37 structure in ORCHIDEE. Simulation experiments demonstrated the capability of ORCHIDEE to simulate a variety
38 of post-disturbance forest dynamics observed in empirical studies. Through an array of simulation experiments
39 across various climatic conditions and windthrow intensities, the model was tested for its sensitivity to climate,
40 initial disturbance, and selected parameter values. The results of these tests indicated that with a single set of
41 parameters, ORCHIDEE outputs spanned the range of observed dynamics. Additional tests highlighted the
42 substantial impact of incorporating Ips typographus outbreaks on carbon dynamics. Notably, the study revealed that
43 modeling abrupt mortality events, as opposed to a continuous mortality framework, provides new insights into the
44 short-term carbon sequestration potential of forests under disturbance regimes by showing that the continuous
45 mortality framework tends to overestimate the carbon sink capacity of forests in the 20 to 50 year range in
46 ecosystems under high disturbance pressure, compared to scenarios with abrupt mortality events. This model
47 enhancement underscores the critical need to include disturbance dynamics in land surface models to refine
48 predictions of forest carbon dynamics in a changing climate.

49

50 1. Introduction

51 Future climate will likely bring new abiotic constraints through the co-occurrence of multiple connected hazards,
52 e.g., “hotter droughts”, which are droughts combined with heat waves (Allen et al., 2015; Zscheischler et al., 2018),
53 but also new biotic conditions from interacting natural and anthropogenic disturbances, e.g., insect outbreaks
54 following windthrow or forest fires (Seidl et al., 2017). Unprecedented natural disturbance dynamics might alter
55 biogeochemical cycles specifically the capability of forest ecosystems to buffer the CO, increase in the atmosphere
56 (Hicke et al., 2012; Seidl et al., 2014) and the risk that forests are transformed from sinks into sources of CO, (Kurz
57 et al., 2008a). The magnitude of such alteration, however, remains uncertain principally due to the lack of impact
58 studies that include disturbance regime shifts at global scale (Seidl et al., 2011).

59

60 Land surface models are used to study the relationships between climate change and the biogeochemical cycles of
61 carbon, water, and nitrogen (Ciais et al., 2005; Cox et al., 2000; Friedlingstein et al., 2006; Luyssaert et al., 2018;
62 Zaehle and Dalmonech, 2011). Many of these models use background mortality to obtain an equilibrium in their
63 biomass pools. This classic approach towards forest dynamics, which assumes steady-state conditions over long
64 periods of time, may not be suitable for assessing the impacts of disturbances on shorter time scales under a fast
65 changing climate. This could be considered a shortcoming in the land surface models because disturbances can have
66 significant impacts on ecosystem services, such as water regulation, carbon sequestration, and biodiversity (Quillet
67 et al., 2010). Mechanistic approaches that account for a variety of mortality causes, such as age, size, competition,
68 climate, and disturbances, are now being considered and tested to simulate forest dynamics more accurately
69 (Migliavacca et al.,, 2021). For example, the land surface model ORCHIDEE accounts for mortality from
70 interspecific competition for light in addition to background mortality (Naudts et al., 2015). Implementing a more
71 mechanistic view on mortality is thought to be essential for improving our understanding of the impacts of climate

72 change on forest dynamics and the provision of ecosystem services.
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73
74 Land surface models also face the challenge of better describing mortality particularly when it comes to ecosystem
75 responses to “cascading disturbances”, where legacy effects from one disturbance affect the next (Buma, 2015;
76 Zscheischler et al., 2018). Biotic disturbances, such as bark beetle outbreaks, strongly depend on previous
77 disturbances as their infestation capabilities are higher when tree vitality is low, for example following drought or
78 storm events (Seidl et al., 2018). This illustrates how interactions between biotic and abiotic disturbances can have
79 substantial effects on ecosystem dynamics and must be accounted for in land surface models to improve our
80 understanding of the impacts of climate change on forest dynamics (Seidl et al., 2011; Temperli et al., 2013a). While
81 progress has been made towards including abrupt mortality from individual disturbance types such as wildfire
82 (Lasslop et al., 2014; Migliavacca et al., 2013; Yue et al., 2014), windthrow (Chen et al., 2018) and drought (Yao et
83 al., 2022), the interaction of biotic and abiotic disturbances remains both a knowledge and modeling gap (Kautz et
84 al., 2018).
85
86 Bark beetle infestations are increasingly recognized as disturbance events of regional to global importance (Bentz et
87 al., 2010; Kurz et al., 2008b; Seidl et al., 2018). Notably, a bark beetle outbreak ravaged over 90% of Engelmann
88 spruce trees across approximately 325,000 hectares in the Canadian and American Rocky Mountains between 2005
89 and 2017 (Andrus et al., 2020). In Europe, the bark beetle Ips typographus has been involved in up to 8% of total
90 tree mortality due to natural disturbances from 1850 to 2000 (Hlasny et al., 2021a). A recent increase in beetle
91 activity, particularly following mild winters (Andrus et al., 2020; Kurz et al., 2008c), windthrow (Mezei et al., 2017),
92 and droughts (Nardi et al., 2023) have been well-documented (Hlasny et al., 2021a; Pasztor et al., 2014),
93 underscoring the need to integrate bark beetle dynamics into land surface modeling.
94
95 Past studies used a variety of approaches to model the impacts of bark beetles on forests. While some models treated
96 bark beetle outbreaks as background mortality (Luyssaert et al., 2018; Naudts et al., 2016), others dynamically
97 modeled these outbreaks within ecosystems (Jénsson et al., 2012; Seidl and Rammer, 2016; Temperli et al., 2013b).
98 Studies with prescribed beetle outbreaks tend to focus on the direct effects of the outbreak on forest conditions and
99 carbon fluxes, but are likely to overlook more complex feedback processes, such as interactions with other
100 disturbances and longer-term impacts. Conversely, dynamic modeling of beetle outbreaks, provides a more
101 comprehensive view by incorporating the lifecycle of bark beetles, tree defense mechanisms, and ensuing alterations
102 in forest composition and functionality.
103
104 Simulation experiments for Ips typographus outbreaks using the LPJ-GUESS vegetation model highlighted regional
105 variations in outbreak frequencies, pinpointing climate change as a key exacerbating factor (Jonsson et al., 2012).
106 Simulation experiments with the iLand landscape model suggested that almost 65% of Ips typographus outbreaks are
107 aggravated by other environmental drivers (Seidl and Rammer, 2016). A 4°C temperature increase could result in a
108 265% increase in disturbed area and a 1800% growth in the average patch size of the disturbance (Siedl and Rammer

109 2016). Disturbance interactions were ten times more sensitive to temperature changes, boosting the disturbance
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110 regime's climate sensitivity. The results of these studies justify the inclusion of interacting disturbances in land
111 surface models, such as ORCHIDEE, which are used in future climate predictions and impact studies (Boucher et al.,
112 2020).

113

114 The objectives of this study are: (1) to develop and implement a spatially implicit outbreak model for Ips
115 typographus in the land surface model ORCHIDEE inspired by the work from Temperli et al. (2013), and (2) use
116 simulation experiments to characterize the behavior of this newly added model functionality.

117

118 2. Model description

119 2.1. The land surface model ORCHIDEE

120 ORCHIDEE is the land surface model of the IPSL (Institut Pierre Simon Laplace) Earth system model (Boucher et
121 al., 2020; Krinner et al., 2005). ORCHIDEE can, however, also be run uncoupled as a stand-alone land surface
122 model forced by temperature, humidity, pressure, precipitation, and wind fields. Unlike the coupled setup, which
123 needs to run on the global scale, the stand-alone configuration can cover any area ranging from a single grid point to
124 the global domain. In this study ORCHIDEE was run as a stand-alone land surface model.

125

126 ORCHIDEE does not enforce any particular spatial resolution. The spatial resolution is an implicit user setting that
127 is determined by the resolution of the climate forcing (or the resolution of the atmospheric model in a coupled
128 configuration). ORCHIDEE can run on any temporal resolution. This apparent flexibility is somewhat restricted as
129 processes are formalized at given time steps: half-hourly (e.g., photosynthesis and energy budget), daily (i.e., net
130 primary production), and annual (i.e. vegetation demographic processes). With the current model architecture
131 meaningful simulations should have a temporal resolution of one minute to one hour for the calculation of energy
132 balance, water balance, and photosynthesis.

133

134 ORCHIDEE utilizes meta-classes to discretize the global diversity in vegetation. The model includes 13
135 meta-classes by default, including one class for bare soil, eight classes for various combinations of leaf-type and
136 climate zones of forests, two classes for grasslands, and two classes for croplands. Each meta-class can be further
137 subdivided into an unlimited number of plant functional types (PFTs). The current default setting of ORCHIDEE
138 distinguishes 15 PFTs where the meta-class of C3 grasslands have been separated into a boreal, temperate and
139 tropical C3 grassland PFT.

140

141 At the beginning of a simulation, each forest PFT in ORCHIDEE contains a monospecific forest stand that is
142 structured by a user-defined but fixed number of diameter classes (three by default). Throughout the simulation, the
143 boundaries of the diameter classes are adjusted to accommodate changes in the stand structure, while the number of
144 classes remains constant. Flexible class boundaries provide a computationally efficient approach to simulate
145 different forest structures. For instance, an even-aged forest is simulated by using a small diameter range between

146 the smallest and largest trees, resulting in all trees belonging to the same stratum. Conversely, an uneven-aged forest
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147 is simulated by applying a wide range between diameter classes, such that different classes represent different
148 canopy strata.

149

150 The model uses allometric relationships to link tree height and crown diameter to stem diameter. Individual tree
151 canopies are not explicitly represented, instead a canopy structure model based on simple geometric forms (Haverd
152 et al. 2012) has been included in ORCHIDEE (Naudts et al., 2015). Diameter classes represent trees with different
153 mean diameter and height, which informs the user about the social position of trees within the canopy. Intra-stand
154 competition is based on the basal area of individual trees, which accounts for the fact that trees with a higher basal
155 area occupy dominant positions in the canopy and are therefore more likely to intercept light and thus contribute
156 more to stand-level photosynthesis and biomass growth compared to suppressed trees (Deleuze et al., 2004). If
157 recruitment occurs, diameter classes evolve into cohorts. However, in the absence of recruitment, all diameter classes
158 contain trees of the same age.

159

160 Individual tree mortality from self-thinning, wind storms, and forest management is explicitly simulated. Other
161 sources of mortality are implicitly accounted for through a so-called constant background mortality rate.
162 Furthermore, age classes (four by default) can be used after land cover change, forest management, and disturbance
163 events to explicitly simulate the regrowth of the forest. Following a land cover change, biomass and soil carbon
164 pools (but not soil water columns) are either merged or split to represent the various outcomes of a land cover
165 change. The ability of ORCHIDEE to simulate dynamic canopy structures (Chen et al., 2016; Naudsts et al., 2015b;
166 Ryder et al., 2016), a feature essential to simulate both the biogeochemical and biophysical effects of natural and
167 anthropogenic disturbances, is exploited in other parts of the model, i.e., precipitation interception, transpiration,
168 energy budget calculations, the radiation scheme, and the calculation of the absorbed light for photosynthesis.

169

170 Since revision 7791, mortality fromlps typographus outbreaks is explicitly accounted for and thus conceptually
171 excluded from the so-called environmental background mortality. Subsequently, changes in canopy structure
172 resulting from growth, forest management, land cover changes, wind storms, and Ips typographus outbreaks are
173 accounted for in the calculations of the carbon, water, and energy exchanges between the land surface and the
174 atmosphere. For details on the functionality of the ORCHIDEE model that is not of direct relevance for this study,
175 e.g., energy budget calculations, soil hydrology, snow phenology, albedo, roughness, photosynthesis, respiration,
176 phenology, carbon and nitrogen allocation, land cover changes, product use, and the nitrogen cycle are readers are
177 referred to Krinner et al., 2005; Zaehle and Friend, 2010; Naudts et al., 2015; Vuichard et al., 2019.

178

179 2.2, Origin of the bark beetle (Ips typographus) model: the LANDCLIM legacy

180 Although mortality from windthrow (Yi-Ying et al., 2018) and forest management (Luyssaert et al., 2018; Naudts et
181 al., 2016) were already accounted for in ORCHIDEE prior to 18627, insect outbreaks and their interaction with other

182 disturbances were not. The LandClim model (Schumacher, 2004) and more specifically the Ips typographus model
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183 developed by Temperli et al. (2013) has been used as basis to develop the Ips typographus model in ORCHIDEE
184 18627.

185

186 LandClim is a spatially explicit stochastic landscape model in which forest dynamics are simulated at a yearly time
187 step for 10-100 km? landscapes consisting of 25 m x 25 m patches. Within a patch recruitment, growth, mortality
188 and competition among age cohorts of different tree species are simulated with a gap model (Bugmann, 1996) in
189 response to monthly mean temperature, climatic drought, and light availability. LandClim, for which a detailed
190 description can be found in (Schumacher, 2004; Temperli et al., 2013), includes the functionality to simulate the
191 decadal dynamics and consequences of Ips typographus outbreaks at the landscape-scale (Temperli et al., 2013). In
192 the LandClim approach, the extent, occurrence and severity of beetle-induced tree mortality are driven by the
193 landscape susceptibility, beetle pressure, and infested tree biomass. While the LandClim beetle model was designed
194 and structured to be generally applicable for northern hemisphere climate-sensitive bark beetle-host systems, it was
195 parameterized to represent disturbances by the Ips typographus in Norway spruce (Picea abies Karst.; Temperli et al.
196 2013).

197

198 As LandClim and ORCHIDEE are developed for different purposes, their temporal and spatial scales differ. These
199 differences in model resolution justify developing a new model while following the principles embedded in the
200 LandClim approach. LandClim assesses bark beetle damage at 25 m x 25 m patches and to do so it uses information
201 from other nearby patches as well as landscape characteristics such as slope, aspect and altitude. The susceptibility
202 of a landscape to bark beetle infestations is calculated using multiple factors such as drought-induced tree resistance,
203 age of the oldest spruce cohort, proportion of spruce in the patch's basal area, and spruce biomass damaged by
204 windthrow. These drivers are presented as sigmoidal relationships ranging from 0 to 1 (denoting none to maximum
205 susceptibility respectively) that are combined in a susceptibility index for each Norway spruce cohort in a patch.
206 Bark beetle pressure is quantified as the potential number of beetles that can infest a patch, and its calculation
207 considers, among others, previous beetle activity, maximum possible spruce biomass that beetles could kill, and
208 temperature-dependent bark beetle phenology. Finally, the susceptibility index and beetle pressure are used to
209 estimate the total infested tree biomass and total biomass killed by bark beetles for each cohort within a patch.

210

211 In ORCHIDEE, however, the simulation unit is about six orders of magnitude larger, i.e. 25 km x 25 km. Hence, a
212 single gridcell in ORCHIDEE exceeds the size of an entire landscape in LandClim. Where landscape characteristics
213 in LandClim can be represented by statistical distributions, the same characteristics in ORCHIDEE are represented
214 by single values. These differences between LandClim and ORCHIDEE imply that the original bark beetle model
215 cannot be implemented in ORCHIDEE without substantial adjustments; the model at the ORCHIDEE gridcell
216 should work without requiring spatial information and statistical distributions of landscape characteristics because
217 those are not available in ORCHIDEE.

218

219
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Figure 1 : Dynamic interplay of the different host and beetle characteristics during a bark beetle (Ips typographus) outbreak.
The time window spans four outbreak development stages: build-up, epidemic, post-epidemic, and endemic. The curves
represent key characteristics, showing the growth in beetle population and subsequent decline in host population. I jeuq
characterizes the presence of defenseless uprooted or cut spruce trees; i aives Characterizes living spruce trees that could
become hosts for the bark beetles; i,y suscepibitiy» SUSceptibility of spruce trees to bark beetle attack; ipeeres mass atack» quantifies the
capability of the bark beetles to mass attack; iyeeqes survivas Characterizes the survival of bark beetles. Host and bark beetle
characteristics are detailed in the subsequent text. When the density of the host trees is declining due to an increased host
mortality from the bark beetle outbreak itself, the competition between trees for light and nutrients declines as well. As a
consequence, the host susceptibility decreases which in ORCHIDEE is the main pathway for an outbreak to move back to the
endemic phase. After 1 year the wood from a storm is not fresh enough for bark beetles to breed in, s0 iy 4eaqa 0€S to zero. In
ORCHIDEE, the bark beetle population needs to be capable of mass attacking living trees within a year to make the transition

from the build-up to the epidemic phase.

2.3.  Bark beetle outbreak development stages

221 Bark beetle outbreak development stages (Fig. 1) are useful to understand the dynamics of an outbreak (Edburg et
222 al., 2012; Hlasny et al., 2021a; Wermelinger, 2004). Nonetheless, the outbreak model in ORCHIDEE 18627
223 simulates the dynamic of the Ips typographus outbreak as a continuous process. Hence, endemic, epidemic, build-up
224 and post-epidemic stages are not explicitly simulated. In this study, outbreak development stages were only
225 introduced to structure the model description. If needed, these stages could be distinguished while post-processing
226 the simulation results if (arbitrary) thresholds are set for specific variables such as DR}, s

227
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228 24.

bark beetle (Ips typographus) damage in ORCHIDEE

Table 1: List of symbols

Symbol Description Units
o Intercept of the self thinning relationship unitless
V3 Exponent of the self thinning relationship unitless
a Underscore a represents an age class unitless
ACtjmic Ba/Bioa at Which ipeeqes aciiviey = 0.5 gC.m
Bheeties kill Biomass of spruce killed by bark beetle annually gC.m
B,indthrow kill Biomass of spruce killed by windthrow event gC.m
Bheeties attacked Biomass of spruce attacked by bark beetle annually gC.m>
Biotal Total living biomass of spruce stand gC.m>
Biyood Woody biomass of spruce stand gC.m>
BP;;ic Ipeetle pressure A1 WHICH Iheeries mass attack = 0.5 unitless
D, Maximum stand density tree.ha!
Dyyruce, a Stand tree density of a spruce age class tree.ha!
Diprice Stand tree density of spruce tree.ha
DD, Cumulative effective degrees days °C.Day!
DD, Reference degrees days to complete one beetle generation °C.Day!
Diagqdraic Mean quadratic diameter meters
DRbeetles Bbeetles ki]]/Btotal * 100 %
DRwindthrow Bwindtrow kill/Btutal * 100 %
Fopruce Area fraction of spruce within gridcell unitless
Fopruce,a Area fraction of a spruce age class unitless
Fron-spruce Non-spruce area fraction unitless
Giimit Beetles generation number at which ipeqe generation = 0.5 Generation
Ihosts competition Spruce trees under competition pressure unitless
Lhosts susceptibility Spruce trees susceptibility to bark beetle attack unitless
Lhosts attractivity Spruce attractivity for bark beetles unitless
Inosts dead Defenseless spruce trees uprooted or cut unitless
Ihosts alive Potential living hosts for bark beetle unitless
Ihosts defense Spruce trees capability to resist a bark beetle attack unitless
Ihosts share Spruces hidden by other species to bark beetle detection unitless
Lhosts competition, a Spruce age class under competition pressure unitless
Lhosts defense, a Spruce age class capability to resist a bark beetle attack  unitless
Ihosts health, a Spruce age class health condition susceptibility unitless
Lbeetles pressure Proxy of bark beetle population level unitless
Ipeeties survival Bark beetle survival index unitless



229

230 The biomass of trees killed by bark beetles in one year and one gridcell (Bjeeqes ki) is calculated as the product of the
231 biomass of trees attacked by bark beetles (Byeees anacked) @nd the probability of a successful attack (Pg,ecess, o) averaged
232 over the number of spruce age classes and weighted by their actual fraction (F,yce, o / Fspruce)- The approach assumes

233 that a successful beetle colonization always results in the death of the attacked tree which is a simplification from
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Probability of successful attack per age class
Probability of beetles attack

Maximum long term spruce water stress

Spruce water stress

Spruce age class water stress

Spruce water stress at which i} dgefense = 0.5
Shape parameter in the calculation of s competition
Shape parameter in the calculation of s susceptibility
Shape parameter in the calculation of i}, gefense
Shape parameter in the calculation of i}, share
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Air temperature
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234 reality (A. Leufvén et al. 1986).
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237

238 During the endemic stage, Byeetes atacked A0 Bhpeeres ki are at their lowest values and the damage from bark beetles has
239 little impact on the structure and function of the forest. Losses from By, iy can be considered to contribute to the
240 background mortality.

241

242 The biomass of trees attacked by bark beetles (Byeetes aracked) 1S the outcome of bark beetles that successfully overcame
243 the tree defenses and succeeded in boring holes in the bark in order to reach the sapwood. By.eqes artacked 1S Calculated at
244 the gridcell by multiplying the actual stand biomass of spruce (B,,;) and the probability that bark beetles attack
245 spruce trees in the gridcell (P uqcked)-

246

247 B =B X P 2

beetles attacked total attacked
248
249 P uqeq TEpresent the ability of the bark beetles to spread and to locate new suitable spruce trees as hosts for breeding.
250 P,yckeq 1S calculated by the product of two indexes (all indexes in this study are denoted i and are analogue the
251 susceptibility indexes from Temperli et al. 2013): (1) the beetle pressure index (ipeeties pressue) Which a proxy of the bark
252 beetle population and (2) the stand attractivity index (ioss anraciviey) 1S Telated to its health and reflects the ability of the

253 forest to resist an external stressor such as bark beetle attacks.

254

255 Pattacked = lhosts attractivity X lbeetles pressure (3)
256

257 2.5. Host attractivity

258 The stand attractivity indeX (iness auraciviy) Fepresents how interesting a stand is for a new bark beetle colony. When
259 lnosts auractiviey t€Nds to 0, the stand is constituted mainly by healthy trees which are less attractive for beetles whereas an
260 lposs auractiviy @pproaching 1 represents a highly stressed spruce stand suitable for colonization by bark beetles. Factors
261 that contribute to the stress of a forest are: nitrogen limitation, limited carbohydrate reserves, and monospecific
262 spruce forest. Trees experiencing extended periods of environmental stress are expected to have less carbon and
263 nitrogen reserves available for defense compounds, making them vulnerable for bark beetle attacks even at relatively
264 low beetle population densities (Raffa et al., 2008). Nonetheless, reserves pools in ORCHIDEE r8627 have not yet
265 been evaluated so, instead proxies were used such as long term drought (PWS,,,,) and relative density index (i, spruce)
266 which were already simulated in ORCHIDEE r8627.

267

268 i = max(

lhosts attractivity - ) x (4)

i i i
hosts competition’ hosts defense hosts share

269

270 Where 1o competition A1 Ihosts defense DOth Tepresent proxies for the reduction of the nitrogen and carbohydrate reserve due
271 to strong competition for light and soil resources, and consecutive years that are drier than average. For this study,
272 the maximum drought intensity during the last three years (PWS,,,) is considered, as a proxy of spruce stand

273 healthiness:
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274

. Sdmught : (1_PWSmux_PWSlimit)
275 lhostsdefense - 1/(1 te ) (Sa)
276
3 F
— spruce, a
277 PWS, = T max(PWS , PWS _, PWS )X —2== (5b)

a=1 spruce
278

279 Where PWS, .. is the average daily plant water stress index over the growing season for the spruce stand and is
280 equal to 0 when plants are highly stressed and equal to 1 when plants are not stressed. PWS;;,;; is the plant water
281 stress below which the healthiness of the stand will strongly be affected. The number of age class (a) within the stand
282 is equal to 3 in this study. In addition to drought, overstocked forest may also decrease the overall healthiness of a

283 Spruce Stand (ihosts competition)'

284

N (i i)
285i — 1 /(1 + e competition * rd spruce rdlmut) (68)

hosts competition

286

287 In ORCHIDEE, the relative density index (i,y) is used to quantify the competition between trees at the stand level. At
288 an i, of 1, the forest is expected to be at its maximum density given the carrying capacity of the site, implying the
289 highest level of competition between trees. i, j; represents the limit at which the bark beetle outbreak starts to
290 decline because of lack of suitable host trees. The severity of bark beetle-caused tree mortality decreases when we
291 increase the spatial resolution from the stand to the landscape scale. At the landscape scale, which can cover areas up
292 to 2500 km?, the duration of mortality may be longer and the severity lower because beetles disperse across the
293 landscape and cause mortality at different times. This distinction is important for interpreting model results,
294 particularly when considering parameters like i, in the ORCHIDEE model. i, ;. describes the proportion of trees
295 surviving after an outbreak and should therefore be adjusted for the spatial scale of a gridcell in ORCHIDEE. In
296 model set-up where a gridcell represents a single stand (~1 ha), i, ;i Should be close to 0, indicating that nearly all
297 trees may be killed. However, in a simulation with gridcells representing 2500 km?2, not all trees will be killed, which
298 is reflected in setting i,4 jim; to 0.4.

299

300 iggprc is computed as follows:

301
. 3 Dspruce, a FSPVU.L‘E, a b
302 lrd spruce X D x (6b)
a=1 max spruce
303

304 Where Dy, , is the current tree density of an age class and F,,.. ,is the fraction of spruce in the gridcell that
305 resides in this age class. D, represents the maximum stand density of a stand given its diameter. In ORCHIDEE
306 D,,, is calculated based on the quadratic mean diameter (cm) and two species specific parameters, a and f3:

307
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/0

308 Dmax = (Dia (6¢)

quadratic
309

310 The indeX ijoqs snare (Used in eq. 4) takes into account that in a mixed tree species landscape, even a few non-host trees
311 may chemically hinder bark beetles in finding their host trees (Zhang and Schlyter, 2004) explaining why insect
312 pests, including Ips typographus outbreaks, often cause more damage in pure compared to mixed stands (Nardi et al.,
313 2023). ORCHIDEE 18627 does not simulate multi-species stands but does account for landscape-level heterogeneity
314 of forests with different plant functional types. The bark beetle model in ORCHIDEE assumes that within a gridcell,
315 the fraction of spruce over other tree species is a proxy for the degree of mixture:

316

)

Sshare. (SHS ruce SHlimit
317 =1/1 + e ? ) (7a)

i
hosts share

318

319 Where,

320

321 Sh = F /F (7b)

spruce non—spruce ! " spruce
322

323 2.6. Implicit representation of bark beetle populations

324 The bark beetle pressure Index (ipeeres pressure) iS NOW formulated based on two components: (1) the bark beetle
325 breeding index of the current year (iyeeies generation)> and (2) an index of the loss of tree biomass in the previous year due
326 to bark beetle infestation (ipeees activity)- Ibeeties activiy 1S thus a proxy of the previous year's bark beetle activity. The
327 expression accounts for the legacy effect of bark beetle activities by averaging activities over the current and
328 previous years. In this approach, the susceptibility index (ipeeges survivar) S€TVES as an indicator for increased bark beetle
329 survival which could result from favorable conditions for beetle demography (see next section).

330

i i
i ( beetles generation + beetles a:tivity) (8)
beetles survival 2

i =
beetles pressure

331

332
333 The model calculates ipeees generation from a logistic function, which depends on the number of generations a bark beetle
334 population can sustain within a single year:

335

( DD, 6 )
DD, limit

generation

336 =1/(1 + e ) )

Dpceties generation
337

338 Where S,.eraion and Gy, are tuning parameters for the logistic function, DD,; represents the sum of effective
339 temperature for bark beetle reproduction in °C.Day", while DD, denotes the thermal sum of degree days for one
340 bark beetle generation in °C.Day”. Saturation Of ipees generarion FepPresents the lack of available breeding substrate

341 when many generations develop over a short period.

342
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343 DD,y is calculated from January 1* until the diapause of the first generation. In ORCHIDEE, diapause is triggered
344 when daylength exceeds 14.5 hours (e.g., April 27" for France). Each day before the diapause with a daily average
345 temperature around the bark above 8.3°C (T,;,) and below 38.4°C (T,,,) is accounted for in the summation of DD,
346 (eq.10). This approach simulates the phenology of bark beetles, which tend to breed earlier when winter and spring
347 were warmer, thus allowing for multiple generations in the same year (Hlasny et al., 2021a).

i=1
(0.0288*T ) (0.0288*b _—(4099 =T )/3.59)
348 DDeff = Z (Tapt - T ) * o bark, i __ e eff bark, i —1.25 (10)

min

M yiapause
349
350 Where i is a day, Ngigpas is the number of days between the 1st of january and the day of the diapause. T, (30.3°C) is
351 the optimal bark temperature for beetle development and T,,;, (8.3°C) is the temperature below which the beetles
352 development stops. Ty, ; is the average daily bark temperature. T, ; is calculated as the daily average air
353 temperature minus 2°C. All parameters values are taken from Temperli et al. 2013

354 The bark beetle activity of the previous year (ipeees aciviey) 1S calculated as:

355
B
356 i P 1
lbeetlesactivity - /( € ) ( )
357

358 Where ipeeres qeriviy denotes the biomass of the stand damaged by bark beetles in the previous year, B, is the total
359 biomass of the stand, and S, and act;, are parameters that drive the intensity of this negative feedback.

360

361 During the build-up stage the population of bark beetles can either return to its endemic stage if tree defense
362 mechanisms are preventing bark beetles from successfully attacking healthy trees, or evolve into an epidemic stage
363 (Fig. 1) if the tree defense mechanisms fail. During the post-epidemic stage, the forest is still subject to higher
364 mortality than usual but signs of recovery appear (Hlasny et al., 2021a). Recovery may help the forest ecosystem to
365 return to its original state or switch to a new state (different species, change in the forest structure) depending on the
366 intensity and the frequency of the disturbance (Van Meerbeek et al., 2021).

367

368 2.7. Bark beetle survival

369 The capability of the bark beetles to survive the winter in between two breeding seasons is critical in simulating
370 epidemic outbreaks. During regular winters, winter mortality for bark beetles is around 40% for the adults and 100%
371 for the juveniles (Jonsson et al. 2012). In our scheme, this mortality rate is implicitly accounted for in the calculation
372 of the bark beetle survival index (ipeeres suvival)- A lack of data linking bark beetle survival to anomalous winter
373 temperatures, justifies the implicit approach and prevented including this information as a modulator of iyeees survival-
374 The latter explains why winter temperatures do not appear in eq. 11. Instead the model simulates the survival as a
375 function of the abundance of suitable tree hosts which decreases the competition for shelter and food:

376
377 1

i = max(i
beetles survival (

) (12)

i
hosts dead’ ~hosts alive
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378

379 The availability of wood necromass from trees that died recently, particularly following windstorms, plays a critical
380 role in bark beetle survival and proliferation. In the year following a windstorm, uprooted and broken trees may offer
381 an ideal breeding substrate for bark beetles, facilitating their population growth.

382

383 In Temperli et al. (2013) an empirical correlation between windthrow events and bark beetle susceptibility was
384 established. ORCHIDEE enhances realism by considering the actual suitable hosts (living or recently dead trees) as
385 the primary driver of bark beetle survival. To avoid overestimating bark beetle population growth, maxy,,..; has been
386 introduced. Any addition of dead trees beyond maxy,..q is considered ineffective in affecting the bark beetle
387 population. This ensures that an excess of breeding substrate does not artificially inflate beetle numbers.

388 This relationship is quantitatively represented in ORCHIDEE through the dead host indeX, i} geass Which is driven
389 by the availability of recent dead trees. The formulation of iy geqq iS as follows:

390

N
( Bwood

391 = min /max (13)

i 1
L hosts dead Nwood ’ )

wood

392

393 Here, N,,,q represents the quantity of woody necromass from the current year, B, is the total living woody biomass
394 in the stand, and maxy,,..q is the threshold of the ratio N,,,¢/B,.q Signifying the maximum level. This index captures
395 the immediate increase in dead trees suitable for bark beetle breeding following a windthrow event. However, it
396 takes about a year for dead wood to lose its freshness and suitability for bark beetle breeding. This is accounted for
397 by excluding woody necromass that is older than 1 year from the iy 40qq Calculation.

398

399 maxy,,..q can also be considered as a parameter that depends on the spatial scale of the simulation. The mortality rate
400 of trees (DR,inrow) that will trigger an outbreak is very different across spatial scales. Where a relatively high share
401 of dead wood is needed to trigger an outbreak at the patch-scale, a much lower share of dead wood suffices at the
402 landscape-scale to trigger a widespread bark beetle outbreak. So these parameters must be set according to the spatial
403 resolution of the simulation experiment.

404

405 Th,4s aive denotes the survival of bark beetles which is facilitated by the abundance of suitable trees which reduces the
406 competition among bark beetles for breeding substrates and therefore increases their survival.

407

408 1

.hosts alive ibeetles mass attack ihosts susceptibility (14)

409

410 The amount of suitable tree hosts iy, aive 1S driven by two factors: (1) the abundance of weak trees which can be
411 more easily infected by bark beetles. ORCHIDEE does not explicitly represent weak trees, but tree health is thought
412 to decrease with an increasing density given the stand diameter. The index for host suitability is thus calculated by

413 making use of the relative density index (iq spruce)-

14



414

N U -1 o)
415 . — 1 /(1 + e susceptibility * rd spruce rdsusceptlblllty) (6&1’)

Lhosts susceptibility
416

417 Equation 6a’ is close to equation 6a but the parameter Sy has been reduced by a factor of two in order to
418 reflect that ihgss suscepribilicy 1S TOTE SENSItive t0 iy spruce thAN hosss comperition. (2) Thosts mass anack Which represent the ability of
419 bark beetles to attack healthy trees when the number of bark beetles is large enough. This index only depends on the
420 size of the bark beetle population (ipeeies pressure 5€€ €. 8)

421

( )

— S mass attack ibeetles pressure - BPlimLt
422 =1/ + e ) (15)

ihOStS mass attack
423

424 Where Sy mass attack aNd BP j;; are parameters. S, aack CONtrols the steepness of the relationship while BP ;,,; is the
425 bark beetle pressure index at which the population is moving from endemic to epidemic stage where mass attacks are
426 possible.

427

428 The epidemic stage corresponds to the capability of bark beetles to mass attack healthy trees and overrule tree
429 defenses (Biedermann et al., 2019). At this point in the outbreak, all trees are potential targets irrespective of their
430 health. Three causes have been suggested to explain the end of the epidemic phase: (1) the most likely cause is a
431 high interspecific competition among beetles for tree host when the density is decreasing (decreasing ijoss qiive)
432 (Komonen et al., 2011; Pineau et al., 2017), (2) a series of very cold years will decrease their ability to reproduce
433 (decreasing ipeeres generation)> and (3) a rarely demonstrated increasing population of beetle predators (Berryman, 2002).
434 In ORCHIDEE 18627, the first two causes are represented but the last, i.e. the predators are not.

435

436 2.8.  Tree mortality from bark beetle infestation

437 When bark beetles attack a tree, the success of their attack will likely depend on the capability of the tree to defend
438 itself from the attack. Trees defend themselves against beetle attacks by producing secondary metabolites (Huang et
439 al., 2020). The high carbon and nitrogen costs of these compounds limit their production to periods with
440 environmental conditions favorable for growth (Lieutier, 2002). The probability of a successful bark beetle attack is
441 driven by the size of the bark beetle population (iyees pressure) @nd the health of each tree. ORCHIDEE, however, is not
442 simulating individual trees but rather diameter classes within an age class. An index of tree health for each age class
443 (Thosts heaitn, o) Was calculated as:

444

445 P =

success, a Dhosts health,a peeties pressure (16)

446

447 A tree rarely dies solely from bark beetle damage (except during mass attacks) as female beetles often carry
448 blue-stain fungi, which colonizes the phloem and sapwood, blocking the water-conducting vessels of the tree

449 (Ballard et al., 1982). This results in tree death from carbon starvation or desiccation. As ORCHIDEE 18627 does
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450 not simulate the effects of changes in sapwood conductivity on photosynthesis and the resultant probability of tree
451 mortality, the index of weakened trees (s peain, o) Mmakes use of two proxies similarly to equation 5 and 6 but

452 simplified to be calculated only for one age class at a time:

453
@i . +1i )
. — hosts_competition, a hosts defense, a
454 lhosts health,a 2 a7)
455
456 l — 1 / (1 +e Sdrought' (1_PWS}'.sPruce,a_PWSlimit)) (Sa’)
hosts defense, a

457

458 Contrary to equation 5a, PWS, i, o is the plant water stress from the current year.

459
N Lo =i )

1 — competition * rd spruce, a rd limit Iy
460 lhostscompetition,a =1 /(1 te ) (6(:1 )
461

7 Dsprucea ”
462 lrd spruce,a D (6b )
463

464 To assess the bark beetle damage rate (DRyeyies), Bpeetes ki has to be divided by B,y

465

466 2.9. Flow of the calculations

467 The equations presented above contain feedback loops which have been visualized in Fig. 2. In ORCHIDEE these
468 feedback loops are accounted for in subsequent time steps rather than the same time step.

469
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Figure 2: Order of the calculations and feedback in the Ips typographus outbreak model of ORCHIDEE. The numbers
correspond to the equation numbers in this study. The dotted line boxes represent 5 main concepts of the outbreak model

described in section 2.4, 2.5, 2.6, 2.7, 2.8. The variable name definitions are listed in table 1.

470

471 3. Methods and material

472 3.1. Model configuration

473 Given the large-scale nature of the ORCHIDEE, a sensitivity experiment of the bark beetle outbreak functionality
474 was carried out rather than focusing the model evaluation on matching observed damage volumes at specific case
475 studies. Focussing on model sensitivity for a range of environmental conditions is thought to reduce the risk of
476 overfitting the model to specific site conditions (Abramowitz et al., 2008).

477

478 ORCHIDEE 18627 including the bark beetle model was run at the location of eight FLUXNET sites, selected to
479 simulate a credible temperature and precipitation gradient for spruce (see below). For each location, the half-hourly
480 meteorological data from the flux tower were gap filled and reformatted so that they could be used as climate forcing
481 by the ORCHIDEE. Boundary conditions for ORCHIDEE, such as soil texture, pH and soil color were retrieved
482 from the USDA map, for the corresponding gridcell. The observed land cover and land use for the gridcell were
483 ignored and set to pure spruce because this study did not investigate the effect of species mixture in the simulation
484 experiments. The resolution of the gridcell chosen for this analysis is 2500 km2. Although this corresponds to a high
485 resolution for large-scale simulations with ORCHIDEE it is a coarse resolution for studying bark beetle outbreaks.

486
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Table 2: Climate characteristics of the eight locations used in the simulation experiments. The acronyms refer to

the site names used in the FLUXNET database (Pastorello et al. 2020).

Site FI-HYY DK-SOR DE-THA CZ-WET FR-HES FR-FON ITREN IT-COL
Full name Hyytiala  Soroe Tharandt  Trebon Hesse  Fontainebleau Renon Collelongo
Country Finland  Denmark Germany Czech France  France Ttaly Italy
Latitude (°N) 61.84 55.49 50.96 49.02 48.4 48.48 46.59 41.85
Longitude (°E) 24.29 11.64 13.57 14.77 7.1 2.78 1143  13.59
MAT (°C) 3.8 8.2 8.2 7.7 9.5 10.2 4.7 6.3

MinAT (°C) -10.8 2.7 -3.9 -5.2 0.1 -1.1 -6.3 -3.8

MAP (mm.y™) 522 811 734 587 653 989 752 1050
Mean annual net | 42.1 49.4 52.5 68.0 53.7 50.3 67.7 68.3
radiation (w.m?)

487 The climate forcings were looped over as much as needed to bring the carbon, nitrogen, and water pools to
488 equilibrium during a 340 years long spinup. Following the spinup, a 100-years simulation was run starting with a
489 windthrow event on the first day of the first year. The results presented in this study come from the 100-years long
490 simulations. Given the focus on even-aged monospecific spruce forests in regions where spruce growth is not
491 constrained by precipitation, variables such as is share 80d Ihosts defense Were omitted from this study. Note that
492 ORCHIDEE does not account for possible acclimation e.g., temporal changes in bark beetle behavior or bark beetle
493 resistance to external stressor such as winter temperature.

494

495 3.2 Selection of locations

496 Bark beetle populations are known to be sensitive to temperature as they are more likely to survive a mild winter
497 (Lombardero et al., 2000) and tend to breed earlier when winter and spring are warmer than usual, allowing for
498 multiple generations in the same year (Hlasny et al., 2021a, also see eq. 10 from section 2.6). In order to assess the
499 temperature effect of the bark beetle outbreak model in ORCHIDEE, eight locations in Europe were selected (Table
500 2) which represent the range of climatic conditions within the distribution area of Norway spruce (Picea Abies Karst
501 L.), the main host plant for Ips typographus, the bark beetle species under investigation.

502

503 For these eight locations, half-hourly weather data from the FLUXNET database (Pastorello et al., 2020) were used
504 to drive ORCHIDEE. Some of these locations (FON, SOR, HES, COL, WET) are in reality not covered by spruce

505 but all sites are, however, located within the distribution of Norway spruce. In this study, locations were selected to
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506 use the observed weather data to simulate a credible temperature and rainfall gradient for spruce. HES location is no
507 longer part of the FLUXNET network but the previous data are still available are relevant for this analysis.

508

509 3.3. Sensitivity to model parameters

510 The sensitivity assessment evaluates the responsiveness of four key variables (ijoss susceptibilitys Ibcetles mass attacks Lbeetes
511 generations lbeettes activiey) Of the Ips typographus outbreak model implemented in ORCHIDEE. The assessment aims to
512 demonstrate the ability of ORCHIDEE to simulate diverse dynamics of bark beetle infestations. The selection of i}
513 gusceptibilitys Lbeetles activitys Tbeetles mass attacks A0 Tpeeties generarion Was based on two criteria: (1) their substantial influence on the
514 dynamics of the Ips typographus outbreak noted during model development, and (2) their independence from direct
515 measurable data, rendering them less suitable for evaluation through literature review.

516

517 For each of the four variables, three distinct values were assigned to two parameters labeled “Shape” and “Limit”.
518 The Shape parameter determines the shape of the logistic relationship, with three values tested: (a) Shape=-1.0,
519 yielding a linear relationship, (b) -5.0<Shape<-30.0, resulting in a logistic curve, and (c) Shape=-500.0, turning the
520 logistic relationship into a step function. For the logistic curve, the exact Shape value between -30.0 and -5.0 is
521 chosen according to each index under study: (1) Squsceptibiiy = =5-0; (2) Sactiviy= =20.0; (3) Sass artack= -30.0; and (4)
522 Sgeneration=5-0 . FOI' S s anack a0 S,civiry, higher values have been chosen because the slope of the logistic curve has a
523 significant impact in order to trigger an outbreak.

524

525 The second parameter called “Limit” determines the threshold, derived from expert insights, at which the logistic
526 relationship will reach its midpoint value of 0.5 (i, susceptivitiys BPlimits ACtiimirs OF Giimie). FOI InStance, i,y suscepriviticy 1S et at
527 0.55, indicating ipyss susceprivitiy Midpoint sensitivity (Eq. 6°). Setting BP;;,,;, at 0.12 results in an iyeees mass arrack Midpoint
528 when lpeeres pressure 18 0.12, selected for its proximity to scenarios where inggs geas €quals 1.0 (Eq. 14). Actj,;,, was
529 positioned at 0.06, signifying the ipeees aeiviy Midpoint at a DRy, = 6% from the preceding year, exceeding endemic
530 levels yet not reaching epidemic outbreaks (Eq. 10). Lastly, Gy, is fixed at 1.0, denoting the midpoint for iy
531 generation UPON completing one generation annually, underpinning the rarity of bark beetle outbreaks with fewer than
532 one generation per year (Eq. 9). Starting from these reference values, a “restrictive” simulation was run in which the
533 “Limit” parameter values were reduced by 50%. Likewise a “permissive” simulation was run to test 50% higher
534 values for “Limit”.

535

536 The sensitivity analysis of the model parameters explores 36 (3 shapes x 3 limits x 4 equations) combinations of
537 parameters values named “set”, but the full design of the experiment is 8°=512 sets (8 parameters, 3 values for each).
538 This deliberate choice has been made because of the computation time cost of a single run. In order to reduce the
539 number of runs from 512 to 36, we had to make simplifications: (1) one equation at the time is studied, reducing to 9
540 the number of sets necessary to realize the sensitivity analysis (2) every other parameters from the remaining
541 equation is set to default value e.g. “Limits” are set to their reference values and “shape” are set to their a priori

542 assumption (table 4). The major drawback of this approach is that interaction effects between equations can not be
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543 investigated in the study. Nonetheless, this sensitivity analysis aims to document model behavior, rather than seeking
544 precise parameter values which can be achieved with the main effect of each equation only (see section 3.4).

545 The simulations were run for the THA site, where they were repeated for two prescribed windthrow events with a
546 different intensity, i.e., @ DR, nqmow Of 0.1 and 10%. The effect of the parameters with a negligible windthrow event,
547 i.e., killing only 0.1% of the trees, was tested to confirm that the selected parameters did make ORCHIDEE simulate
548 a bark beetle outbreak in the absence of windthrow (score5 in section 3.4).

549

550 3.4. Parameter tuning and credibility score

551 The results of the sensitivity experiment were used to select key model parameters. Selecting the values for the
552 Shape and Limit parameters (see section 3.3) used in the calculation of the variables ijgs suscepribiity> Ibeetes mass attacks Ibeeties
553 generations AN Ipeerres aceiviy 1S been carried out in order to reproduce the observed dynamics of bark beetle outbreaks.
554 Observed dynamics were compiled through a literature search for peer-reviewed papers that reported quantitative
555 characteristics of bark beetle outbreaks (Table 3). Five characteristics could be documented and use to calculate
556 score:

557 e The delay between the windthrow event and the start of the bark beetle outbreak (scorel).

558 e The length of the bark beetle outbreak is defined by the number of years required for a bark beetle

559 population to go back to its endemic level (score2).

560 e The cumulative number of trees per unit area, killed by the bark beetles at the end of an outbreak (score3).
561 e The average tree mortality rate (DRy,.q.s) during an endemic stage (score4).

562 e No outbreak is triggered when DR, 4mow = 0.1%. This characteristic is mandatory in order to avoid
563 outbreak for no specific event (score5).

564

565 Based on Table S1 and the reference range in Table 3, scores are calculated for each parameter set and values are
566 either 0 or 1. The Credibility Score (CS) is the sum of four scores times a fifth score.The CS is computed as follows:
567 CS = (scorel + score2 + score3 + score4) x score5. Only parameter sets achieving a CS of 4 will be selected. If
568 multiple parameter values are possible for a given equation, the most frequently selected value will be preferred.

569
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Table 3 : Literature-based summary of characteristics of large-scale bark beetle outbreaks. Due to data scarcity, the characteristics combine

outbreak dynamics of different bark beetle species, different host species, and different locations. The reference range is used to calculate the

credibility score (CS) of each set of parameters (see table s1).

Outbreak

characteristics

Literature findings

Reference range

How to estimate in ORCHIDEE ?

Delay before the start
of an outbreak

(build-up)

A notable surge in the population of
I. typographus was observed in
windthrow areas during the second
to third summer following the storm
(HavaSova et al., 2017; Kéarvemo and
Schroeder, 2010; Wermelinger,
2004; Wichmann and Ravn, 2001).

[2, 3] years, use in the

calculation of scorel

Using the tree mortality rate by bark
beetles (DRy.qes), One can assess the
number of years since the storm
before reaching the maximum

mortality rate (epidemic stage).

Length of an

outbreak (epidemic)

Studies suggest that I. typographus
outbreaks in Europe can last
anywhere from 11 to 17 years
(Bakke, 1989; Hlasny et al., 2021b;
Mezei et al., 2014).

[11, 17] years, use in the

calculation of score2

Using the tree mortality rate by bark
beetles (DRycees), One can assess the
number of years past since the storm
before reaching the minimum

mortality rate (endemic stage).

Severity rate of an

outbreak (severity)

A severe D. Ponderosa outbreak
resulted in a 52%-60% reduction in
tree numbers at large landscape scale
(>2000km?) (Morehouse et al., 2008;
Pfeifer et al., 2011)

In Wallonia and East France, I.
Typographus outbreak resulted in
12.6% reduction of spruce forest
area in 6 years (Arthur, G., et al.
2024).

Highly dependent from the
size of the forest studied
but for a grid cell of
2500km?2, ones could
expect a [25%, 45%]
reduction over the entire
course of a massive
outbreak. Use in the

calculation of score3

Count the number of trees killed by
bark beetles until the end of the
outbreak, then divide by the number

of trees just after the storm event.

Endemic mortality

rate (endemic)

Total background mortality is around
1.2%.year™. Bark beetles as a
functional group are estimated to
account for 40% of the total
mortality in the United States
(0.5%.year™) (Berner et al., 2017;
Das et al., 2016; Hlasny et al.,
2021b).

Not enough data was
available to estimate a

range. Nonetheless we

decided to calculate a range

including a 10%
uncertainty [0.45-0.55]
%.year. Use in the

calculation of score4

After the end of the outbreak, count
the number of trees that die every

year. Then average it.
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570

571 3.5. Sensitivity to climate and windthrow

572 In this simulation experiment, the influx of fresh dead tree hosts (NN,,,q) used for bark beetle breeding was controlled
573 by modifying the maximum damage rate of a windthrow event (DR, qron) in ORCHIDEE. Seven DR, 0w WeTe
574 simulated (i.e, 0.1%, 5%, 7.5%, 10%, 15%, 20%, 35%). Given the monotonic nature of the relationships between
575 DR, indthrow aNA iposs dead (EQ. 12), each event triggers a proportional increase in the dead host availability (ijes dead)
576 scaling between 0 and 1 (Fig. 3). Through its equations, ORCHIDEE assumes that for damage rates above 20% the
577 variable iy geas (Nwood) Will always be equal to 1.0. i,y g, hOwever, may further decrease with increasing
578 windthrow damage, which makes the 35% damage rate still interesting to investigate. Although the simulations were
579 run for all DR,;,4ir0w ODly four windthrow damage rates including a windstorm resulting in a 35% damage rate (Fig.
580 3), were presented to enhance the readability of the result section.

581

B Reference MW Selected

1.00 1

0.75 1
0.50 4
0.00. - I ' . . '

0.1 5 7.5 10 15 20 35
DRwindmrow (%)

i dead host

Figure 3: Relationship between windthrow damage rate (DR,;inr0.) and dead host
index (i dead)- FOr each site a DR, p0,= 0.1% was used as the reference simulation
because an endemic bark beetle population is expected following such a low intensity
windthrow event. The four DR, .., Shown in blue were selected for subsequent

presentation of the results because they cover the entire range for the iy geas-
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582

583 The main driver of the number of generations a bark beetle population can achieve in one year is the number of days
584 higher than 8.3°C during winter time (Temperli et al., 2013) which is the reason why temperature is so important for
585 bark beetle reproduction. By taking REN, THA, WET and HES, the number of bark beetle generations ranged from
586 0.8 to 3.5 (Fig. 4) which is similar to the number of generations observed across Europe (Faccoli and Stergulc, 2006;
587 Jonsson et al., 2009, 2011). Limiting the analysis to only four sites simplifies the presentation without affecting the

588 range under investigation.
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Figure 4: Average number of bark beetle generations during the 5 years following
the wind storm for at eight locations along a climate gradient. The HYY location in
Finland was selected as the reference for the REN, THA, WET and HES locations.
Only results from the reference and four selected locations (shown in blue) are

shown in the results to enhance readability.
589
590 For the climate gradient, the simulation for HY'Y served as a reference since the number of generations is lower than
591 1 for which no outbreak should happen under any circumstances. Under present climate conditions, an outbreak in

592 HYY should be considered an undesirable model result. Likewise, a DR,,,gron=0.1% is considered too low to trigger

593 an outbreak and was therefore used as the reference for the wind damage rate tests.
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594

595 The experiment consisted of 40 simulations, i.e., 8 sites (including the reference) x 5 wind damage rates (including
596 the reference). Although the simulations were also run for SOR, COL and FON their results were found to be too
597 similar to the results of selected sites to present them as well. Hence, the result section presents only 25 out of the 40
598 simulations. Three output variables were assessed: bark beetle damage rate (DRjeeqes), total biomass (B,yq), and net
599 primary production (NPP). Total biomass was investigated over 100 years whereas DRy, and NPP were assessed
600 for the first 20 years following a windthrow.

601

602 3.6. Continuous vs abrupt mortality

603 Where most land surface models use a fixed turnover time to simulate continuous mortality (Pugh et al., 2017;
604 Thurner et al., 2017), ecological reality is better described by abrupt mortality events. An idealized simulation
605 experiment was used to qualify the impact of abrupt mortality on net biome productivity by changing from a
606 framework in which mortality is approximated by a constant background mortality to a framework in which
607 mortality occurs in abrupt, discrete events. The impact of a change in mortality framework was assessed with an
608 idealized simulation experiment that compares three configurations of ORCHIDEE: (1) a configuration that
609 simulates mortality as a continuous process, labeled “the continuous configuration” which corresponds to previous
610 versions of ORCHIDEE, and (2) a configuration capable of simulating abrupt mortality from windthrow and
611 subsequent bark beetle outbreaks, labeled ”the abrupt configuration” and (3) a configuration in which windthrow is
612 activated but bark beetles outbreak is implicitly accounted for in the background mortality. This third configuration
613 enabled attributing the impact to windthrow. The effect of simulating abrupt mortality was evaluated over 20, 50,
614 and 100 year time horizons.

615

616 The impact of changing the mortality framework from continuous to abrupt was quantified on the basis of 120
617 simulations (8 locations x 7 windthrow damage rates x 2 configurations + 8 sites x 1 configuration) of 100 years
618 each.

619

620 The simulations with abrupt mortality were run first. Subsequently, the number of trees killed was quantified and
621 used as a reference value for the continuous mortality set-up. This approach resulted in the same quantities of dead
622 trees at the end of the simulation for both frameworks, which then differed only in the timing of the simulated
623 mortality. This precaution is necessary to avoid comparing two different mortality regimes where the result would
624 mainly be explained by the intensity of the mortality rather than by its underlying mechanisms.

625

626 Changes in forest functioning were evaluated through the temporal evolution of accumulated net biome productivity
627 (NBP) over a 100-years time frame. NBP is defined as the regional net carbon accumulation after considering losses
628 of carbon from fire, harvest, and other episodic disturbances. In ORCHIDEE, NBP is calculated following the

629 definition by Chapin et al. (2006) as the carbon remaining in the biomass, litter and soil after accounting for
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photosynthesis, and respiration because fire, harvest, leaching and volatile emissions were not accounted for in this

simulations experiment.

4. Results
4.1. Sensitivity to model parameter sets

The impact of spruce stand competition (inosss suscepribitiy) ON Outbreak dynamics was examined by adjusting the
parameters Sqycepribitiy ANA Irg suscepriviticy 11 €QUAation 6a'. When Scepiniiry resulted in a linear relationship (Syscepribitiy =
-1.0), no peak in bark beetle damage occurred for the three tested values of i,y suscepnitiyy (P€IMIssive, reference,
restrictive) at a 10% windthrow damage rate (Fig. 5, panel h). However, employing a step function (Sgscepibiy =
-500.0) led to either sporadic peaks of bark beetle damage with a permissive i,y suscepribiticy OF @ two-year outbreak with a
maximum damage rate of 60% with a restrictive iy gscepripiiy (Fig. 5, panel h), neither of which aligns with the

observations summarized in Table 3.

The closest outcome to observation from table 3 was obtained with a logistic relationship (Sy,scepribiiy = -5.0), where
Ly suscepriviticy determined the duration of the outbreak: 11, 16, and 25 years for restrictive, reference, and permissive
parameter values, respectively (Fig. 5, panel h). Either the restrictive or reference parameter value could be utilized
since a range of 11-16 years aligns with the observations (Table 3). To examine the occurrence of improbable
outbreaks, sensitivity tests were repeated for a 0.1% windthrow damage rate. None of the nine parameter
combinations triggered an outbreak (Fig. 5, panel g), suggesting that improbable outbreaks due to the calculation of

Lhosts susceptibility dre unthIY'

From the calculation of the credibility score, only one set obtains a score of 4 (Sysceprivitiy = =5-05 L susceptibitiy=0-55,

Table s1). The concerning parameters value has been selected and reported in table 4.

The effect of the capability of bark beetle to mass attack (iyeees mass atac) When the population exceeds a threshold was
evaluated by varying S, aack ad BPinic (EQ. 14). Linear relationships (S ass awack = -1.0) resulted in similar outbreak
dynamics for all BP,;,; values, with the model settling on a constant endemic damage following an outbreak, though
higher than observed (Table 3, Fig. 5, panel f). Introducing a logistic or step function slightly altered outbreak
dynamics except when assuming a step function for the restrictive value, which prevented an outbreak. Repeating
sensitivity tests for a 0.1% windthrow damage rate showed that assuming linear or logistic relationships could trigger

an outbreak (Fig. 5, panel e), indicating that improbable outbreaks may arise from the calculation of i} mass attack-
From the calculation of the credibility score, three sets obtain a score of 4 but only set 4.6 was chosen because of its

intermediate position compared to sets 4.9 and 4.5 (Table s1). The concerning parameter values (S,ass attack = -30.0,

BP;;,;;=0.06) have been selected and reported in table 4.
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666 The impact of bark beetle activities from the previous year (ieeres aciviry) 0D Outbreak dynamics was investigated by
667 varying S,y and acty,,, (Eq. 10). Linear or logistic relationships resulted in excessively long outbreaks (>30 years)
668 compared to observations (Table 3, panel b), whereas assuming a step-function relationship simulated a decline in
669 the outbreak after 14 years. Sensitivity tests repeated for a 0.1% windthrow damage rate showed that assuming a
670 linear relationship could trigger an improbable outbreak (Fig. 5, panel a) through the calculation of ijeees activie-

671

672 From the calculation of the credibility score, only one set obtains a score of 4 (Sye,i, = -500.0, acty,;;=0.12, Table
673 s1). The concerning parameters value has been selected and reported in table 4.

674

675 To explore the effect of the numbers of generation (ipeees generation) ON the outbreak dynamics, Sgenerarion aNd Gy from
676 equation 9 were varied. Bark beetle damage rate was more sensitive t0 Gy, than Sgeraion, Dut only a linear
677 relationship with the reference Gy;,;; = 1.0 yielded an intermediate outbreak intensity consistent with the continental
678 climate at the test location (i.e., THA, Fig. 5, panel d). Other combinations resulted in either too strong or no peak
679 during the outbreak. Repeating sensitivity tests for a 0.1% windthrow damage rate showed that none of the nine
680 parameter combinations triggered an outbreak (Fig. 5 panel c), indicating that improbable outbreaks from the
681 calculation Of ipeees generaiion @re unlikely.

682

683 From the calculation of the credibility score, three sets obtain a score of 4 but only set 1.4 was chosen because of its
684 intermediate position compared to sets 1.1 and 1.5 (Table s1). The concerning parameter values (Syeneraion = 1.0,

685 Gj;mi=1.0) have been selected and reported in table 4.

26



Ibesties activity - DR yindthrow = 0.1% Ibeetles activity - DR yindthrow = 10%
60 1
(a) (b)

40 1

20 4

Ipestles generation * DR yingthrow = 0.1% Ipeetles generation - DR yindthrow= 10%
60 4
(c) (d)

40 1 Shape Limit

Linear — Permisive
— Logistic == Reference
— Siep - Restrictive

20 4

Ibeetles mass attack + DHw!ndi‘hrow =0.1% I beetles mass attack + DHw!ndlhmw = 10%

1 (e) ()

DRbeen‘es (%)

40 1

20 4

0 . -~ ————

i hosts susceptibility - DR windthrow = 0.1% i hosts susceptibility - DR windthrow = 10%

7 (a)

40 4

20 1

0 5 10 15 20 25 0 5 10 15 20 25
Years after windthrow event

Figure 5: Simulation results from the sensitivity experiment at the THA site. Eight parameters from
four equations were evaluated. Each equation represents an index from the bark beetle outbreak model
(inosts susceptibitity Thosts mass attacks Ibeetles activits Ibeetles generation)» E-@Ch index is represented by a logistic function defined
by a shape parameter (Shape) and a limit parameter (Limit). Three values were chosen for each
parameter resulting in 9 pairs of parameters for each index. Colored lines represent the shape
parameter varying from linear : Shape = -1.0 (red), logistic -5.0 < Shape < -30.0 (green), to step function
where Shape = -500.0 (blue). Line type represents three different values for Limit parameters where
references (dashed line) are values of i,y suscepivitip BPiims AClimic and Gy, (given in table 4), whereas

permissive (full line) and restrictive (dashed dotted) represent a 50% decrease or increase respectively.
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686

687 4.2. Model tuning

688 By comparing the outcomes of the sensitivity tests (section 4.1) to a compilation of observations (Table 3), a first
689 estimate for several parameters was proposed (Table 4). Details about the other values used in the sensitivity test can

690 be found in table S1.

691
Table 4: Parameter values from the bark beetle model based on the score
obtained in the sensitivity analysis. (*) parameter values deliberately fixed
and excluded from the sensitivity analysis (section 3.3 for justification).
Parameter Source Chosen
parameters
actyimic This study: from SA (see 3.1.3) 0.06
BPjinic This study: scale dependent (see 3.1.2) 0.12
DD, Adapted from Temperli et al. 2013 547.0 (*)
Giimit Adapted from Temperli et al. 2013 1.0
Ird limit This study: scale dependent (see 2.4.1) 0.4 (%)
Irg susceptibitiy  This study: from SA (see 3.1.1) 0.55
MaXy,00d This study: scale dependent (see 2.4.2) 0.2 (*)
PWS;iic Adapted from Temperli et al. 2013 0.4 (%)
Sactiviey This study: from SA (see 3.1.3) -500.0
Sarought Adapted from Temperli et al. 2013 -9.5(%)
Ssuscepibility This study: from SA (see 3.1.1) -20.0
Scompetition This study: from SA (see 3.1.1) -5.0 (%)
Snass attack This study: From SA (see 3.1.2) -30.0
Sgeneration This study: from SA (see 3.1.4) -1.0
Sehare This study: not used (see 2.5) 15.5 (*)
SHipmic This study: not used (see 2.5) 0.6 (*)
692
693 4.3. Impact of climate and windthrow on bark beetle damage

694 In ORCHIDEE, the warmest sites, HES and WET, experienced significant bark beetle outbreaks across a wide
695 spectrum of windthrow mortality rates, whereas colder sites like REN and THA saw outbreaks only in response to
696 the most severe windthrow events (Fig. 6, panel b, c). A greater average number of bark beetle generations in the
697 years following windthrow events led to higher bark beetle damage rates at the peak of outbreaks. For instance, at a
698 35% windthrow mortality rate, HES reached a maximum bark beetle damage rate of 50%, whereas REN's maximum

699 was 22% (Fig. 6 panel a, b).
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700

701 Interestingly, high tree mortality rates from windthrow could also lead to delays and lower maximum DRy, (Fig.

702 6). For instance, at the HES site, 10%, 20%, and 35% windthrow damage rates triggered maximum DR, of 50%,

703 43%, and 37%, respectively (Fig. 6 panel a). Conversely, low DR,;inows like 5% at WET, delayed the peak of bark

704 beetle outbreaks by 9 years (Fig. 6, panel d). Additionally, the model simulated a post-epidemic stage during which

705 the outbreak damage rate remained relatively low (<10%) and lasted between 3 to 10 years (Fig. 6). Overall, the

706 simulated outbreaks lasted between 11 to 20 years, consistent with field observations (Table 3).

707
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Figure 6: Simulation results of 16 simulations (4 locations x 4 windthrow damage rates DR, ;qhrov). Lines

represent the annual bark beetle damage rate as a fraction of the total biomass (DR,..4.;)- Nbgen is the average

number of bark beetle generations during five years after the windthrow event. DR, ;4. Yepresents the
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percentage of biomass loss by a windthrow event at the start of the simulation.

At the coldest site, HYY, ORCHIDEE simulated only a small number of bark beetle generations, preventing
outbreaks from occurring. This observation validates the initial parameter tuning (Table 4), indicating that it is robust
enough to prevent improbable outbreaks, such as the model triggering outbreaks in sites where bark beetles cannot

reproduce.

4.4. Impact of climate and windthrow on stand biomass and Net Primary Production
All locations experienced a 10 to 20 years decrease in total biomass until at most 9 kgC.m? at which time the
outbreak ended (Fig. 7, panel a, b, ¢, d). The model can simulate significant epidemic events even if the initial
trigger, such as the windthrow event in our study, is not particularly intense. Once the bark beetles can mass attack
living trees, the bark beetle population (ipeees pressure) Will increase and kill more and more trees until so many trees are
killed that the stand density of the remaining living trees drops below the threshold of iy g = i imie=0-4. In
ORCHIDEE, an i,q ,;=0.4 for spruce forest corresponds to a biomass of around 9 kgC.m™ which in ORCHIDEE is
too low to maintain an epidemic population of bark beetles at the 2500 km2 grid cell. Interestingly, for the climate
observed at REN where the number of generations is approximately one, the bark beetle population can only become

epidemic following an intense windthrow event with a 35% damage rate (Fig. 7).

Throughout the outbreak period, there was a notable decrease in net primary production (NPP)(Fig. 7). This decrease
is primarily attributed to a sharp decline in leaf area index (not shown). Following the epidemic phase, the leaf area
recovers. Following the outbreak: the reduction in stand tree density due to bark beetle damage decreases autotrophic
respiration (not shown) and the sparser canopy allows more light to reach the forest floor where it fosters
recruitment (not shown), resulting a higher NPP or forest growth (Fig. 7). Consequently, carbon use efficiency tends

to be higher in sparsely populated stands compared to densely populated ones.
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Figure 7: Simulation results of 16 simulations (4 sites x 4 windthrow
mortality rate). Lines represent the annual average net primary production
(NPP) in gC.m2y? or total stand biomass (B, in kgC.m?2. Nbgen is the
average number of bark beetle generations during the five years after the
windthrow event. DR,;.qu0. Yepresents the percentage of biomass loss by a
windthrow event at the start of the simulation. Grey areas represent the

epidemic phase.
732
733 4.5. Continuous vs. abrupt mortality
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Figure 8: Difference in cumulative net biome production at three discrete time horizons (i.e. 20, 50 and 100
years) between a fixed continuous mortality rate (blue, n=8), abrupt tree mortality from a windstorm and the
subsequent bark beetle outbreak (red, n=56), abrupt mortality from a windstorm not followed by a bark beetles
outbreak (green, n=56). Note that in the continuous mortality configuration the mortality rate was adjusted to
obtain a similar number of trees killed after 100 years as in the abrupt mortality configuration. The variation of
each boxplot arises due to different locations and prescribed storm intensities. Each boxplot displays the
median value (thick horizontal line), the quartile range (box border), and the 95% confidence interval (vertical
line). A Wilcoxon test between the three configurations at each time horizon showed significant differences

(p-value<0001) denoted by the four stars.

735 The total accumulated net biome production (NBP) was evaluated using the ORCHIDEE model across three

736 different timeframes: 20, 50, and 100 years. At the 20-years mark, the average accumulated NBP notably differed
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737 between the ‘continuous’, ‘abrupt’ and the abrupt without bark beetles outbreak (‘no beetles’) mortality
738 configurations: -7.12+0.97, -1.37+0.28 and 3.39+0.74 kgC.m™y" for the ‘abrupt’, ‘no beetles’ and ‘continuous’
739 mortality configurations, respectively. These differences were statistically significant (Wilcoxon, p-value<0001),
740 indicating a substantial initial reduction in NBP with the ‘abrupt’ configurations, as ecosystems behaved as carbon
741 sources, whereas under the ‘continuous’ configuration, they acted as carbon sinks (Fig. 8). The variability in NBP
742 demonstrated the broad temperature gradient in Europe and indicated that despite many locations potentially acting
743 as sources under the 'abrupt' configuration, some may transition to carbon sinks within the first 20 years following a
744 disturbance.

745

746 Moving to the 50-years horizon, the difference between the three frameworks decreased, with net biome productions
747 of -0.81+0.60, 4.43+0.15 and 5.61+0.18 kgC.m™2.y" for the ‘abrupt’, ‘no beetles’ and ‘continuous’ mortality
748 configuration, respectively. The difference in sink strength remained statistically significant (Wilcoxon,
749 p-value<0.001), with the NBP in the ‘abrupt’ configuration approaching carbon neutrality while without the
750 consecutive bark beetles outbreak the ecosystems already became a carbon sink. The climate conditions had a lasting
751 effect on the responses, with the ‘abrupt’ configuration showing a greater range in responses compared to the
752 ‘continuous’ one.

753

754 At the 100-years mark, the average cumulative NBP for the 'abrupts' and 'continuous' configurations approached
755 each other with values of 4.85+0.26, 7.09+0.17 and 7.73+0.40 kgC.m™.y™, respectively (Fig. 8) but were still
756 significantly different (Wilcoxon, p-value<0.001). ORCHIDEE simulated a return to a carbon sink (indicated by
757 positive cumulative NBP values) suggesting a long-term recovery and potential return to pre-disturbance
758 productivity levels within a century following the windthrow and beetle outbreak event. The 'continuous'
759 configuration displayed a consistently higher median value, suggesting weaker impact of tree mortality dynamics on

760 the long term carbon cycle.

761
762 5. Discussion
763 5.1. Simulating the dynamics of bark beetle outbreaks and their interaction with windthrow

764 Our Ips typographus outbreak model has demonstrated its capability to simulate a broad range of disturbance
765 dynamics. The variation in the outbreak dynamics and the response of the outbreak to its main drivers (Fig. 5 & 6)
766 give confidence in the ability of ORCHIDEE to simulate various outbreak scenarios observed across the temperate
767 and boreal zones under changing climate conditions.

768

769 Windthrow events have significant ecological impact because such disturbances offer fresh breeding substrates,
770 which in turn increase bark beetle populations (Lausch et al., 2011). Our model results align with these findings,
771 indicating that windthrows causing damage of 5% or more may trigger beetle outbreaks (Fig. 6). Additionally, a
772 strong increase in bark beetle populations has been observed following a windthrow event (Wermelinger, 2004), a

773 pattern reflected in the ORCHIDEE simulations. The model simulates a buildup stage spanning 1 to 9 years, where
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774 bark beetle numbers increase prior to peaking, with the duration influenced by the severity of the windthrow and the
775 prevailing climate (Fig. 6).

776

777 Temperature is another critical factor affecting bark beetle life cycles. Intra- and interannual variation in temperature
778 impact bark beetles, with warmer conditions fostering multiple generations per year, whereas cooler, damp climates
779 slow breeding and survival rates (Benz et al., 2005). In line with these findings, the temperature dependence of the
780 ORCHIDEE simulations show that cold winters at locations such as SOR and REN reduced bark beetle activity
781 compared to warmer locations like THA and WET (Fig. 6). Lieutier et al. (2004) documented that if the population
782 is large enough, bark beetles can mass attack healthy trees. Our model incorporates this dynamic, illustrated by
783 epidemic stages where living trees become viable hosts, which then exacerbates the growth of the beetle population
784 (Fig. 1).

785

786 The aftermath of a windthrow and subsequent bark beetle outbreak also affects the forest carbon and nitrogen cycles.
787 This impact is observed in the form of snags which are standing dead trees that undergo decomposition. Snags can
788 temporarily disrupt the link between soil and ecosystem carbon and nitrogen dynamics (Rhoades, 2019; Custer et al.,
789 2020). While in ORCHIDEE, the decay of fallen logs does not account for snags yet, the model suggests a recovery
790 period ranging from 5 to 15 years, contingent upon the intensity of the bark beetle outbreak (Fig. 7). As snags create
791 gaps in the canopy, conditions favorable to natural forest regeneration emerge (Jonasova and Prach, 2004) .

792

793 5.2. Emerging properties from interacting disturbances

794 While this study did not precisely quantified the impact of simulating abrupt mortality rather than approaching
795 mortality as a continuous process, it demonstrated that the impact of abrupt mortality varies across location and time,
796 i.e. ecosystem functions, such as carbon storage, are affected by natural disturbances like Ips typographus outbreaks,
797 having significant impacts on short to mid-term carbon balance estimates (Fig. 8). The simulation experiments also
798 highlighted that the legacy effects of disturbances can endure for decades; even for a simplified representation of
799 forest ecosystems such as ORCHIDEE, where the recovery might be too fast due to the absence of snags (Senf et al.,
800 2017).

801

802 The ability to simulate resistance (i.e., staying essentially unchanged despite the presence of disturbances; Grimm
803 and Wissel, 1997) as an emerging property is evident from Figs. 6 and 7 for REN, where no bark beetle outbreaks
804 were observed following a medium windthrow event (5%-20%). However, in all simulated locations that could not
805 resist a bark beetle outbreak, the forest was resilient (i.e., returning to the reference state or dynamic after a
806 temporary disturbance; Grimm and Wissel, 1997) and ecosystem functions were restored to the level from before the
807 windthrow. The elasticity (the speed of return to the reference state or dynamic after a temporary disturbance;
808 Grimm and Wissel, 1997) of the carbon sink capacity ranged from 7 to 14 years. This elasticity is in line with the

809 little observational evidence of ecosystem shifts due to natural disturbances in forests (Millar and Stephenson, 2015).
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810 Finally, after the disturbance and the recovery of vegetation structure, the ecosystems simulated by ORCHIDEE
811 showed persistence (i.e. continue along their initial developmental path; Grimm and Wissel, 1997).

812

813 5.3. Are cascading disturbances important for carbon balance estimates ?

814 The enhanced complexity introduced into the ORCHIDEE model by incorporating abrupt mortality events, as
815 opposed to a continuous mortality, prompts the question: does this model refinement yield new insights into carbon
816 balance estimates? Our century-long analysis demonstrated that the net biome production, a the metric for carbon
817 sequestration, ultimately converges between the continuous and abrupt mortality frameworks (Fig. 8). This suggests
818 that irrespective of the nature of the mortality events, the forest ecosystem goes through a recovery phase, marked by
819 increased growth that compensates for the growth deficits during the disturbance.

820

821 Yet, our experiment has not taken into account the frequency of disturbances. Given the profound influence of
822 disturbance legacies on carbon dynamics, a recurrence interval shorter than the recovery time of the forest might
823 result in a tipping point. Such a scenario could diminish the carbon sequestration potential of the forest beyond
824 100-year timeframe, and in extreme cases, may even lead to ecosystem collapse, outcomes not explored in the
825 current simulations nor documented in the recent literature (Millar and Stephenson, 2015).

826

827 In the mid-term, spanning 20 to 50 years, the widely used continuous mortality model appears to inflate the carbon
828 sink capabilities of forests when juxtaposed with abrupt mortality scenarios. Since policy frameworks, including the
829 Green Deal for Europe (2023) and the Paris Agreement |(UNFCCC, 2023), upon these medium-term predictions,
830 they would benefit from adopting model simulations that integrate abrupt mortality events to avoid an
831 overestimation of carbon sink capacities of forest. Furthermore, the accuracy of carbon balance estimates strongly
832 depends upon the initial state of the forest in the model. Forest conditions markedly affect carbon uptake rates. Thus,
833 incorporating an abrupt mortality framework into the ORCHIDEE model could substantially refine and strengthen
834 the predictive power of our carbon balance assessments across short, medium, and long-term scales.

835

836 However, it is important to note that the global-scale NBP might not be significantly impacted by abrupt
837 disturbances compared to continuous ones. This is because the scale is so vast that abrupt mortality events are
838 constantly occurring somewhere on the planet, which smooths out the effects illustrated in Figure 8.

839

840 5.4. Shortcomings of the bark beetle outbreak model

841 The bark beetle outbreak model developed in this study builds upon the strengths of the previously established
842 LandClim model, though it also inherited some of its limitations. One notable shortcoming is the model for bark
843 beetle phenology, which is an empirical model making use of accumulated degrees-days. Since the conception of the
844 phenology model a decade ago, Europe's climate has undergone substantial changes, primarily manifested in warmer

845 winters and springs (Copernicus, 2024). Because of these changes, chances have increased for two or even more
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846 bark beetle generations within a calendar year (Hlasny et al., 2021a). These changes call for an update of the beetle's
847 phenology model to align with these more recent observations (Ogris et al., 2019).

848

849 A second limitation is that our study, ORCHIDEE, has been parameterized to simulate only Ips typographus in
850 Europe. In order to change the beetles and tree host interactions e.g. pine bark beetle in North America
851 (Dendroctonus monticolae Hopkins), the sensitivity of indexes must be revised, for example, pine beetle is not
852 breeding on the dead wood falling from withrow but very sensitive to drought events (Preisler et al., 2012). iy defonses
853 and iy deaq @S Well as the phenology model will need to be revised.

854

855 Another issue is the model's consideration of drought. As outlined in the method section, drought is treated as an
856 exacerbating factor, rather than a primary trigger as is the case for windthrow. This understanding was accurate for
857 Ips typographus a decade ago (Temperli et al., 2013); however, emerging evidence increasingly suggests that
858 drought events may indeed trigger bark beetle outbreaks across Europe (Nardi et al., 2023; Netherer et al., 2015).
859 Consequently, this extreme drought as a trigger should be incorporated in a future revision of ORCHIDEE’s Ips
860 typographus outbreak model.

861

862 6. Outlook

863 This study simulated the one-way interaction between windthrow and Ips typographus outbreaks in unmanaged
864 forests. Future research will incorporate additional interactions, such as: the interplay between droughts, storms, and
865 bark beetles; storms, bark beetles, and fires; as well as forest management, storms, and bark beetles.

866

867 The bark beetle outbreak model could also be enhanced by simulating: (a) standing dead trees (or snags), which
868 would help account for differences in wood decomposition between snags and logs (Angers et al., 2012; Storaunet et
869 al., 2005), (b) the migration of bark beetles to neighboring locations, which becomes significant to account for in a
870 model that operates at spatial resolutions below approximately 10 kilometers, and (c) an up-to-date beetle phenology
871 model which accounts for the recent change in their behavior induced by climate change.

872

873 This research provided an initial qualitative assessment of a new model feature. However, the application of the
874 model necessitates an evaluation of the simulations against observations of cascading disturbances at the regional
875 scale, which is the topic of an ongoing study.

876

877 7. Conclusion

878 Our approach enables improving the realism of the Ips typographus model in ORCHIDEE without reducing its
879 generality (Levins, 1966). The integration of a bark beetle outbreak model in interaction with other natural
880 disturbance such as windthrow into the ORCHIDEE land surface model has resulted in a broader range of
881 disturbance dynamics and has demonstrated the importance to simulate various disturbance interaction scenarios

882 under different climatic conditions. Incorporating abrupt mortality events instead of a fixed continuous mortality
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883 calculation provided new insights into carbon balance estimates. The study showed that the continuous mortality
884 framework, which is commonly used in the land-surface modeling community, tends to overestimate the carbon sink
885 capacity of forests in the 20 to 50 year range in region/area under the same disturbance pressure, compared to
886 scenarios with abrupt mortality events.

887

888 Apart from these advances, the study revealed possible shortcomings in the bark beetle outbreak model including the
889 need to update the beetle's phenology model to reflect recent climate changes, and the need to consider extreme
890 drought as a trigger for bark beetle outbreaks in line with emerging evidence. Looking ahead, future work will
891 further develop the capability of ORCHIDEE to simulate interacting disturbances such as the interplay between
892 extreme droughts, storms, and bark beetles, and between storms, bark beetles, and fires.

893

894 The final step will be a quantitative evaluation based on observed data (Marini et al., 2017) in order to assess the
895 capability of ORCHIDEE to simulate complex interaction between multiple sources of tree mortality affecting the
896 carbon balance at large scale.

897

898 8. Code availability

899 e R script and data are available at :

900 https://doi.org/10.5281/zenodo.12806280

901 e ORCHIDEE rev 7791 code is also available from:

902 https://doi.org/10.14768/08ca9318-b663-40e3-90e6-6baee0475bal
9203

904 9. Data availability

905 e The Fluxnet climate forcing data are available at https://fluxnet.org/

906 e The simulation results use in this study are available at https://doi.org/10.5281/zenodo.12806280
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