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15 Abstract

16 In the Northern Hemisphere, bark beetles are responsible for high tree mortality rates in
17  forest ecosystems. In recent decades, forest pest outbreaks have increased in frequency and scale
18  related to climate change. Although, many studies have focused on the effect of pest outbreak on
19  forests, there are few studies focusing on the early physiological stress on trees preceding the
20 infestations. In the treeline of Zao Mountains in northeastern Japan, a double pest infestation of
21  totrix moth (Epitonia piceae) and bark beetles (Polygraphus Proximus) that caused severe tree
22 mortality in a natural fir forest (Abies mariesii), which is the first reported case worldwide of
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23 treeline retreat caused by bark beetle infestation. In order to understand forest dynamics prior to
24  the outbreak, tree rings samples were collected from 20 trees in the treeline (dead trees) and 40
25 trees from living trees (healthy and damaged) at lower altitudes. In these samples a
26  dendrochronological and carbon stable isotope analysis (A*3C) was performed. Results indicate a
27  declining trend in tree-ring indices (TRI) for dead trees, while living trees showed a strong an
28 annual fluctuation, but did not show any declining trend. Healthy and damaged trees maintained
29  relatively stable A®C values (14.9%o - 18.5%o), reflecting stable physiological activity even in the
30 partially defoliated damaged trees. During the years the infestation lasted, there was no response
31 from tree rings A¥C (16.2%o and 16.4%o) to its surrounding environment in trees prior to their
32 death. The decreasing trend of A'®C values in tree rings prior to pest infestation in dead trees
33 indicate a continuous decline in tree physiological activity caused by a tendency to close the
34  stomata due to environmental stress. In Zao Mountains evidence shows that extreme events in
35  winter lead to severe physical damage in trees, including fallen trees, caused by a combination of
36  heavy snow, strong winds and recently observed high snow density. We speculate that this event
37  gradually weakened trees in the treeline. Another factor that is probably related to this trend is the
38 earlier snowmelt observed in the last two decades, which leads to decreases in soil moisture during
39 spring, when precipitation is the lowest. These findings suggest that A*C values in tree rings can
40  serve as early warning indicators of stress preceding severe natural disturbance and can contribute

41  toscientifical based informing forest management strategies.

42

43 1 Introduction

44 Insect outbreaks appear to be increasing in frequency and intensity, a trend probably linked
45  to climate change (Agne et al., 2018; Jactel et al., 2019; Przepiora et al., 2020). Globally, insect-
46  disturbed forests span 85.5 million hectares, representing 3% of the total forested area (2807
47  million hectares) across boreal, temperate, and tropical regions (van Lierop et al., 2015). This

48  alarming trend underscores the need for improved understanding of the drivers and impacts of
2
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49  such disturbances. Bark beetle-induced mass forest mortality has become a large-scale
50 destabilizing factor for forest ecosystems worldwide in recent decades (Cole and Amman, 1980;

51 Pavlov etal., 2020).

52 Among insect species responsible for widespread damage, Polygraphus proximus, a non-
53  aggressive phloephagous bark beetle, has garnered significant attention due to its detrimental
54  effect on environmentally disturbed forests. Native to northeastern China, Korea, Japan, and the
55  southern part of the Russian Far East (Nobuchi, 1966; Koizumi, 1977; Kerchev, 2014), this insect
56 has invaded Western Siberia and European Russia, where it has devastated vast areas of fir forests
57  over the past decade (Kononov et al., 2016; Kharuk et al., 2019). In Japan, Polygraphus proximus
58  has caused extensive damage to Abies species (Tokuda et al., 2008; Takagi et al., 2018, 2021,

59  Chiba et al., 2020), threatening the ecological stability of these forests.

60 As with other bark beetles, once Polygraphus proximus populations reach outbreak levels,
61 they are capable of infesting even healthy trees. Such outbreaks, similar to those caused by the
62  mountain pine beetle (Dendroctonus ponderosae), have led to the mortality of seemingly healthy
63  trees across millions of hectares. In Zao Mountains, a large-scale bark beetle outbreak between
64 2012 and 2016 resulted in the devastation of pristine Abies mariesii forests over hundreds of
65  hectares, especially those close to the treeline. This outbreak has drastically altered the landscape
66  and is expected to have long-term ecological consequences in the region. Bark beetle infestations
67  not only reduce timber production and quality but also disrupt nutrient cycling, carbon uptake, and
68  ecosystem biodiversity, highlighting the far-reaching impacts of these disturbances. Bark beetle-
69  induced tree mortality also reduces the recreational and economic value of forests, affecting human
70  health, tourism, and local livelihoods. The study of the dynamics of forest degradation due to insect
71 outbreaks is of paramount importance, especially under climate change. As the affected area is
72 within a national park, the use of chemicals or other potentially harmful materials is prohibited.
73 Thus, it is necessary to identify early warning signals of physiological stress in trees, which could

74  enable proactive measures to be taken to prevent widespread infestation and mitigate its impact.
3
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75  Forecasting tree mortality remains one of the most uncertain aspects of dynamic vegetation models
76 (Bugmann et al., 2019), especially when multiple disturbance factors interact. Identifying early
77  reliable indicators of physiological stress that are informative of, for example, the carbon-water

78  balance of trees is critical for improving predictive capabilities and forest management strategies.

79 Tree rings, which serve as natural archives, capture annual-resolution information of radial
80 growth and the environmental conditions at the time of tree ring formation. Among the most
81  important tools used in conjunction with dendrochronology, stable carbon isotope analysis of
82 individual rings stands as a powerful method for evaluating environmental influences on tree
83  physiology. Declining annual ring width, coupled with increasing carbon isotope ratios (3*3C), has
84  been correlated with reduced photosynthetic activity and stomatal closure, preceding tree mortality
85 by several years (Gessler et al., 2002; Cailleret et al., 2017). These patterns underscore the value
86  of tree-ring analysis and stable isotope studies in unraveling the complex interplay of climatic and
87  biotic factors influencing forest dynamics. Long-term decreases in annual ring width coupled with
88 increasing trends in 8*3C can be used as early warning signals of physiological stress and recovery
89  of trees when subjected to severe disturbances (Lopez et al., 2018). Advanced dendrochronological
90 and isotopic approaches are key to understanding the interactions between physiological stress,
91 climatic variables, and bark beetle activity. By combining detailed growth and isotopic data with
92  regional climate records, predictive models can be developed to identify high-risk areas and inform

93  adaptive forest management practices (McCarroll and Loader, 2004; Bugmann et al., 2019).

94 The host species in this study, Abies mariesii, commonly known locally as Ooshirabiso, is
95  anevergreen tree native to subalpine regions of Japan, which is usually found at elevations ranging
96  from 1300 to 2900 meters. Fir forest thrives in cold temperate rainforests characterized by high
97  rainfall and heavy snow (Tanaka and Matsui, 2007). These trees, which typically grow to heights
98  of 10 to 30 meters, play a critical role in maintaining ecosystem stability in Japan’s mountainous
99  regions. However, the sudden loss of Abies mariesii due to bark beetle outbreaks has led to the

100  near-total collapse of forest ecosystems in the treeline (Chiba et al., 2017).
4
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101 In this study, we hypothesize that the combined effects of environmental factors in Zao
102 Mountains in recent decades have affected stomatal conductance and intercellular CO>
103  concentrations, leading to changes in wood isotopic signatures. Therefore, the specific objectives

104  of this study are:

105 1. To determine the tree growth pattern of fir trees three decades prior to pest infestation;
106 2. To compare the carbon isotope signatures (carbon isotope discrimination, AC) of
107 healthy, damaged and dead trees (before death in 2016) and evaluate their
108 environmental control for each of the health categories from 1993 to 2022.

109

110 2 Methodology

111 2.1 Study site

112 Zao Mountains are located in an active volcanic range on Honshu Island, in northeastern
113 Japan on Honshu Island (38.14°N, 140.44°E), representing a region of ecological significance and
114  Dbiodiversity. Spanning 11 hectares within Yamagata Prefecture, the study area is situated at the
115  border of Yamagata and Miyagi prefectures. The forest composition includes both pure stands of
116  Maries fir (Abies mariesii) at higher altitudes and broadleaf mixed forests interspersed with a few
117  deciduous and coniferous species such as Fagus crenata, Acer tschonoskii, and Sorbus commixta
118 in lower areas. The understory across the altitudinal gradient is dominated by Sasa grass, which
119  stabilizes soil and enhances nutrient cycling (Nguyen et al., 2021; Tran et al., 2024; Hu et al.,

120 2022).

121 The altitudinal gradient significantly influences forest structure and dynamics. At
122 elevations between 1468 m and 1535 m, tree density averages to 400 trees per hectare, with a
123 marked decline in tree size, height, and canopy area as altitude increases. The dominance of Abies

124  mariesii, which covers 87% of the forested area - is juxtaposed with patches of mixed coniferous
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and deciduous vegetation. At higher elevations between 1508 m and 1714 m, close to the treeline,
over 92% of fir trees have succumbed to bark beetle (Polygraphus Proximus) infestation, resulting

in dramatic shifts in forest composition and structure (Fig. 1) (Saito and Chiba, 2017).

0 Site 1 from 1468-1535m,
8 - Site 2 from 1508-1714 m.

Figure 1. Study site located in Zao Mountains.

The ecological setting of Zao Mountains is further complicated by its status as an active
volcanic region. Frequent seismic activity, volcanic emissions, and extreme weather events such
as typhoons interact with biotic stressors, to shape forest health and resilience (Takagi et al., 2021).
These interactions create a dynamic environmental mosaic, making management of those forests
a challenging task. The forests of Zao Mountains also hold significant conservation value, serving
as carbon sinks and providing critical ecosystem services such as water regulation and biodiversity
maintenance. By synthesizing field observations, dendrochronological data, stable isotope records
and precise remote sensing information, this study uses an integrative approach which is critical
for developing predictive models and site-specific management strategies to mitigate future

impacts on subalpine forests in Japan.
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142 2.2 Tree core sampling and preparation

143 Tree cores were collected in the summer of 2022. Two cores per tree were taken at breast
144  height (1.3 m) from healthy, damaged, and dead individuals using a 5 mm increment borer (Haglof,
145  Sweden). One core was used for tree-ring dating, while the other was left intact for isotopic
146  analysis. A total of 120 cores were collected, comprising 40 from healthy trees, 40 from damaged
147  trees, and 40 from dead trees. This sampling strategy was designed to disentangle differences in

148  growth and physiological responses between forest health conditions.

149 The preparation of tree-ring samples began with oven drying of the cores at 60°C for 48
150  hours. They were then glued into wooden holders. Hot glue was applied to hold the samples in
151 place, ensuring stability during the subsequent processing steps. A polishing machine was then
152 used to plane and smooth the top surface of the samples, removing irregularities and revealing the
153 tree ring structure. This step improved the visibility of the annual rings for further analysis

154  (Schweingruber, 1988; Stokes and Smiley, 1996).
155 2.3 Tree-ring analysis

156 High-resolution images (1000 dpi) of the polished cores were taken using specialized
157  imaging systems. These images were used as the input for the WINDENDRO software (Regent
158  Instruments Inc, Canada). Tree rings were visually cross-dated and measured to an accuracy of
159  0.01 mm. COFECHA was then used to validate the cross-dating of individual cores (Grissino-
160  Mayer, 2001; Holmes, 1983). The software calculates the width of each annual ring, providing

161  precise measurements essential for dendrochronological research.

162 COFECHA was used to validate the master chronology by cross-dating and detecting
163 anomalies in tree-ring data, ensuring reliable 8*3C analysis (Grissino-Mayer, 2001; Holmes, 1983).
164  Samples with high correlation with the Master chronology were selected for isotopic studies.

165  ARSTAN standardized ring-width data, correcting growth anomalies linked to extreme climatic
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166  events, enhancing the accuracy of environmental signal extraction (Cook & Krusic, 2005; Briffa

167 & Melvin, 2011).
168 2.4 Stable isotope analysis

169 Four cores that best correlated with the master chronology for each health status were
170  selected for isotopic analysis. Tree rings were manually separated using a fine scalpel under
171 magnification to ensure precise isolation of individual annual layers without cross-contamination.
172 Each ring was then finely cut into small pieces. Small pieces were ultrasonically cleaned in
173  distilled water to remove contaminants while preserving the cellulose structure. Rings
174  corresponding to the same year and health status were pooled into a single sample before analysis
175  (Leavitt 2008), except for every five years when rings were analyzed independently to estimate
176  the between-tree variability in carbon isotopes (Loader et al., 2013). Individual tree rings were
177  preserved for the years 1996, 2001, ..., 2016 for dead trees and for the years 1997, 2002, ..., 2022
178  for living trees. The resulting samples were homogenized using a ball mill. Approximately 0.6-0.8
179  mg of the dry material was weighed using a microbalance, packed in tin capsules, and analyzed
180 Dby isotope ratio mass spectrometry. Isotope ratios were expressed as per mil deviations using the
181  J notation relative to Vienna Pee Dee Belemnite (VPDB). The accuracy of the analyses (SD of

182  standards) was 0.06%o.

183 To account for changes in §*3C of atmospheric CO; (5'*Cair), we calculated carbon isotope
184  discrimination (AC) from &'3Cair and tree-ring '°C (8'*Cwood) following (Eq 1) (Farquhar et al.,

185  1982; Farquhar and Richards, 1984):

(613 Cair — 513Cwood)

13~ _ 0,
186 A3C = 5 Coood), (%0) (1)
187 2.5 Meteorological data
188 Meteorological data for this study were collected at facilities of the Zao ropeway in Jizo

189  Mountain, located at 1676 m.a.s.l. The meteorological data include wind speed and direction, snow

8
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depth, and temperature. Freeze-thaw cycles, high diurnal variability in air temperature, high
precipitation and strong western winds are the normal conditions in this region. Since
meteorological data from the Zao station is only available from 2012, a comparative analysis was
conducted using data from the nearby meteorological station at Yamagata city to extend the
temporal range. A comparative analysis over the common period (2012-2022) showed high
correlation between the monthly mean temperature of the two stations (r=0.99) (Fig. 2).
Consequently, the temperature data (mean, minimum, maximum) from the Yamagata station was

used as the primary source of climate information.
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Figure 2. Correlation between monthly mean temperature records from the Zao ropeway facilities and

Yamagata meteorological station over the period 2012-2022.

2.6 Unmanned Aerial Vehicles
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204 Orthomosaic imagery generated using UAV technology has proven particularly valuable
205  for documenting changes in crown conditions and forest health over time. High-resolution aerial
206  surveys from 2019 to 2022 revealed progressive damage (Fig. 3, Fig. 4), emphasizing the
207 importance of integrating spatial data with physiological analyses for comprehensive forest
208  monitoring. Advances in UAV-based monitoring provide an opportunity to enhance our
209 understanding of spatial and temporal patterns of forest degradation (Chiba et al., 2020; Tran et

210 al., 2024; Conciatori et al., 2024).
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212 Figure 3. Chronological crown condition of some representative healthy (H) trees in orthomosaics for the

213 period 2019-2022.
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Figure 4. Chronological crown condition of some representative damaged (D) trees in orthomosaics for

period 2019-2022.

3 Results

3.1 Tree-ring index

The analysis of tree-ring indices (TRI) for healthy, damage, from 1993 to 2022 and for
dead trees 1993 to 2016 provides significant insights into tree growth dynamics and responses to
its environmental surroundings. The study period captured critical climatic and ecological

variations influencing forest health and resilience prior to pest infestation (Fig. 5).

Healthy and damaged trees were located at the same altitude and belonged to the same
forest area. Tree-ring growth represented by indexed tree-ring chronologies (TRI) for these two
health categories did not always have the same annual pattern, but most narrow and wide rings
were observed in the same years. The range of TRI values was similar for healthy trees (0.623-
1.300) and damaged trees (0.703-1.215), despite a difference in canopy defoliation observed

between the four trees classified as damaged and those with no defoliation, classified as healthy.
11
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In the case of dead trees, they were located at higher altitudes with a different climate than that of
healthy and damaged trees, hence the different values observed in TRI during the period prior to
their death. For dead trees, the last year was determined based on the year when most of trees died
among the 20 samples. TRI of healthy and damaged trees did not show a clear trend in the last 30
years. In contrast, dead trees showed a decreasing trend, especially from the year 1998, where a
clear shift to lower values was observed. Furthermore, the annual variability of tree-ring growth
was much lower over the past two decades, compared to the higher variability observed in the

1990s, or the higher variability observed for the TRI values of healthy and damaged trees.

12
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240  Figure 5. Trends in Tree Ring Index (TRI) from 1993-2022 for a) healthy, b) damaged, and c) dead trees.
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241 3.2 Carbon isotope discrimination (AC)

242 A3C for the healthy trees remained relatively stable over the period 1993-2022 with values
243 ranging from 14.9%o to 18.5%o with no clear trend for the last 30 years (Fig. 6a). In comparison,
244 AC values for damaged trees showed a smaller range from 16.5%o to 17.9%o (Fig. 6 b). Healthy
245  trees as well as damaged trees showed an increasing trend, especially from the beginning of the
246 year 2000s, however the annual variability of A¥*C values is smaller in damaged trees compared
247  to the healthy ones. The composite oscillation with periodic individual sampling approach showed
248  that the years chosen for multiple carbon isotope measurements represented well, the composite
249  values as shown by the similar values found in the years when 4 individual samples were measured.

250  There are some outliers as in 2018 in the healthy tree A™*C values but they show a steady trend.

251 In general, healthy and damaged trees did not show negative trends for the last 30 years,
252 while A™®C values of dead trees for the period 1993-2016, showed a clear decreasing trend already
253  from the start of the measuring period. The values oscillated within the range of 15.8%o and 17.4%o
254  (Fig. 6¢), with a clear annual variability for the period 1993- 2012, however, for the years 2012-
255 2016, there is no response of A*C to annual environmental variability, as the values remain the

256  same for these years, which coincides with the pest infestation reported in this region.
257
258
259
260

261

14



https://doi.org/10.5194/egusphere-2025-956
Preprint. Discussion started: 11 April 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

20

a)

16

Discrimination Factor (A*C, %o)

(15)20 L 1 1 1 1 L

b)

16

Discrimination Factor (A3C, %o)

—

(15) 20 : : : - : :

Discrimination Factor (A3C, %o)

15 1 1 1 1 1 1
1990 1995 2000 2005 2010 2015 2020 2025

Year

262

15



https://doi.org/10.5194/egusphere-2025-956
Preprint. Discussion started: 11 April 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

263

264

265

266

267

268

269

270

271

272

273

274

275

Figure 6. Carbon isotope discrimination (A'*C) trends from 1993-2022 for a) healthy trees b) damaged
trees and c) dead trees. Error bars indicate the standard error of selected years for individually analyzed

trees.

3.3 Environmental conditions

Based on the strong correlation between air temperatures in Jizo Mountain and Yamagata
City, the annual average, minimum and maximum air temperatures from 1993 to 2022 data of
Yamagata city were examined (Fig. 7, a). Over the years, there is a clear upward trend in both
minimum and maximum temperatures, indicating a gradual warming. It appears that in the last 5
years, starting in 2018 to 2022, annual temperature remained the same with no clear annual
variability. Summer (June-August) vapor pressure deficit (VPD) data ranged from 0.5 to 0.9 from
1993 to 2022 (Fig. 7h). A peak was observed for the years 2010-2013, followed by a decline and

low annual variability in the last 5 years, with an average value for these years of 0.7 kPa.

16
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Figure 7. a) Average annual air temperature Trends in Yamagata (1993-2022); b) Summer (June-

August) vapor pressure deficit (VPD) in Zao Mountain (1993-2022).

The analysis of snow depth data for Zao Mountain from 2012 to 2022 reveals significant
seasonal and inter-annual variability (Fig. 8). The annual average snow depth ranged from 100 cm
to 260 cm. The maximum value was observed in 2014 (260 cm) and the minimum during this
period was reported in 2020 (100 cm). A peak after bark beetle infestation was recorded in 2018

(230 cm). From 2012 to 2020, a slight decreasing was observed, however, in the last three years

17



https://doi.org/10.5194/egusphere-2025-956
Preprint. Discussion started: 11 April 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

285  (2020-2022), a slight increase in snow depth has been observed, reflecting the unpredictability of

286  winter precipitation and accumulation patterns.
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289 Figure 8. Annual Average Snow Depth in Zao Mountain (2012-2022).
290
291 Westerly winds dominated throughout the year, with particularly high wind activity during

292  the winter months (December to February). During this period, wind speeds frequently ranged
293 from 0 to 20 m/s, exceeding those recorded during the summer months. The west (W) direction
294  was dominant in the area, accounting for 63% of the total wind occurrences (Fig. 9). The southwest
295  (SW) direction is the second most frequent, contributing 12%, followed by northwest (NW) with
296  10%. Together, these three directions account for 85% of the total wind occurrences. Other
297  directions, such as south (S) with 7% and southeast (SE) with 3%, show limited influence, while
298  directions like north (N), east (E) and northeast (NE) collectively made up only 5% of the wind

299  direction patterns.

18
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302
303 4 Discussion
304 The results of this study provide crucial insights into the difference in tree growth and

305 physiological responses of Abies mariesii to environmental conditions prior to bark beetle
306 infestations in the Zao Mountains. By analyzing annual ring width and stable isotope
307 discrimination over the past three decades (period 1993-2016 for dead trees and 1993- for healthy

308 and damaged trees), important signs of physiological stress preceding mortality were identified.
309 4.1 Tree ring growth and carbon isotope discrimination

310 Bark beetle infestations can lead to a decrease in tree-ring A*3C as plant carbon assimilation
311  process is negatively affected. Results show that decreasing annual ring width coupled with
312 decreasing carbon isotope discrimination (A*C) values can serve as early-warning signals of the
313  long-term forest weakening that can lead to tree mortality when pest outbreaks occur. The decline
314 of A'3C values in trees located in the treeline aligns with previous studies indicating that impaired
315  stomatal conductance and reduced carbon assimilation reflect the effect of severe disturbances on

316  trees (Lopez et al., 2018).

19
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317 The trends in healthy tree TRI indicate that trees maintained relatively stable growth
318  patterns, while damaged trees exhibited smaller annual fluctuation in recent years, mainly caused
319 by their partial defoliation over the years. The difference between healthy and damaged TRI were
320 small, including higher and lower values during years of higher environmental variability. In
321  contrast, dead trees displayed a gradual decline in TRI values since the early 1990s, emphasizing
322 the cumulative effects of long-term stress which likely led to tree mortality. It is worth noticing
323 that healthy and damaged trees are located at a lower altitude compared to the dead trees growing
324 inthe treeline, where trees are exposed to more extreme climate condition. As a result of the bark
325  Dbeetle infestation the treeline in Zao Mountains has receded several hundred meters. Thus, the Zao
326 mountain this is a rare case of treeline recession as described in a meta-analysis by Harsch et al.
327  (2009), that reported that only 1% of all the treelines worldwide had receded vs 52% that had

328  advanced upwards.

329 The average age of trees in the two sites varies from 40-90 years old. Younger trees showed
330 higher ring growth related to higher photosynthesis rates (Ryan and Yoder, 1997) and higher cell
331  production (Rossi et al., 2008). They also use more topsoil water because of their widespread root
332 in the top soil (Berja et al., 2008), while old trees rely more heavily on the use of carbon reserves
333 of previous years, which can have higher 5!°C values (McCarroll et al., 2017; Timofeeva et al.,
334 2017), resulting in higher tree-ring 5'°C in old trees. Thus, lower soil moisture from snowmelt
335  could cause a major effect on younger trees, since older trees have deeper roots or can use more
336 reserves in Zao Mountains. However, the long-term stress observed in trees based on the
337  decreasing TRI and (AC), suggests that the double infestation of Epitonia piceae and bark beetles
338 affected equally young and old trees, since tree mortality in this area reached 92%. When trees are
339  attacked by bark beetles, they experience physiological stress, which may affect their carbon
340  assimilation and allocation patterns. The §*3C values in tree rings can reflect these changes.

341  However, the specific response of 8°C to bark beetle attacks can vary depending on several
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342  factors, including the severity of the attack, tree species, and local environmental conditions

343  (Ulrich et al., 2022; Kolb et al., 2019), as we have seen in our study.

344 Our results showed that the bark beetle attack reported in 2012 did not translate in a sharp
345  decrease of AC as it has been observed for severe disturbance (Lopez et al., 2018). Instead, a
346 small gradual decrease was observed but it was followed by lack of variation of TRI as well as
347  ABC, representing a loss of sensitivity of trees to their surrounding environment in the last 5 years
348  before death. The effect of Epitonia piceae attacks by itself does not necessarily lead to tree
349  mortality as it has been shown by Dulamsuren et al (2010) in larch trees after a severe gypsy moth

350  attack. However, the subsequent attack of bark beetle led to extended tree mortality.

351 Stress, such as the infestation of bark beetle in fir trees, can lead to partial closure of
352  stomata, reducing carbon dioxide uptake during photosynthesis. This can result in a decrease in
353 §%3C values, as the plant discriminates less against *3C under conditions of *2C scarcity. Damaged
354  trees remained in the same condition for several years, but it is not clear if in the long term they
355  will recover to their original condition or if they will finally succumb to the infestation as it has

356  been already observed in trees in Zao Mountains.

357 The observed patterns confirm that dead trees experienced significant carbon assimilation
358  reduction before their demise, while healthy trees maintained stable physiological function.
359  Damaged trees showed some fluctuations in A'3C values, suggesting ongoing stress but not yet at

360 levels critical to mortality.

361 One of the reasons why trees in the treeline were attacked by bark beetles and subsequently
362  died was most probably the result of weakening by environmental factors. Other factor such as
363  root diseases, and competition for limited resources can increase stress among trees, could have
364  had an additional effect on increasing tree vulnerability. Trees at lower altitudes are taller and their
365  crowns are larger than in the treeline. Taller trees with more water availability, light, and nutrients
366  are more effective in repelling bark beetle attacks. Smaller vegetation, is the reflection of harsher
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367 environmental conditions such as light, soil moisture, wind and snowfall. Milder environmental
368  conditions at lower altitudes provide trees with more suitable conditions to cope with pests or be
369 less susceptible to other disturbances. Rising temperatures and increasingly earlier snowmelt
370  periods can increase droughts especially during the spring period weakening tree defenses and
371 making them more susceptible to bark beetle attacks, although altitude played an important role in
372 the response of fir trees to bark beetle outbreaks as the same devastating effect was not observed

373 in lower altitudes.
374 4.2 Role of Climatic Factors in Tree Vulnerability

375 Due to the significant difference in elevation between the two sites, trees in the treeline
376 were exposed to more severe climate conditions, particularly strong wind and heavy snow in
377  winter. Meteorological analysis revealed that air temperatures have been increasing in recent
378  decades, which is leading to early snowmelt, depriving trees of soil moisture in spring. Tree
379  mortality stopped at a defined altitude delineating a clear line in the field by the year 2016, which
380  suggested the importance of elevation as a controlling factor but most importantly, that line appears
381  to represent the change in climate at the bottom of the treeline, at lower altitudes. One more factor,
382 that needs to be taken into account is the snow density, which in given years can cause an extra
383  physical stress on trees if combined with snow depth and usual strong winds increasing the
384  vulnerability of forests observed in the last decade. High wind speeds can increase the risk of
385  windthrow, where trees are uprooted or broken due to the combination of wind force and factors
386  such as soil conditions and root structure (Schindler et al., 2011). As it was observed in the winter
387  0f 2021-2022, a large number of healthy trees fell down, usually broken at a height of 3 to 4 meters,
388 leaving fallen trees all over the forest in Site 1. These fallen trees, as it has been reported, can
389 intensify bark beetle reproduction in the disturbed forest (Louis et al., 2014, 2016), and could be
390 the trigger of further forest decline in Site 1 as it probably happened in Site 2. The recent increase
391 in VPD values, related to increases in air temperature, particularly in summer, may indicate further

392  drier air conditions. However, these values have been stable from the year 2011, which is also in
22
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393  agreement with the stability of air temperature during this period. These trends suggest a potential
394  mitigation of extreme climatic conditions in Yamagata, at least for the last years. Despite the
395 physical damage that can be related to heavy snowfall, high snowfall accumulation can insulate
396 soil and tree roots, reducing freeze damage. The high variability of annual average snow depth
397  highlights the influence of larger-scale climatic factors, such as El Nifio and La Nifia, which can

398  impact snowfall intensity and duration (McClung, 2013).
399
400 5 Conclusion

401 This study showed that fir trees that died in the treeline of Zao Mountains as result of severe
402  bark beetle infestation, were in a continuous declining condition as the TRI and A'®C revealed.
403  From the beginning to end of the infestation (2012-2016), especially AC lost its sensitivity to
404  environmental factors, as its values remained stable during this period. In comparison, A*C of
405 healthy and damaged trees, showed an increasing trend, representing better growth conditions and
406  astrong sensitivity to their surrounding environment. The results of this study suggest that carbon
407  stable isotopes can be used as an early warning system to evaluate the condition of vulnerable
408  forests such as those in the treeline. It also shows the first case reported worldwide of treeline

409  recession caused by bark beetle infestation under climate change.
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