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N o G

Abstract: Though frequently used in dendroclimatology, European larch (Larix decidua Mill.) is
regularly defoliated by mass outbreaks of the larch budmoth (Zeiraphera griseana Hb., LBM). The
near-cyclic growth depressions are unrelated to but possibly coincide with cold summers, which
challenges signal detection on interannual timescales. LBM defoliation events cause sharp maximum
latewood density declines and irregular earlywood /latewood ratios in the outbreak year, followed
by one or two anomalously narrow rings. Here, we present a process-based method integrating
these diverse response patterns to identify and distinguish LBM-related signals from climate-induced
deviations. Application to larch sites along elevational transects in the Swiss Alps reveals the
algorithm to perform better than existing extreme event detection methods, though our approach
enables additional differentiation between insect- and climate-induced signatures. The new process-
based multi-parameter algorithm is a suitable tool to identify different causes of growth disturbances
and will therefore help to improve both tree-ring-based climate and insect defoliation reconstructions.

Keywords: climate change; dendrochronology; European Alps; global change ecology; insect
outbreaks; tree rings; extreme event detection

1. Introduction

Tree-ring chronologies are considered a powerful proxy to reconstruct past climate
variability at annual resolution [1-3]. Reconstructions of climatic variables like summer tem-
perature are performed at sites where it is the main factor limiting tree growth according to
Liebig’s law of the minimum [4-9]. Even though summer temperature is the most limiting
aspect in these locations, short-lived disturbances in the ecosystem can perturb the climate-
growth relationship and bias final reconstructions [10]. Event detection is an important
process not only in dendroclimatology but also for questions related to ecology. Distur-
bance factors can increase growth when thinning or similar processes remove competitive
pressure [11,12], but typically result in growth reductions. Insect mass outbreaks [13,14]
are a common example of a biotic disturbance causing such growth reductions.

The European Alps are home to extensive amounts of living trees and historical tim-
ber usable for dendroclimatic reconstructions [15-17]. Samples from high elevations are
predominantly temperature-sensitive, and a combination of samples from living trees
and historical construction wood enabled the development of well-replicated composite
chronologies [7,15,16]. Strong negative temperature anomalies like the volcanic-induced
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“year without a summer” in 1816 [17-19] are clearly captured by the tree-ring chronolo-
gies [20]. Temperature reconstructions based on Larix decidua Mill. [21-23] are frequently
used. However, larch growth is regularly affected by outbreaks of the larch budmoth
[Zeiraphera griseana Hb., hereafter referred to as LBM] [24-28]. Cyclic mass outbreaks cause
strong growth depressions every eight to ten years, which have been used to reconstruct
LBM activity over the past 1200 years [29]. Their impact on climate reconstruction in the
Valais has recently been demonstrated by [7,13].

Former studies have shown that LBM outbreaks can affect tree-ring width (TRW) and
maximum latewood density (MXD) with a slight temporal offset (Figure 1C-E) [7,29,30].
During LBM outbreaks, the population peak of larvae tends to occur during May and June,
depending on prevailing weather conditions [25], causing defoliation and the possible
formation of new needles in late summer. As a consequence, earlywood formation in
the LBM outbreak year is largely unaffected, as larvae feeding follows earlywood cell
formation [31]. The latewood, however, is immediately affected since the trees cannot
accumulate resources while defoliated, and latewood formation is dependent on current-
year assimilation [29,32]. In the following, second year of a typical outbreak, earlywood
formation is substantially reduced due to the shortage of previous year assimilates, while
latewood formation can already benefit from the restored canopy conditions and regular
photosynthesis throughput. The resulting pattern might be reflected in the relationship
between TRW (which is mostly controlled by earlywood width (EWW)) and MXD, which
depends on latewood formation. The ratio between EWW and latewood width (LWW)
should be similarly affected, and thus, both combinations of parameters might serve as an
indicator for LBM-induced growth depressions [30]. Since ring width has a larger memory
effect compared to density [20,33], depressions of the former also usually extend over
several years, while the response of MXD is limited to the initial outbreak year.

1963 1964

Figure 1. (A) Natural distribution of Larix decidua Mill. and delimitation of larch budmoth (LBM)
outbreak regions and tree-ring sampling sites in the Swiss Alps (rectangle); (B) Location of the
seven tree sites in the Matter (blue) and Simplon Valleys (red). Values indicate distances to local
treelines in meters; (C) Sample showing the typical tree-ring pattern of a LBM mass outbreak (here in
1963/64); (D) X-ray image of the same sample, including TRW and MXD timeseries; (E) Zoom-in and
description of the typical pattern of TRW, EWW, LWW, and MXD in the outbreak year (year 0) and
the following year (year 1).
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Whereas several approaches for detecting insect outbreaks in tree-ring data have been
applied over the last few years [22,25,29,34], only comparisons between host and non-host
information potentially enable the differentiation between defoliation and cooling events.
However, such techniques may have their own limitations, such as differing temperature
responses between species, secondary effects of outbreak events, or simply a lack of
availability of non-host material [35]. Building on previous results, we present a process-
based multi-parameter approach combining the temporally varying information from TRW,
MXD, and EWW /LWW ratios to fill this gap. We apply our method to elevational gradients
in two valleys of the European Alps and compare the detections with existing methods and
literature evidence. This procedure provides us with a complete picture of LBM outbreak
variations on a regional and elevational scale over two centuries. The results enable us to
evaluate the advantages and shortcomings of each detection approach when distinguishing
LBM from temperature events.

2. Materials and Methods

Larch samples were taken along two elevational transects in the Matter (3 sites) and
Simplon Valleys (4 sites) of the Swiss Alps (Figure 1 and Table 1). Site abbreviations combine
a letter for the respective valley (M = Matter Valley and S = Simplon) and a number for
the elevational distance (in meters) from the local treeline derived from satellite images
to account for varying exposures and microclimates. A Swiss stone pine (Pinus cembra L.)
site (M40NH) was additionally included as a non-host site, representing tree growth
unaffected by the LBM but under equal climatic conditions. Pinus cembra has been used
in former studies as a non-host reference for LBM-affected stands [26,36]. Our pine site is
located at treeline and directly adjacent to host site M40, providing optimal conditions for
such comparisons.

Table 1. Characteristics of the TRW and MXD site chronologies with tree species, sampling region,
slope exposure (Exp.), site elevation (Elev.), sample replication (Rep.), mean series length (MSL),
average growth rate (AGR), mean MXD, as well as first-order autocorrelation (AR1) and interseries
correlation (Rbar).

Elev. AGR  Mean . pq AR1 Rbar  Rbar

Site Species Region Exp. [m as.l] Period  Rep. MSL [mm] ?g/)ér]r)ﬁ] TRW MXD TRW MXD
m30 Lo \%ﬁfg NW 2270 s 30 342 0.55 0.79 0.25 0.14 0.66 0.4

M40 Lo \l\gf’l‘fg;r NE 2262 o 331 0.59 0.8 0.25 0.16 0.73 0.43
ms00  Larx \%ﬁ;r N 2000 A 154 145 0.9 0.35 0.12 0.76 0.39
S50 Lariz f};}g}lf’“ w 2150 R 218 0.65 0.82 0.41 0.18 0.56 0.37
sigop  Larx f};ﬁg;"“ w 2020 Wz x 212 0.67 0.85 0.54 0.42 0.69 047
s00 Lo \S/i;ﬁg}lf’“ NE 1900 e 205 0.79 0.9 0.45 0.2 0.49 0.4

sg0  Larx f};ﬁg‘m w 1713 o 26 169 0.81 0.93 0.57 0.3 0.6 0.34
MaoNH  Pins \l\gﬁl‘fg NE 2262 D 264 0.77 0.6 023 0.12 0.57 0.28

A total of 230 increment cores were collected for TRW and MXD measurements. Cores
were prepared with a sliding microtome, and TRW was measured at an accuracy of 0.01 mm
using a LINTAB 6 measurement device (Rinntech, Germany) in combination with TSAP-
WIN software [37]. After visual cross-dating, assigned calendar dates were confirmed
through the COFECHA software [38]. MXD measurements were conducted using the
DENDRO2003 X-ray microdensitometer (WALESCH Electronic GmbH, Switzerland) as
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described in [39]. Thereby, EWW and LWW measurements were also obtained. Due to the
increase in overall stem diameter and stagnant tree productivity with biological age, annual
radial growth is generally subject to an age-related decline. To uncover external effects on
growth, such as climate variation or insect defoliation, this trend needs to be removed [3].
Here, cubic-smoothing splines with a 50% frequency cutoff at 30 years were applied to all
series to eliminate low-frequency trends and preserve high-frequency variability related to
LBM cyclicity. The detrending was performed using the ARSTAN software [40], and the
resulting timeseries were standardized to z-scores to compare among parameters and sites.
Red-noise corrected spectra were calculated to demonstrate the presence of LBM cyclicity
in our larch timeseries using the “redfit” function of the “dpIR” package [41,42].

Tree-ring series were cut off before 1800 and after 2009, during which all site chronolo-
gies exceeded a sample replication of four series. Four methods were applied to identify
LBM outbreaks (1-4):

1.  Standard deviation (SD): The first method selects strong negative outliers exceeding
1.5 SD in both TRW and the MXD index chronologies;

2. Normalized growth-suppression index (NGSI): This method was applied to single
TRW and MXD larch series using the pine chronology from M40NH as a non-host
reference to represent variability unrelated to LBM outbreaks. Outbreak duration was
set to five years to account for the cyclicity of the LBM and avoid the identification
of several events within the same cycle. The method detects outbreaks by selecting
events that exceed an NGSI threshold value of —1.28, which has seen use across
different species [43]. Two event years are defined per outbreak: the year in which
the most single trees were defoliated according to their NGSI, and the year of the
strongest outbreak-related growth departure represented by a minimum of the mean
NGSL. Since the year of the minimum mean NGSI showed a higher agreement with the
external defoliation data, these years were chosen for further analysis. This analysis
was performed using the “dfoliatR” package in R [44];

3. Impulse Indicator Saturation (IIS): Here, a regression model to detect structural breaks
in time series is saturated with a maximum number of indicators, from which the
non-significant ones are removed. 0.1 was chosen as the significance level for the
t-tests, and the non-host pine chronology was used as an additional regressor in the
model to support differentiating LBM- and non-LBM-related growth reductions. If
several consecutive years were detected by this method, the one with the lowest
coefficient (i.e., the strongest negative outlier) among them was chosen. This method
is mainly used in econometrics but has also been successfully applied to tree-ring
data [45]. We used the “gets” package in R [46];

4. Our new process-based approach (PBA, Figure 2): Based on the characteristic LBM
pattern in tree rings (cf. Figure 1C-E), we developed a stepwise procedure for LBM
detection. First, the TRW series are analyzed to identify values exceeding 0.5 SD below
the chronology mean in two consecutive years. TRW has been shown to be strongly
affected for only one year in some cases and to recover already in the second year
after the initial outbreak, albeit still being below average [36]. The relatively small
threshold was chosen to account for these different outbreak patterns and to disregard
as few actual outbreaks as possible. Any selected year that occurred within four
years of the previous events was removed to account for the LBM cyclicity. As LBM
populations decrease by a factor of many thousands after a mass outbreak [47,48],
an LBM event cannot be followed by an additional outbreak in such a short time.
Next, the residuals of a linear regression between TRW and MXD for the same years
were calculated. They were checked for negative outliers exceeding 1 SD below the
mean along with a reduction compared to the previous year to find the strongest
outlier if consecutive years crossed the threshold. The same was done for the ratios
between EWW and LWW. Outlier years in both parameters were then checked for
coinciding TRW deviations. At this stage, two cases were considered an outbreak:
if a negative TRW deviation year coincided with an outlier of either TRW-MXD
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residuals or EWW /LWW ratios, this year was defined as the first year of an LBM
outbreak. Occasionally, such a TRW-MXD residual or EWW /LWW ratio event occurs
one year after the onset of a negative TRW deviation period. In these cases, the year
with the lowest MXD value was chosen since we considered MXD to be the most
characteristic parameter for the start of an outbreak period. Moreover, we removed
events occurring within four years after an existing event to obtain one initial year for
each outbreak period.

TRW < (x-058D)? | "o

YES
STEP 2
TRW condition met for [—NO—p “gvlaﬁy
2 consecutive years?
|
YES
STEP 3

Only first event year
within 5-year-period

Residual TRW - MXD |—YES—p
<(X-1SD)?
|

NO

v

STEP 4b {BM
Ratio EWW / LWW | —YES—p
<(x-15D)?
|

NO

v

no LBM
event

Figure 2. Decision tree of our process-based approach.

The defoliation records and underlying sources published by [49] were used as external
references for LBM outbreaks in the Valais. They include different defoliation intensities
(light, medium, and heavy) applied to two consecutive years in some cases, while we
focus on the year of strongest defoliation. When evaluating if a detected year coincides
with an observed LBM year, a margin of two years in both directions was chosen to
account for temporal offsets within and between valleys and delays among various tree-
ring parameters. Therefore, if an event was originally recorded in 1865, a possible detection
in 1863 would be considered a match in our approach, whereas a detection in 1862 would
be outside the temporal range.

Superposed epoch analysis (SEA) [50] was used to evaluate growth deviations of the
site chronologies in response to LBM outbreaks and compare detections among methods
and sites. Five years preceding the LBM event were scaled to a mean of zero to emphasize
growth changes during and after defoliation. In the SEA, we only considered detections
that occurred at two or more sites during the same or two consecutive years to avoid local
growth disturbances. If consecutive outbreak years were identified between the sites, only
the first was included in the SEA, which was conducted using R version 4.1.1 [51].
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3. Results

Between 1820 and 1981, 14 LBM defoliation events were observed and recorded in
the Valais according to [49,52], which includes an additional event missing in the afore-
mentioned compilation: 1820, 1829, 1856/57, 1865, 1878/79, 1900/01, 1908, 1915, 1936 /37,
1945/46,1954/55, 1963 /64, 1972 /73, and 1981 (Figure 3, grey bars). The presence of LBM
outbreaks in the larch chronologies is visually evident from the regular and distinct nega-
tive TRW and MXD anomalies (Figure 3A,B). These downturns are typically stronger in
MXD than in TRW, hinting at a higher potential for detecting outbreaks using the former
parameter. The redfit spectra further underline the cyclic occurrence of LBM events in our
data, as all larch chronologies indicate spectral peaks at a periodicity of eight to ten years
(p < 0.05; Figure S1). M30 reveals the least significant cyclicity, hinting at mitigated LBM
fingerprints at this high-elevation site, while the highest spectral peak appears in the S490
data. The non-host M40NH record, on the other hand, shows no distinct feature at this
frequency. The spectral peak periodicities of the seven Matter and Simplon Valley larch
chronologies all range from 8.9-9.7 years.

Year CE
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Figure 3. (A) TRW and (B) MXD chronologies of seven larch sites in the Swiss Alps (Simplon = red,
Matter Valley = blue) and detected events according to (C) standard deviation (SD), (D) normalized
growth-suppression index (NGSI), (E) impulse indicator saturation (IIS), and (F) our newly developed
process-based approach (PBA). Grey bars indicate LBM events according to literature data [49],
squares refer to results from TRW, triangles from MXD, and circles to a combination of TRW and
MXD data.
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Considering both TRW and MXD, the application of the four methods (SD, NGSI, 1IS,
and PBA) resulted in a total of 471 detections, of which 286 were in accordance with one
of the literature events (Figure 3). None of the methods detected all 14 of the literature
events [49], but each method identified at least half of them at at least one site. The number
of identified literature events ranged from seven using NGSI for both TRW and MXD to
13 using our PBA, which integrates a combination of TRW and MXD information. When
examining the seven larch site chronologies individually during our period, including
14 documented events, a total of 98 detections would ideally result from each of the
methods. However, using SD, only 44 and 48 detections that overlap with a recorded event
occur with TRW and MXD, respectively. For other methods, these values are 36 and 35 for
NGSI, 35 and 41 for IIS, and 47 using PBA. This translates into 36—49% of all documented
events, with the highest values reached with PBA and SD applied to MXD. (Figure S2).
When evaluating the suitability of the detection methods with our TRW and MXD data
from different elevations and valleys, we found two types of errors: false-negatives, i.e.,
missing a documented outbreak, and false-positives, i.e., event detection when there was
no outbreak.

How often the recorded defoliation events were detected varies considerably between
the methods. Only 1829, 1908, 1936/37, and 1954/55 were detected by all methods in at
least one site, with 1908 and 1954/55 reaching 94% and 88% of all potential detections,
respectively. Contrarily, the literature events of 1878/79 and 1900/01 were only detected
with PBA, and 1915 only with SD of TRW and MXD at one site. 1820 and 1945/46 remained
undetected with NGSI but were recognized with all other method types. Most recorded
events were detected in both valleys to a similar extent, albeit often with a slight temporal
offset of the Simplon sites preceding those in the Matter Valley. The 1936/37 event, however,
was detected in only 36% of all cases in the Simplon but 90% of all cases in the Matter Valley.
This difference mainly results from SD and IIS, which only detected it in the three Matter
Valley sites, while PBA detected it in all seven sites and NGSI in all but the Simplon site
furthest from treeline (5490). The event of 1963/64 was detected by SD, IIS, and PBA at
all sites, while NGSI only identified it in the TRW of 5490. Conversely, NGSI detected the
LBM outbreaks of 1972/73 and 1981 in all seven host sites, but IIS indicates only one (again,
5490), and SD and PBA have three sites each, which are all located in the Simplon Valley.

185 out of the 471 total detections were not consistent with a literature event, thus
potentially indicating false-positive errors. Most of these detections arise from nine growth
deviations that were each detected by more than one method (1812/13, 1816, 1838, 1842,
1869, 1887/88, 1921/23, 1990, 1999). These were studied in more detail to assess possible
sources of misdetection but also to critically reflect on the strength of the documented
evidence. For instance, some of them might correspond to actual LBM events that remained
unrecorded, at least in the Valais, where only two defoliation events were observed before
1850 [49].

1812/13, 1838, and 1887 /88 were each detected by all four method types (SD, NGSI,
IIS, and PBA). During the potential 1812/13 event, the high-elevation larch sites behaved
similarly to the pine sites. 5490 and S180 in particular contained low TRW and MXD values
in 1811 already, whereas both the non-host and high-elevation host sites declined in 1813,
indicating a drop in summer temperature during a decade of already exceptionally cold
conditions [53] that might have coincided with an LBM mass outbreak. Since defoliation
was reported in 1811 further west in the French Alps, the missing documentation in the
Valais is likely caused by a lack of records from this early period of forestry research. In view
of the recorded defoliation in the Valais in 1820, the event would also fit the LBM cyclicity.

The growth disturbance in 1838 appeared weaker in the tree-ring record but was still
detected by all four method types and fits LBM cyclicity regarding the documented event
of 1829. All host sites, including the directly adjacent M40, show contrasting growth to
M40NH, while at the same time, the growth decline is far more pronounced in sites of lower
elevation compared to the two closest to treeline. Both observations suggest a non-climatic
cause for the decline in TRW and MXD.
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During the growth decline in 1887 /88, none of the host sites resembled the growth
pattern of M40ONH. Instead, there is a clear distinction between the two Swiss valleys.
While the Simplon sites had already dropped in 1887, the Matter sites displayed above-
average TRW and MXD data in 1887 but then sharply reduced values in 1888. Similar
to the development during the observed events in 1908 and 1936/37, the lag implies a
delayed occurrence of an LBM mass outbreak in the neighboring valley, indicating a real
but unobserved LBM event in this case. Regarding the observed 1878/79 outbreak, it would
also fit and complete the 9-year cyclicity of LBM activity. While not being recorded in the
Valais, 1887/88 is in line with observations from the neighboring Engadine, approx. 140 km
further east.

Detections in the remaining years were not as widespread but rather limited to partic-
ular methods and sites that might indicate misidentifications. 1816 was only detected with
SD and IIS and coincides with an exceptionally cool summer in the region [54]. 1842 was
only detected with NGSI for both TRW (five sites) and MXD (two sites). Similarly, 1869
was widely detected with NGSI (seven sites) and IIS (five sites) but did not appear with SD
or PBA. NGSI also detected 1921 at four sites across both valleys. 1923 was detected only at
Matter Valley sites by SD, NGSI, and IIS. 1990 was detected with NGSI and PBA, and 1999
with NGSI and 1IS.

SEA was applied to the event years resulting from all detection methods and the
literature evidence to assess differences in the timing and intensity of outbreaks among
elevations and valleys. We found overall strong declines in both larch TRW and MXD
during the initial (0) and following (1) years of a detected event, while the non-host
(M40NH) appears unaffected (Figure 4). All methods reveal a prolonged response in
TRW compared to MXD. However, they show both the lag between TRW and MXD and
the lag between sites in the two valleys to different extents. Overall, the PBA indicates
the most distinct pattern of all Simplon Valley sites being affected earlier and stronger
than those in the Matter Valley for the TRW chronologies. The MXD appears to respond
more synchronously among the sites to the events detected by NGSI and IIS. However,
SD and PBA, as well as the documented events, display earlier MXD reductions in the
lower-elevation Simplon sites and delayed reductions in the Matter sites.
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Figure 4. Superposed epoch analyses (SEA) of LBM events (=year 0) as indicated by (A) litera-
ture evidence [49]; (B) standard deviation (SD),; (C) normalized growth-suppression index (NGSI);
(D) impulse indicator saturation (IIS); and (E) our newly developed process-based approach (PBA).

4. Discussion
4.1. Differentiation of Temperature Events from LBM Outbreaks

Studying individual LBM events enables a detailed investigation of the advantages
and limitations of each detection method (Figure 5). The severe LBM outbreak in 1954/55
is characterized by an earlier and more pronounced minimum in MXD, whereas TRW
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is reduced later, weaker, and over two or more years with the typical growth pattern
(Figure 5A). Larch chronology means we reached it again in 1958. The regional non-host
reference M4ONH does not show this pattern, i.e., there is neither the sharp decline of
1954 /55 nor the strong subsequent rise. Instead, non-host values remain close to the
average in 1954/55 and decline more (TRW) or less strongly (MXD) in 1956/57. In the
Matter and Simplon Valleys, this outbreak was captured by all methods in both TRW
and MXD, demonstrating that such ideal examples do not pose a problem for any of the
detection approaches.

31(0)

TRW z-score

_3_ _3_

[ J -3- [ .
.

I e e e ] T — —
1950 1955 1960 1895 1900 1905 1810 1815 1820 1861 1866 1871

Year CE
Sites Detection methods Number of detected cases Event
M30 = 5§50 == SD 1 e 5 e Defoliation
M40 = S180 =— NGSI ° 2 e 6 @ )
M300 =  S200 — IS ° 3 e 7 @ Volcanic
M40ONH =— S490 — PBA . 4 e

*Only recorded in
neighboring region

Figure 5. TRW and MXD chronologies during specific event years. Shown are the number of detected
LBM events by each method for (A) the LBM outbreak of 1954/55 that was recorded in the literature
and detected by all the methods; (B) the defoliation event of 1900/01 that was only detected by
the PBA; (C) the assumed LBM outbreak of 1811/12 that was followed by the “year without a
summer” of 1816; and (D) the seeming LBM event of 1869 that was only detected by methods that
use non-host data.

Outbreaks that produce a less distinct fingerprint in the tree-ring data, such as 1900/01,
are harder to detect (Figure 5B). In this case, only the PBA method recognized the event
at one site (5490), where it produced two relatively narrow rings that were not significant
enough to be detected by the other methods. Nevertheless, there is strong evidence that
this outbreak took place in the study area, as severe defoliation has been reported from a
non-specified location in the Valais in 1900 and from the Matter Valley in 1901 [49,55]. A
similar situation occurred in 1878/79, during a recorded defoliation event in the Valais,
which was again only detected using PBA. The detections of these less distinct outbreaks
reveal the PBA to be particularly suitable for events during which only light defoliation
occurred in the initial outbreak year and overall weak effects persisted into subsequent
years [49]. At the same time, PBA may also detect event years that were not caused by
insect defoliations when its thresholds are too lenient. Conversely, if the persistence of LBM
effects is limited by, e.g., favorable weather patterns, a significant growth reduction may
only occur in one year [24]. Such shorter events like 1820 and 1865 are more likely to be
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detected by methods that focus on strong negative outliers in a single year, such as SD and
IIS. PBA detected these outbreaks at fewer sites.

A different challenge arises when severe cooling causes a distinct reduction in tree-ring
growth. A good example is the 1816 “year without a summer” following the Tambora
eruption [56,57] that led to strong negative outliers in both TRW and MXD [20,54] and was
therefore also only detected by the SD and, to a lesser extent, IIS methods that only focus on
distinct short-term variations (Figure 5C). 1816 was not detected by PBA, which identified
1812 as the onset of a mass outbreak. Therefore, it had to ignore any subsequent deviation
in the following four years, even if 1816 had fulfilled the multi-parameter criteria necessary
for detection.

According to instrumental records, a cold summer temperature anomaly of a magni-
tude similar to that of 1816 occurred again in 1821 [54]. However, tree growth this year was
simultaneously affected by an LBM outbreak [58]. Since the growth of both the host and
the non-host trees was reduced, the event remained undetected with NGSI, whereas PBA
indicated an outbreak in two sites. Detection at other sites was probably prevented by the
atypical nature of the event, characterized by a sharp but short reduction in TRW. However,
it remains unclear to what extent this reduction was induced by defoliation or cooling.
Aside from their dependence on late winter and spring conditions, LBM outbreaks have
been shown to have co-occurred with low summer temperatures in many cases during the
past centuries [59], further complicating such distinctions. The support from PBA to dis-
tinguish between these two features will improve both insect defoliation and temperature
reconstructions.

For some events, misdetections can also be attributed to the use of the M40NH pine
chronology as a proxy for external, non-LBM growth variability. This mainly affects the
NGSI method, which does not rely on absolute TRW deviations but considers residuals
between host and non-host timeseries. Whereas this approach has been proven skillful
in past studies [59,60], strong positive deviations in non-host chronologies can lead to
erroneous detections of negative outliers in host chronologies. Although our pine site is
located near treeline and in close proximity to the larch sites, the non-host growth variability
differs substantially (r between M40 and M40NH is 0.45 for the TRW and 0.46 for the MXD
chronologies with p < 0.001). For instance, the 1842, 1869, and 1921 events were mainly
identified as LBM outbreaks by those methods that use the pine chronology as an additional
benchmark. These events do, however, not fit the LBM cyclicity but occurred thirteen,
four, and six years after documented defoliation events, respectively. The 1869 event
coincides with a TRW maximum in the non-host site, while 5490 indicates an average and
all other larch sites have slightly negative TRW, resulting in detection by NGSI in all cases
(Figure 5D). For MXD, the differences between larch and pine are smaller but still large
enough for NGSI to detect an event at one out of seven sites. In 1869, March temperatures
were 3.6 °C and June temperatures were 2.1 °C below the 1864-1893 mean recorded at
the nearby Graechen meteorological station [61]. These deviations might have triggered
a growth reduction in larch, while pine remained less affected. Since M40NH is located
closer to the treeline than most of the larch sites, the differing growing season lengths could
have biased the comparison along elevational transects [31].

Other events that do not appear in the documentary records of the Valais but were
detected at various tree-ring sites occurred in 1926/27 and 1990. PBA identified 1926/27 at
two sites, and the event fits nicely into the LBM cycle and observations from the neighboring
Engadine region. However, we do not definitively regard it as an LBM outbreak at our
sites, as we do not consider the sum of our observations clear enough. In the 1990 case, the
initial larvae counts in the Swiss Alps matched the growth reduction, but a mass outbreak
finally failed and no visible defoliation was recorded, most probably due to too warm
winter temperatures [10,62]. In our data, the 1990 event was only detected at sites close to
the treeline, which is corroborated by the fact that LBM epicenters would move upward
in a warmer climate [63]. Due to the colder conditions in high-elevation environments,
a potential temporal mismatch between early larvae and late needle development might
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have been mitigated so that only these sites experienced substantial defoliation. This might
have restricted a mass outbreak with defoliation and growth reduction to M40, S50, and
5180, where the event was detected.

Overall, all the detection methods tested here failed in >50% of the type I false-negative
errors. This score may appear low, but it reflects the circumstance that LBM outbreaks
are spatially heterogenous and were likely too weak in the tested sites and respective
years to have a significant enough effect on wood formation. Methods relying on non-host
information also missed event years that coincided with a cold summer and therefore
showed similar patterns in host and non-host growth. On the other hand, only 74 out of
the total 471 detections occurred independently from LBM events (type II error). These
misdetections mainly result from methods that focus only on negative outliers in host data
and from uncertainty arising from varying climate sensitivities inherent to the non-host
data. Our new PBA demonstrated its ability to overcome some of these limitations, as the
combination of tree-ring parameters and lag times mitigates type I and II errors in many
cases and supports the detection of the documented events.

4.2. Elevational and Valley Differences

Overall, two major findings appear most clearly if LBM years are detected using our
new PBA approach: the Simplon Valley sites are affected earlier and stronger than those in
the Matter Valley, and the sites closer to the treeline are less affected than those 200-500 m
below. The difference from established methods arises from PBA’s skill to distinguish
LBM outbreaks from severe cooling that simultaneously affects both valleys and would
presumably have caused the opposite patterns on the elevational gradients [7]. In contrast,
the other methods seem to be more prone to misdetections caused by such temperature
anomalies.

LBM events have been shown to spread in waves in an easterly direction across the
Alps, causing asynchronous appearances in different regions along the mountain chain [64].
The cyclicity of outbreaks appears to be controlled by several factors, including the negative
feedback in needle quality and parasitic insects (e.g., ichneumon and tachinid flies) that act
as natural predators and control LBM population density [48,65]. Applying SEA to event
years derived from the four methods tested here as well as the observed events indicates an
earlier response in the Simplon Valley sites compared to those in the Matter Valley, which
are located further southwest. This spatial pattern is particularly striking in the TRW data.
While this contradicts the findings of [64] and [66], showing a northeastern direction of
propagation in the Swiss Alps, the observed temporal shift is rather small-scale and likely
affected by local topography. The massive Weisshorngruppe west of the Matter Valley,
which barely falls short of 3500 m a.s.l., very likely acts as a natural barrier hindering
LBM expansion. LBM populations may therefore first spread eastward, following the deep
Rhone Valley, before moving south up the Matter Valley. While the Simplon Valley is also
surrounded by mountain chains, the western peaks reach elevations of only ~2500 m a.s.L.,
and the studied larch sites are located closer to the Rhone Valley.

The general trend of larch sites close to the treeline being less affected within the same
valley is in accordance with a previous study across the European Alps [63] and more
regionally in the Engadine region. Their results suggested a maximum LBM impact at
~1800 m a.s.l., which equals a treeline distance of around 400 m for our study [36]. However,
the lowest Matter site (M300) showed smaller TRW and MXD signals compared to the high-
elevation Simplon sites, indicating that the differences between valleys overcompensate
the elevational effects, at least in this case. M30 and M40 display the weakest responses
to LBM events, even smaller than S50, which is at a similar distance to the treeline. Still,
the latter showed the least strong reaction to LBM events compared to the three Simplon
Valley sites further away from the treeline.

The cyclic pattern of LBM activity has remained unchanged across the Alps over the
past millennium [29]. Its populations have, however, decreased since the 1980s and did
not cross the threshold that would lead to widespread larch defoliation except for one
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event in 2017/18 [10]. This is believed to be an effect of climate change resulting in warmer
conditions in the LBM Alpine distribution area. Increased late winter and early spring
temperatures likely decoupled the synchronicity of egg hatching and foliage development,
causing increased larval mortality [10,63]. In our data, all methods largely cease to detect
events after 1990, with a few exceptions. The two most recent LBM events of 1972/73
and 1981 are already detected less frequently in the Matter Valley data compared to the
Simplon. The differences between those events detected by the four methods and the events
observed and documented in the literature indicate potential gaps in the latter, as originally
suggested by the authors themselves [49]. The overall increase in events over time is
the result of the growing numbers of our observations and associated literature since the
beginning of the 19th century. The large-scale spatial division of the Alps [49] assigns both
the Matter and the Simplon Valleys to the same region (Valais), which is a simplification of
the actual conditions. The discrepancies in the timing and intensity of growth responses to
LBM outbreaks between the Simplon and Matter Valley sites, as shown here, demonstrate
that such variability may occur at sub-regional scales. The differences between the two
valleys are at least as strong as the differences along the elevational transects, even though
the sites are all within 40 km of each other.

5. Conclusions

The Valais in the Swiss Alps represents a unique region to test the performance of LBM
detection methods since unprecedented, continuous documentation of larch infestation
events is available there. Using this information in combination with multi-parameter
tree-ring data along elevational transects, we demonstrate that the timing and intensity of
LBM mass outbreaks vary at small spatial scales and thus deviate from defoliation data that
typically integrate larger regions. We show that the outbreak history for a certain valley
can be skillfully reconstructed over centuries if the information from various tree-ring
parameters, including TRW, EWW, LWW, and MXD, is combined in a stepwise detection.
The approach presented here, considering multiple physiological effects of insect outbreaks
on wood formation, provides additional insight compared to classic detection methods and
host vs. non-host comparisons. Further tests appear beneficial to verify the robustness of
the approach in other regions with varying LBM and climate conditions.
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