
Abstract In the Alps, larch (Larix decidua Mill.) forests
show periodic discolouration due to larch budmoth
(LBM) outbreaks (Zeiraphera diniana Guénée, Lepidop-
tera: Tortricidae). Tree defoliation causes severe reduc-
tions in radial growth, visible in tree rings. This paper
aims at reconstructing LBM outbreak history, and criti-
cally examining the potential for using dendrochronologi-
cal data by comparing tree-ring estimates with insect sur-
veys. The occurrence of LBM outbreaks was investigated
using 249 cores from larch growing near the timberline in
three regions of the French Alps (Briançonnais, Mau-
rienne, and Tarentaise). Years with an abrupt decrease in
radial growth (–40%) were considered as negative pointer
years reflecting the potential impact of LBM. The com-
parison with three non-host conifers (Norway spruce,
stone and mountain pines) permitted us to distinguish
growth reductions in larch due to climatic effects from
those due to defoliation by LBM. The dendrochronologi-
cal data were matched with information reporting con-
spicuous discolouration in old forestry reports or recov-
ered from systematic field observations. Twenty-two out-
breaks are discernible within the period 1800–1983. A
peak reduction in larch growth occurred at intervals of
8.86±1.01 years in the following years: 1801, 1811, 1820,
1830, 1838, 1846, 1857, 1867, 1875, 1884, 1892, 1901,
1909, 1918, 1926, 1936, 1945, 1953, 1963, 1972, 1980,
and 1987. Our objective method based on ring measure-
ments and comparison with non-host trees was compared
with qualitative techniques based on the visual detection
of conspicuous latewood anomalies. Larch in the Brian-
çonnais (which experiences a continental climate) are in-
fested first, whereas the Tarentaise region exhibits a
much weaker impact of LBM. Complete tree recovery
was observable 3 years after outbreak peaks.
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Introduction

The importance of dendrochronological studies for the re-
construction of past insect outbreaks is well documented
(Morrow and LaMarche 1987; Schweingruber 1996). The
impact of defoliation on tree ring widths is closely related
to the type of tree, the timing of defoliation within the
growing season, and the prevailing climate (Fritts 1976).
For instance, outbreaks of spruce budworm (Choristo-
neura fumiferana) on evergreen hosts (fir and spruce)
were reconstructed with the help of dendrochronology by
Maclean (1980) and Morin et al. (1993), and those of
Choristoneura occidentalis by Swetnam and Lynch
(1989), and Weber and Schweingruber (1995). Pine defo-
liation was similarly investigated (Laurent-Hervoüet
1986a, 1986b), and the impact of cockchafers (Melo-
lontha sp.) on deciduous oak trees was dated using data
on reductions in ring widths (Varley 1978; Christensen
1987; Vogel and Keller 1998).

The periodic impact of the larch budmoth (LBM; Zei-
raphera diniana Gn.) on European larch growth was
evaluated for the first time in the Engadine by Badoux
(1952), and later by Geer (1975), Bovey and Grison
(1975) and Weber (1997). Röthlisberger (1976) reported
periodic LBM outbreaks from the Zermatt region (Swit-
zerland) as far back as 1548. Since then, further relevant
work was published by Schweingruber (1979), and sever-
al LBM time-series were reconstructed for the Engadine
and the Grisons (Switzerland) (Pignatelli and Bleuler
1988), as well as for Italy (Piton and Vidano 1989). Sev-
eral other dendrochronological studies on larch (dealing
with dating or climate) might also allow the reconstruc-
tion of LBM outbreaks for further regions in the Europe-
an Alps (Serre 1978; Tessier 1981; Siebenlist-Kerner
1984; Bebber 1990; Belingard and Tessier 1994; Nola
1994; Hüsken 1994; Urbinati et al. 1996).
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Although the larch plays an important economic role
in the French Alps (Fourchy 1952; Pardé 1955), as it
covers about 80,000 ha in its natural habitat (Florent
1970), such investigations have not yet been carried out
in the French Alps, despite important consequences of
defoliation on subalpine forest regeneration (Roques
1993) and the fact that the oldest written evidence con-
cerning LBM outbreaks stems from the Briançonnais
(Chaix 1845). Though, at that time, the phenomenon was
attributed to spiders as the larch trees were covered en-
tirely with cobwebs, there can be no doubt about the
LBM having been the cause. Not only do all the other bi-
ological facts mentioned agree with existing knowledge,
but the period 1811–1819 fits the 8/9-year periodicity of
the outbreak cycle well, when counting back from the
1856 outbreak (Baltensweiler 1964; Baltensweiler and
Rubli 1999). Therefore, it seemed worthwhile to analyse
the occurrence of LBM outbreaks in the French Alps in
the context of the large dendroecological investigation
which has been in progress since 1993 by the Laborato-
ire des Ecosystèmes Alpins, Grenoble (Rolland et al.
1998).

This dendroecological programme endeavours to elu-
cidate the response of four conifer species to the impact
of the harsh climate at the alpine timberline along the
gradient from the outer to the inner Alps. From the 37
tree populations studied by this programme (Petitcolas et
al. 1997), seven larch forests were selected and analysed
for their specific growth response to LBM defoliation in
order to reconstruct the sequence of outbreaks during a
long period.

Moreover, the pattern of LBM outbreaks had been
mapped according to their extent and intensity all over
the European Alps since 1960 within the research pro-
gramme Population Dynamics of the Larch Budmoth of
the Institute of Entomology, ETH Zürich, in collabora-
tion with the National Forest Service. Furthermore, in-
formation about LBM outbreaks had been systematically
collected from forestry records and the literature for the
entire subalpine distribution area of larch (Baltensweiler
and Rubli 1999) as far back in time as available.

In this study, reconstructions of LBM outbreaks are
attempted by combining two completely different moni-
toring techniques: (1) a dendrochronological reconstruc-
tion method, and (2) a tree-discolouration survey. We
will attempt to answer two questions:

1. When did the main outbreaks of LBM occur during
the last 200 years in the French Alps?

2. Are radial-growth reductions in larch consistent with
the pattern of observed defoliation derived from the
literature, insect surveys and forest archives?

Thus, this papers aims at critically examining the poten-
tial for using dendrochronological data in reconstructing
the history of LBM outbreaks.

Materials and methods

Dendrochronological sampling

According to Weber and Schweingruber (1995), the reconstruction
of LBM outbreaks has to be based on a great deal of chronological
data in order to detect missing rings. Thus, seven subalpine popula-
tions of Larix decidua (Mill.) were sampled in three French alpine
regions, from 1,980 to 2,260 m above sea level. They are located in
the Briançonnais (four sites), the Haute-Maurienne (one site) and
the Moyenne-Tarentaise (two sites) (Figs. 1, 2). In each population,
three cores per tree were taken at breast height from 12 dominant
trees. All ring widths were measured and cross-dated (Petitcolas
1998; Rolland et al. 1998). Thus, 83 larch trees were sampled with
249 cores covering >40,000 ring widths. The longest period of
chronological data for larch covers 1665–1994 (330 years). The
heights of the dominant trees sampled were between 9.5 and 26 m
(with a mean value of 17 m) (Petitcolas et al. 1997). 

LBM attacks are characterized by a great number of trees
showing simultaneously a strong reduction in growth. However,
according to Schweingruber (1996, p 306): “Narrow ring-widths
can also form in climatically poor years”, thus “reliable evidence
is only possible when comparisons are made with less or unaffect-
ed species, e.g., with spruce and stone pine”. Consequently, three
other subalpine coniferous species were also sampled: Norway

Fig. 1 Map of sites from which dendrochronological data were
obtained in south-eastern French Alps, with seven populations of
Larix decidua, nine of Pinus uncinata, ten of Pinus cembra, and
eight of Picea abies (32 tree populations in total)
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spruce [Picea abies (L.) Karst] (PA), stone pine (Pinus cembra L.)
(PC) and mountain pine (Pinus uncinata Mill. ex. Mirb.) (PU).
They are non-host species for the black monophagous form of the
LBM (Baltensweiler 1993), so they can be used for relative com-
parisons. Similar comparative techniques were used by Eckstein et
al. (1991), Morin et al. (1993), Jardon et al. (1993) and Weber
(1997) to distinguish between climatic and biotic influences on
ring widths.

Non-host trees were sampled similarly to larch stands
(12 trees×3 cores in each population), with a total of six PA, ten
PC and nine PU populations. Altitude and aspect of the 32 sam-
pled sites are given in Fig. 2. They are all located at the subalpine
level near the treeline, either in the same sites or in different loca-
tions. Note that there are no spruce forests in the Briançonnais re-
gion, which is excessively dry for that species. Non-host species
stands without larch were included in the analysis to avoid indi-
rect effects of insect activity on tree growth (Jardon et al. 1993),
such as a reduced inter-specific competition during insect out-
breaks.

Pointer years

Dendroecological pointer years (PY) are defined as years with ex-
treme ring widths (Schweingruber 1990). For each ring measure-
ment, the relative width reduction was calculated by comparison
with the mean value of the 4 previous years. Here, negative PY
(extremely narrow rings) were defined according to three thresh-
old values: –40%, –55% and –70% of abrupt decreases in growth,
simultaneously observed on trees of the same population. These
values are often used in dendroecology (Schweingruber et al.
1991), thus allowing for comparison with the results of other
work. The percentage of trees with such growth changes was cal-
culated for each population and year, and the year was considered
a PY when the percentage exceeded 8%.

In this paper, this method is improved by a differential calcula-
tion method involving non-host species (Eckstein et al. 1991).
First, the percentage of trees showing a 40% reduction in growth
are calculated on a yearly basis for the four species. Then, the
mean value for the three non-host trees (PU, PC, and PA) is ob-
tained, and subtracted from L. decidua results to provide an index
(I) of the biotic impact:

I=host (L. decidua)-non host (PU+PC+PA)/3 (in %) (1)

These Is are computed for each of the three regions (see below).

Fig. 2 Site description of the 32 sampled tree populations, with
forest name and code, kind of bedrock, aspect and elevation (alti-
tude above sea level, in metres), number of cores and total number
of ring widths, periods of master chronologies, and minimum/max-
imum tree ages
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Defoliation pattern

Information about LBM outbreaks has been systematically collected
from forestry records and the literature for the entire subalpine dis-
tribution area of larch (Baltensweiler and Rubli 1999). For the peri-
od 1960–1990, discolouration patterns were monitored within the
research programme Population Dynamics of the Larch Budmoth in
collaboration with the National Forest Service. The Centre National
des Eaux et Forêts (St-Martin-d'Hères) organized the survey in the
French Alps with the District Forest Service. Discolouration was
mapped at a scale of 1:200,000 and allocated to three classes of in-
tensity: (1) light (0–33% of biomass affected), (2) medium (34–65%
of biomass affected), and (3) heavy (>66% of biomass affected).
Whenever a dendroecological plot was defoliated during a given
year, a black square indicates this qualitative information on the rel-
evant figure (see below), regardless of the discolouration intensity.
Prior to 1960, the archives are less precise and only indicate a very
general association by combining indicators concerning the extent
and/or intensity of discolouration. In earlier days, spatial informa-
tion about sites of discolouration was given in the literature only
rather rarely, and in a general manner, e.g. the location was de-
scribed as “Val Guisane”, or even less precisely, as “Briançonnais”,
“Queyras” or “Ubaye”. Thus, mapping based on records from the
older literature provides valuable information about periodicity on a
large spatial scale but not much local information.

Results and discussion

Periodicity in larch ring-width chronologies

The first 30 autocorrelation coefficients were calculated
for the four tree species (Fig. 3) for all the cores for which
there was raw data, before calculating mean values (Fritts
1976). The correlations are higher for the two pine species
compared to spruce or larch. Only larch shows cyclical
autocorrelation, demonstrating a periodicity of around 9
years' duration (and its multiples: 18 and 27 years), in
contrast to non-host species (Fig. 3a), as formerly ob-
served by Tessier (1981) in the Vanoise (France). This re-
sult coincides with the effects of LBM outbreaks on larch,
that recur at intervals of 7–9 years (Auer 1977). Similarly,
a Fourier analysis (data not shown here) computed with
the same time series revealed two significant cycles
(peaks near 9 and 18 years) for the larch only.

The same autocorrelation method was also performed
for the seven individual larch populations (described in
Fig. 2). The most conspicuous cycles are observed in the
three populations, Bcum, Bsam, Bsum, all located in the
Briançonnais region (Fig. 3b), the site with the most
characteristic continental climate and highest timberline
(Cadel and Gilot 1963). Conversely, weaker periodicity
is found in the Tarentaise (Tcum, Tsum) and Maurienne
(Mcum) sites (in the Savoie), that is consistent with the
data of Bachasson (1982) who did not observe a strong
impact of LBM in the Valorcine (Haute-Savoie).

Although few populations were compared, local site
conditions do not seem to account clearly for these dif-
ferences, since Bcum, Mcum, and Tcum have the same
kind of site characteristics (calcareous bedrock on north-
facing slopes). The youngest population of this study
(Bcam) is obviously too young to support optimal LBM
population growth. Nevertheless, most outbreaks were
recorded there, but with a weaker intensity. Several hy-

potheses may be proposed to explain why young trees
are less susceptible to LBM defoliation compared to old-
er larches. Young trees can be assumed to recover more
easily after an outbreak, leading to a less visible pattern
in their ring widths due to defoliation. It can also be hy-
pothesized that their needles are less suitable for LBM
feeding, for instance due to a lower nitrogen content.
Unfortunately, at present only little is known about phys-
iological differences in larches according to their age.

Dating of the LBM outbreaks

Low-frequency curves of larch master chronologies (ob-
tained with 3-year weighted moving averages after re-
moving the age trend) in the seven sites (Fig. 4) underline
a high level of synchronicity among populations. Major
reductions in growth are followed by the rapid recovery
of tree growth. On a yearly scale, PY were calculated for
each species to date these abrupt decreases in growth.
They show many negative anomalies (Fig. 5) (data before
1750 are not shown because of a lower number of cores).
Most of the growth crises appear to be periodical, which
suggests that they reflect the impact of LBM outbreaks.
However, some negative PY might also be attributed to
extreme climatic events. The relative method based on
comparison with non-host species (Eckstein et al. 1991)

Fig. 3 Thirty first-order autocorrelation coefficients a for the four
coniferous species, demonstrating 9-year cycles of larch radial
growth; and b for the seven larch stands
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serves to distinguish reductions in growth due to the
weather from those attributed to LBM defoliation. This
comparison assumes that different coniferous species
near the timberline are sensitive to similar climatic vari-
ables, especially summer temperatures (Schweingruber et
al. 1977). Some negative PY with a high level of syn-
chronized data among the four species support this hy-
pothesis (Petitcolas 1998). Thus, most species reacted in
a synchronized manner during years such as 1813, 1815,
1818, 1849, 1880, 1886, 1888, 1906/1907, 1940, 1948,
1962, 1975, 1984, and 1992. They are the main negative
PY found during the last two centuries in the French sub-
alpine area. However, in some cases it is difficult to dis-
tinguish between climatic or biotic events for years such
as 1923 or 1913/1914, because the three non-host species
did not react strongly, and larch PY did not occur during
the peak phase of the LBM cycle. Unfortunately, the as-
sumption of a similar response to climate among different
coniferous species at the timberline is sometimes an in-
valid approximation (Petitcolas and Rolland 1998). 

Using the relative PY method (I %), 22 cycles were
dated during the period 1800–1993 (Fig. 6). Beginning
with 1801, the outbreaks are numbered successively from
the first year of observed defoliation and/or using large
values of I from 1 to 22. Eight outbreaks in the time inter-
val 1920–1990 are well documented by their defoliation
pattern (type A); for seven more outbreaks information

about defoliation is only fragmentary (type B), and seven
outbreaks, for which no information at all was available,
were inferred from the occurrence of PY and with regard
to the periodicity of their occurrence (type C).

Successive outbreaks are separated by 7–10 years,
with a mean interval of 8.86±1.01 years (n=21,
1800–1993). This is comparable to the result of Weber
(1997), who found a mean interval of 8.58±1.66 years in
the optimal (for LBM) Upper Engadine valley and
8.59±2.13 years in the suboptimal Goms valley (since
1740; with 57 cycles since 1503 and 59 since 1472).
Similarly, Baltensweiler and Fischlin (1988) found a
mean interval of 8.5±0.26 years in the upper Engadine
(16 cycles since 1850).

Many missing rings occurred during the defoliating
periods, as already observed by Jardon et al. (1993) for
Larix laricina [(Du Roi) K. Koch] infested by Pristiph-
ora erichsonii (Htg.) in Québec. Similarly, Weber (1995)
suggested that: “The amount of Larix decidua missing
rings may be a valuable indicator to estimate the intensi-
ty of an outbreak, since all of them (...) are found within
periods of defoliation”. Since 1800, the larch cores
showed 237 missing rings, versus nine and 12 for stone
and mountain pines, respectively, especially in 1975,
1972, 1963, 1945, 1909, 1901, 1886, 1867 and 1811.

Observed defoliation pattern and growth reduction

At the outset of this section, it should be remembered that
the sites of the seven larch stands were selected for a study
of the comparative tree growth of conifers at the alpine

Fig. 4 Low frequencies (obtained with 3-year weighted moving
averages, without age trend) of larch chronologies in seven sites
since 1800
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timberline (Petitcolas et al. 1997) and not for the record-
ing of LBM outbreaks. Thus the sites might either not be
optimal for LBM outbreaks, nor suitable for the easy ob-
servation of defoliation. Furthermore, the restricted extent
of the dendroecological sites adds to the study's limitation
that the quality of information suffers from many short-
comings. LBM outbreaks as defined by discolouration
pattern may vary considerably in extent, intensity and du-
ration (Fig. 6). Based on extensive studies of population
dynamics, an outbreak is characterized by its occurrence
during 4 consecutive years (Baltensweiler and Rubli
1999), except for the 1917–1919 outbreak (3 years).

Our dendrochronological results are consistent with
defoliation-pattern observations, since Pardé (1955) ob-
served a strong growth reduction in a permanent larch
plot in Montgenèvre (1,850–1,900 m, northern exposure,
near our sites in the Briançonnais), from 1950 to 1954,
due to a LMB outbreak peaking in 1953 (no. 18). Simi-
larly, peaks in 1962, and 1970/1971 were reported by
Auer et al. (1981) (nos. 19 and 20), and in an extensive
study of LBM defoliation in the French Alps since 1811,
published by Baltensweiler and Rubli (1999).

During the period 1923–1989, the eight “well-docu-
mented” outbreaks (type A, Fig. 6) reveal that the sites in

the Briançonnais were twice as often defoliated as sites in
the Maurienne and Tarentaise regions. Moreover, periods
of outbreak show significantly more reduction in growth
than years between outbreaks (c2=14.9; df=1, P=0.001).

The graphic comparison of I versus the three groups
of outbreaks described as “well-documented defoliation”
(type A, Fig. 6), “fragmentarily documented” (type B),
and “undocumented” (type C) in the three regions, Bri-
ançonnais, Maurienne and Tarentaise, is presented in
Fig. 7. Obviously, the Briançonnais region exhibits not
only the highest proportion of negative PY, it shows also
the most consistent pattern when comparing the three
groups (A, B, C): negative PY are almost nonexistent
during the 3 years before an outbreak (from y–4 to y–2),
but are followed by a steady increase in I up to a maxi-
mum of 40% at an outbreak peak (y0), and a lower value
again in the following year (y1). This same pattern is also
observed for the well-documented outbreaks in the Mau-
rienne and Tarentaise regions. Furthermore, tree recov-
ery is complete 3 years after an outbreak peak (y3–y5).
Since I excludes the impact of unfavourable weather on
growth by taking into account PY in non-host species,
the index represents the reduction in growth due to the
feeding of the LBM only. Thus outbreaks must have

Fig. 5 Chronology of pointer
years with abrupt reduction in
growth calculated for three dif-
ferent thresholds (–40%, –55%
and –70% for all populations of
L. decidua since 1750)
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been most intense in the Briançonnais. After heavy dis-
colouration, the larch sprouts for the second time in Ju-
ly/August, which means that the greatest decline in ring
width occurs in the second or third year after the first ap-
pearance of needle discolouration (Geer 1975; Weber
1995). Thus the pattern of I of the “well-documented”
group (A) reflects a biologically plausible development
of the outbreaks. Equally plausible is the observation
that the highest reduction of growth occurs in the Tarent-
aise region 1 year later, as compared to the time elapsing
in the Maurienne and Briançonnais regions before the
highest reduction in growth (Fig. 6, outbreaks 19, 20).

Baltensweiler and Rubli (1999) have shown that out-
breaks in the Tarentaise depend largely on the immigra-
tion of moths from the more continental optimal areas to
the south.

Close scrutiny of the seven undocumented outbreaks
(type C) reveals that they all occurred before 1920. These
outbreaks may not have been noticed for different reasons:
the two peaks of 1909 and 1918 occurred in politically dif-
ficult times, whereas the other four unrecorded outbreaks
are dated prior to 1850, when the observation and record-
ing of natural phenomena was not yet customary. Whether
they were not noticed because they were of light intensity
only is not very probable when considering the high indi-
ces for the Briançonnais region. Any attempt to explain the
patterns of these indices causally must remain speculative
as long as no further dendrochronological data are avail-
able. Information for the larger scale site of the Alps re-
veals that during the interval 1850–1930, cycles were nei-
ther as regular nor as restricted to 3–4 years as they were
between 1950–1980 (Baltensweiler and Rubli 1999).

The significant relationship between the frequency of
negative PY and documented periods of LBM outbreaks
suggests that dendrochronological time series would be
sufficient for the reconstruction of past LBM outbreaks.
However, this statement is not always valid. Four differ-
ent cases are listed in Fig. 6 which could hardly be inter-
preted correctly by dendrochronological information
alone. For example, the 1986–1989 outbreak was associ-
ated with any reduction in growth (I >10%). In fact, this
outbreak started in the Alpes Maritimes and in the Cot-
tian Alps and occurred in the departement of the Hautes-
Alpes only 2 years later in a light and rather patchy man-
ner (Baltensweiler and Rubli 1999). Conversely, the very
large values of I in 1975, noted for the larch as well as
the three non-host species, suggest a climatic impact on
tree growth, albeit this effect was prolonged in larch for
2 more years. Results from a larval census in several val-
leys of the Briançonnais revealed that in 1975, popula-
tions were at their minimum densities between the 1971
and 1979 peaks (Auer 1977).

Similarly, the accumulation of negative PY in the
years 1897–1899 cannot reflect an outbreak just prior to
the documented intense outbreak of 1900–1903, as the
underlying biological processes inducing defoliation are
much too rigid.

Finally, we have to concede that none of the three pe-
riods of negative PY, 1907–1910, 1913–1915 and
1917–1919, can be allocated with certitude to an out-
break as all local information is missing. We decided ar-
bitrarily that outbreaks of LBM occurred in 1907–1910
and 1917–1919, as suggested by their 8/9-year periodici-
ty, their I values (Fig. 6) due to extremely narrow rings
(Fig. 5), and the typical shape of the low-frequency
curve of larch (Fig. 4).

The intra-annual relationship between radial growth
and LBM development seems to have a great effect on
the severity of the reduction in radial growth. According
to Henhappel (1965), the larch growing period lasts 104
days. Bud opening usually occurs in early April, before
the onset of cambial activity in mid May (Ladefoged
1952 in Schweingruber 1996), whereas the maximum
feeding activity of LBM takes place in mid June after fa-
vourable weather conditions occur (Weber 1997). In such

Fig. 6 Numbers of larch budmoth (LBM) cycles and intervals (in
years) between successive cycles. In seven larch forests, the years
with extreme ring-width reductions (<–40%) are indicated by grey
squares (first line), whereas larch needle discolouration is indicat-
ed by black squares (second line). The reductions in radial growth
attributed to LBM are shown by the relative indices (I=H-nH), cal-
culated using both host (H) and non-host (nH) tree species (see
text). A Well-documented discolouration, B fragmentary docu-
mented discolouration, C undocumented discolouration, Ca cal-
careous bedrock, Si siliceous bedrock, N north-facing slope, S
south-facing slope
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situations, the amount of newly formed wood is sharply
reduced. When an LBM outbreak is prolonged for suc-
cessive years, it leads to a series of extremely narrow
rings, or even some missing rings. The 1-year interval
between an LBM outbreak and an effect observed in
terms of tree ring width reported here may be explained
physiologically by incomplete larch refoliation in late
summer after LBM defoliation in spring. Such a situa-
tion reduces the assimilation of larch, hence nutrient
storage is reduced for the formation of subsequent rings.

Comparison of different methods

Several techniques based on ring widths have been pro-
posed for the reconstruction of LBM outbreaks, with dif-

ferent advantages and drawbacks. The simplest methods
(Schweingruber 1979; Pignatelli and Bleuler 1988) used
only one species (the larch itself), and therefore they did
not clearly isolate the LBM effect from climatic influenc-
es on ring widths. In contrast, our technique, as well as
Weber's method (1997), is based on a comparison between
host and non-host species. Weber (1997) combined spruce
and stone pine as non-hosts, whereas we also used moun-
tain pine. Unfortunately, all these conifers proved to be
slightly susceptible to LBM defoliation, and hence were
not real non-host species. Moreover, it was demonstrated
that their responses to climate are sometimes quite differ-
ent from those of larch, even when they grow in the same
forest (Petitcolas and Rolland 1998). Therefore, it seems
impossible to find “true” non-host species, i.e. conifers
that are both not infected at all by LBM, and have exactly
the same ecological requirements as larch. Unfortunately,
the choice of “non-host” species is restricted, because on-
ly few conifers in Europe are able to grow with larch at
high elevations. However, the addition of non-host trees

Fig. 7 Tree-ring index of biotic impact (I %) calculated for the
three types of outbreaks (A–C) and three regions, from 4 years
preceding (y–4) an outbreak peak (y0) to 5 years after (y5)
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for calculating relative indices obviously leads to more
objective results. Thus, some particular years (such as
1948) associated with extreme climatic events were re-
corded for both host and non-host trees. Our technique
permitted us to remove them from the LBM PY list.

Instead of measuring ring widths to compute PY, some
authors have analysed larch cores with a stereo-micro-
scope to examine some intra-ring features (Schweingru-
ber 1979; Weber 1997). For instance, Weber's (1997)
method was based on abrupt growth changes, event years,
and latewood events (conspicuously low or high percent-
age of latewood) that were manually coded on skeleton
plots. Such visual detection is less objective, but the use
of more wood features was shown to be very efficient, es-
pecially when latewood events were combined with PY.

The “optimal” dendroecological technique to record
LBM events may be based on wood X-ray densitometry,
with quantitative measurements made on intra-ring den-
sity. As already observed by Schweingruber (1979), an
abrupt decrease in latewood density is probably the best
criterion for detecting a LBM outbreak. The peak of the
outbreaks may be dated precisely by taking into account
the reduction of the latewood growth.

Conclusions

This reconstruction of LBM outbreaks based on the com-
bination of both dendroecological data and documented
larch discolouration patterns is, to our knowledge, the
first one carried out for the French Alps. The growth of
larch was investigated in three different regions in the
south-eastern French Alps, the Briançonnais, the Mau-
rienne and the Tarentaise. The large sampling pro-
gramme (32 sites, 1,143 cores) comprised seven larch
populations (249 cores) and was compared to 25 popula-
tions of the three non-host species (894 cores) which oc-
cur in the subalpine region (i.e. PA, PC, PU). This proce-
dure allows one to distinguish between the impact of the
LBM on larch and general climatic effects on tree
growth. The ring-width data were evaluated by several
different methods, such as the PY technique, Fourier
analysis, or by the calculation of autocorrelation coeffi-
cients and low-frequency ring-width curves. Information
about the discolouration of larch stands as an indicator of
peak populations was recovered from forestry archives
and the literature as far back as 1811, and was systemati-
cally recorded and mapped with the help of the Centre
National des Eaux et Forêts from 1961 to 1998.

In the course of the last 200 years, 22 outbreaks were
dated; for eight of them defoliation was well documented
with respect to its extent and intensity (1923–1926, 1934
–1937, 1943–1946, 1952–1955, 1961–1964, 1970–1973,
1978–1981, 1986–1989), seven outbreaks were only frag-
mentarily documented (1810–1813, 1819–1822, 1854
–1857, 1865–1868, 1875–1878, 1883–1886, 1900–1930),
and seven outbreaks were deduced from data showing a
reduction in growth occurring at approximately 9-year
intervals (1801–1804, 1828–1831, 1837–1840, 1846–1849,

1907–1910, 1917–1919). It is doubtful that cycle no. 11
(1892–1895) shows an outbreak of weak intensity, and
the possible occurrence of an outbreak was primarily jus-
tified by the 9-year interval from the previous outbreak.
In most cases the identification of an outbreak from the
occurrence of negative PY in successive years proved to
be very reliable. Thus this dendrochronological method
is also efficient and sensitive enough for dating LBM
outbreaks for periods where additional information is not
available.

I (i.e. the percentage of negative PY for larch not re-
corded for non-host species) (Fig. 6), is appropriate for
the description of the course of LBM population growth
and the resulting impact of defoliation on larch growth;
it also shows that the Briançonnais is more exposed to
LBM outbreaks than either the Maurienne or Tarentaise
regions. Furthermore, the delayed maximum I in the Ta-
rentaise for the well-documented outbreaks (y1) reflects
that outbreaks in this region depend on the immigration
of budmoths from the more optimal Briançonnais (Bal-
tensweiler and Rubli 1999). The time-course of the first
30 autocorrelation coefficients (Fig. 3) clearly demon-
strates the intrinsic consistency of the periodic impact of
defoliation for the sites in the Briançonnais region. Out-
breaks occurred earlier in the Briançonnais, with a peri-
odicity of 8.86±1.01 years (with 21 intervals, and taking
into account the weak cycle in 1992).

For future investigations, a visual examination of
some intra-ring features such as latewood events, and
wood density measurements may provide better informa-
tion on ring disturbance (Schweingruber 1979), since de-
foliation affects latewood density and earlywood anatomy
differently (Filion and Cournoyer 1995; Liang et al.
1997), as demonstrated by experimental defoliation of
larch and pine (Craighead 1940; Polge et al. 1971). Since
methods described in this paper are applicable to both
single tree data as well as master chronologies, a reinves-
tigation of previously published data on ring widths and
densitometric master chronologies might be of general in-
terest in view of the reconstruction of LBM outbreaks
throughout the Alps (Baltensweiler and Rubli 1999).
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