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Abstract: Die Erwärmungsrate infolge des Klimawandels liegt in der Himalaya-Region deutlich 
über dem globalen Durchschnitt. Für das waldreiche Land Bhutan dürfte daher die wirtschaftliche 
und ökologische Bedeutung aggressiver Forstschädlinge, wie die des Osthimalaya-Fichten-
borkenkäfers, Ips schmutzenhoferi, zunehmen. Ein besseres Verständnis der öko-physiologischen 
Aspekte dieses Käfers ist eine wesentliche Voraussetzung für die Entwicklung von Monitoring- 
und Bekämpfungsverfahren. Laboruntersuchungen bei unterschiedlichen konstanten Tempera-
turbedingungen ergaben für die Entwicklung des Käfers einen unteren Schwellenwert von 7 °C, 
ein Temperaturoptimum von 29,1 °C und eine Temperatursumme von 705 Tagesgraden. Das 
auf diesen Kennwerten entwickelte Phänologiemodell für I. schmutzenhoferi wurde anhand 
der Beobachtung des Schwärmverlaufs, der Brutbaumbesiedelung, der Brutentwicklung und 
der Messung der thermalen Bedingungen im Freiland validiert. Der Schwärmflug im Frühjahr 
begann ab einem Tagesmaximum der Lufttemperatur über 14.6 °C. Die Parentalkäfer verließen 
ihre Bruten zur Anlage von Geschwisterbruten bereits bei einer relativen Temperatursumme 
von 36% der Gesamtentwicklung. Basierend auf einem Topoklimamodell wurde die Phänologie 
(Befallsbeginn und potentielle Generationszahl) räumlich für eine ausgewählte Region im Westen 
von Bhutan in den Jahren 2014 und 2015 simuliert. Die Ergebnisse des Phänologiemodells und 
die vorhandenen Waldinventurdaten wurden für eine standorts- und bestandesbezogene Abschät-
zung der Prädisposition gegenüber Borkenkäferbefall verwertet. Solche Modelle identifizieren 
gefährdete Waldbereiche, unterstützen das Monitoring und können für die Entscheidungsfindung 
geeigneter waldhygienischer Maßnahmen sowie für Naturschutzstrategien verwendet werden.
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Introduction
Bhutan is a small, densely forested country in the South-Eastern Himalayas. Forests are of immense 
importance for the ecology, economy and social well-being of this country. In mountainous areas at 
elevations between about 2100 and 4200 m a.s.l., temperate conifer forests form the natural vegetation in 
this part of the Himalayas. These forests occupy about 23 % of the total area of Bhutan and they consist 
mainly of Eastern Himalayan fir (Abies densa), Eastern Himalayan spruce (Picea spinulosa), Himalayan 
hemlock (Tsuga dumosa), and Himalayan Blue pine (Pinus wallichiana). 

A widespread bark beetle outbreak in these mixed conifer forests was reported as early as 1975 from 
the western part of Bhutan (Schmutzenhofer 1988, Chhetri 1990). This outbreak led to the identification 
of a new bark beetle species, Ips schmutzenhoferi (Holzschuh 1988). The polyphagous I. schmutzenhoferi 
attacks standing trees and logs of P. spinulosa and P. wallichiana as well as logs and cut or broken trees 
of Eastern Himalayan larch (Larix griffithiana).The outbreak was the result of elevated bark beetle 
population densities combined with high tree susceptibility. The beetle population was initially raised 
due to increased logging activity and other anthropogenic activity. In addition, the susceptibility of the 
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trees to bark beetle infestation was further exacerbated by fungal diseases, stand age and by the drought 
condition of 1982 (Eidmann & Wiersma 1989). A deeper understanding of the eco-physiology of this 
beetle is essential for appropriate control and forest management strategies. The aim of this study was 
to develop a phenological model for monitoring and assessing the susceptibility of selected forests in 
Bhutan to bark beetle outbreaks. 

Material and Methods
The field work was carried out in the western part of Bhutan. Six experimental sites at three different 
altitudes were selected at the north-eastern and the south-western slope of the Chelela mountain range 
(Fig.1). Seasonal flight activity of the bark beetles at these experimental sites was monitored with cross 
barrier traps and pheromone baits for I. schmutzenhoferi (Francke & al. 1988). Weekly controls of the 
traps were done from end of March/early April to mid of August in 2014 and 2015. Infestation and brood 
development in the field were observed using trap logs of felled spruce and blue pine trees. The trap 
logs were inspected weekly and bark with brood galleries was sampled to characterize the development 
stage. The presence/absence of the parental beetles was observed and various other parameters of the 
breeding systems were recorded (Tshering 2016).

Rearing experiments in incubators at different constant temperature conditions (15 °C, 20 °C, 23 °C, 25 °C, 
27 °C, and 30 °C with long-day photoperiod of 14L:10D) were used to analyse the temperature-dependent 
development of the brood in order to setup thermal thresholds and thermal sums for the brood development. 
For computing the development rate for the total development from infestation to the first emergence 
of mature young beetles we used a non-linear function proposed by Régnière & al. (2012). The weather 
conditions (global radiation, air temperature and humidity at mid altitudes at the SW- and the NE-facing 
slope; air temperatures at all experimental sites) were recorded and bark temperatures of the trap logs 
were measured. For spatial simulation of the phenology and brood development, a topoclimatic model 
was established for the study region using the observed climatic data at the study sites and recordings 
from 9 additional climate stations within the study area. Spatial modelling of air temperature (gridded 
resolution: 250 m) was done using daily regressions with elevation (derived from SRTM digital elevation 
model) and potential radiation (calculated with SOLAR-Analyst) as predictive variables (Baier & al. 

Fig. 1: Location of the study sites on the south-west and north-east exposed slopes of the Chelela mountain range 
and the domain for topoclimatic modelling in Western Bhutan (districts of Paro and Haa).
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2007). The topoclimatic data was then used for spatial simulation of the beetles’ phenology (onset of 
spring swarming and infestation, start of sister broods and potential generation development) based on 
the specific thermal thresholds for swarming and brood development. Data from forest inventory plots 
of the forest management unit (FMU) Paro-Zonglela and the results of the phenology model were used 
for hazard rating of bark beetle outbreaks. The stand and site related rating of the susceptibility to bark 
beetle outbreaks was based on the Predisposition Assessment System (PAS) for Norway spruce forest 
ecosystem (Führer & Nopp 2001; Netherer & Nopp-Mayr 2005). PAS is an empirical expert’s knowledge 
system with specific weighting of indicators that reflects the importance and influence of the indicators 
to the overall susceptibility to bark beetle outbreaks at the site and stand level. The highest weightings 
were assigned to the potential number of generations, to the share of spruce and the diameter at breast 
height. Weighting and relative scoring of the sub-criteria were published in detail by Tshering (2016). 
Finally, classes of predisposition at the stand and site level were computed from the relative sum of the 
scores. Knock out criteria (score of zero) were applied to those plots where the host trees were absent 
or no generation development of I. schmutzenhoferi was possible.

Results
Based on the beetles’ development in the laboratory under various constant temperatures and long-
day photoperiod, the lower threshold temperature of 7 °C, an optimum temperature of 29 °C, an upper 
threshold temperature of 39 °C and a thermal sum of 705 degree days for the total development of one 
generation were calculated (Fig. 2). At extreme high temperatures (30 °C) females laid only a few eggs 
and only a small number of young beetles developed. Contrary to this, many young beetle developed 
at constant low temperatures (15 °C), but most of them (>94%) stayed in the bark until the logs were 
transferred to warmer conditions (25 °C). Rearing experiments under short-day conditions showed no 
significant effect on the emergence of the young beetles (Tshering 2016).

Monitoring of the beetles flight activity with pheromone traps revealed that in most cases especially 
at lower and mid elevation the spring swarming was already ongoing at the time of the setup of the traps 
at the end of March/early April (Fig.3). The cumulative trap catches showed a more or less continuous 
pattern of flight activity. However, decreasing trap catches at the end of July and in August 2015 were 
probably linked with the onset of the monsoon rain season. Generally, the thermal conditions were 
favourable for swarming throughout the season. Total trap catches showed a high variability between 
years. At the north-east sites, trap catches were up to 10-fold higher in 2015 compared with 2014. At air 
temperatures lower than 14.6 °C no flight activity was observed (Fig. 3). A threshold of 17.5 °C and a 
specific thermal sum accumulated for days with photoperiod greater than 12 hours was used for modelling 
the onset of infestation. For most of the trap trees, the deviations between predicted and observed dates 
for the start of infestation of the logs were very small. But, especially for the trap trees at lower altitude, 
the predicted dates of infestation were much early than the observed dates. This indicates that the thermal 
conditions could support infestation already at the end of March.

The observed brood development in the trap logs in the field was influenced by the elevation of 
the site and by microclimatic conditions of the trap logs. Parental beetles re-emerged when the relative 
thermal sum of 36 % for total development had been accumulated. Immature young beetles were observed 
at the southwest exposed site at low elevation already in mid-June. The young beetles undertake a very 
intense maturation feeding and almost all young beetles emerge via the entrance hole of the parental 
beetles. Therefore, it was almost not possible to detect when and how many beetles emerged from the 
trap logs in the field. However, the predicted emergence of mature beetles by the phenology model 
corresponded well with the observed presence of young beetles in the trap logs. Spatial modelling of 
the beetles’ phenology and development revealed that at lower elevation (< 3000 m) and in the valleys 
the bark beetle could establish three generations/year (Fig. 4). At mid elevations (3000 – 3500 m) two 
generations (and sister broods) were possible. Especially at high altitudes, the generation development 
varied considerably between the two years.
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The output of the phenology model and forest inventory data were then used to setup a predisposition 
assessment for the sites and forest stands (Fig. 5). Mapping of the stand-related predisposition revealed 
a patchy distribution of highly susceptible stands that contain higher proportions of spruce and blue pine 
with large diameters. The predisposition assessment revealed highly susceptible sites at lower elevation 
due to potential bi-/multivoltinism and high frequency of dry and degraded sites. 

Discussion
Monitoring of flight activity and modelling of brood development of I. schmutzenhoferi confirmed previous 
results concerning the threshold of swarming (Schmutzenhofer 1988), the duration of development 
(Eidmann & Wiersma 1989) and the number of generations/year (Chhetri 1990). The simulated phenology 

Fig. 2: Relative cumulative number of emerged young beetles from logs at different constant temperatures in 
incubators and non-linear temperature-dependent development rate model for the development from infestation 
to the emergence of the first mature young beetle of I. schmutzenhoferi 
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and potential generation development revealed that the spruce bark beetle has a high reproductive potential 
throughout the range of the primary host, Picea spinulosa due to early swarming and infestation in spring, 
early re-emergence of parental beetles, and potentially 1 – 2 generations/year. A very low site-related 
predisposition occurred only at elevations >3500 m. Generally, the mixed conifer stands in the forests of 
Zonglela showed a low stand-related predisposition to bark beetle infestations with only local hotspots 
with highly susceptible spruce stands. Since the generation development of I. schmutzenhoferi appears 
to be not limited by photoperiod, this bark beetle species may quickly respond to rising temperatures as 
a consequence of climate change. Therefore, more generations/year and elevated population densities 
could drastically increase the hazards of bark beetle infestations in spruce dominated forests in future. 
Moreover, decreasing precipitation and widespread afforestation of degraded land and abandoned 
agricultural land with blue pine (RGoB 2017) could contribute to severe outbreaks of I. schmutzenhoferi 
in blue pine forests at lower elevations in the inner dry valleys.

Fig. 3: Cumulative sum of relative trap catches of 
I. schmutzenhoferi separated by sites and years 
(above) and relation between air temperature 
maxima and trap catches for the control periods 
of the traps in early spring (left).
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Fig. 4: Potential generations of I. schmutzenhoferi in 2014 (above) and 2015 (below) in the 
selected area of the Chelela mountains (black triangles: location of climate stations within 
the study area).
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Fig. 5: Stand-related and site-specific susceptibility to infestations of I. schmutzenhoferi for 
the forest inventory plots (black dashed line: boundary of the FMU Paro-Zonglela; black 
dots: inventory plots with no data).
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